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Abstract—CARAMEL (Contamination And Reliability Analy-
sis of MicroElectromechanical Layout) is a CAD tool for MEMS
fault model generation. It is based on the integrated circuit
contamination analysis tool CODEF [1] and is capable of ana-
lyzing the impact of contamination particles on the behavior of
microelectromechanical systems. CARAMEL’s simulation output
indicates that a wide range of defective structures are possible
due to the presence of particulate contaminations. Moreover,
electromechanical simulations of CARAMEL’s mesh represen-
tations of defective layout has revealed that a wide variety of
misbehaviors are associated with these defects. Several thousand
contamination simulations were performed using CARAMEL on
the surface micromachined comb-drive resonator. The results
generated by CARAMEL identifies the comb drive as the most
defect prone region of the microresonator and the deposition of
the first structural layer as the most vulnerable processing step.
[383]

Index Terms—Defects, faults, MEMS tests, resonator.

I. INTRODUCTION

T HE development and deployment of new MEMS products
will not occur due to advances in design, packaging and

processing alone. Testing methodologies must be developed
in concert that are capable of assessing faulty behavior (in the
form of fault simulation and automatic test pattern generation)
along with design for testability (DFT) structures that improve
and ensure the end quality of MEMS-based products. It should
also be noted that many new and existing MEMS applications
are integral parts of safety-critical systems. Consequently, the
need to address reliability of MEMS makes the testability
problem that much more important. To ensure high quality and
reliability of MEMS, a comprehensive testing methodology
must be developed that allows devices to be tested econom-
ically with a very high level of confidence. Success of any
testing methodology is highly dependent on the fault models
employed. Fault models that do not “cover” real defective
behavior can reduce defect coverage and degrade test quality.
The work presented here addresses this need.

MEMS fault models, unlike their digital and analog coun-
terparts, must explicitly consider the impact of defects on
the micromechanical structures. Our first step toward devel-
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oping effective MEMS fault models centers on the inductive
generation of faulty behaviors from particle contamination
simulations. We have chosen the folded-flexure comb-drive
microresonator1 as our research vehicle because it possesses
many of the basic structures (beams, joints, springs, etc.) that
can form the core primitives of a MEMS design library [2]–[4].
We believe this analysis of the resonator will provide the basis
for developing generic fault models that are applicable to a
wide class of surface-micromachined MEMS.

MEMS failures can result from stiction, manufacturing
variations, undesired residual stress, and particulate contam-
inations. Our experience is that a major cause of the hard-
to-detect faulty behavior in MEMS is due to particulate
contaminations that occur during and after various process
steps of fabrication [5]. Particulates can cause a significant
perturbation in the structural and material properties of the
microstructure [6]. Thus, a formal assessment of both the
possible defective structures and the corresponding faulty be-
haviors of MEMS design primitives will lead to the formation
of effective MEMS fault models. Such fault models will
undoubtedly lead to methods for fault grading, test generation,
design-for-testability, and design for fault avoidance. The fault
modeling process can also be used to form links between
defects and faulty behaviors. Such links would aid in diagnosis
by helping identify the process steps that are likely to produce
the observed faulty behavior [7].

We have enhanced the process simulator CODEF [1] into
a tool called CARAMEL (Contamination And Reliability
Analysis of MicroElectromechanical Layout) for analyzing
the impact of contamination particulates on the properties
of microelectromechanical structures. CARAMEL is an inte-
gral component of our MEMS fault model generation (see
Fig. 1). CARAMEL performs process simulation and creates
a three-dimensional (3-D) representation of the defective mi-
croelectromechanical structure. It then extracts a mesh netlist
representation from the defective structure whose form is com-
pletely compatible with the mechanical simulator ABAQUS
[8]. Mechanical simulation of the mesh then allows us to link
the contamination of concern to a defective structure and a
faulty behavior. Observed faulty behaviors are then classified
and used to form fault models at the next level of abstraction.
Monte Carlo iteration around the flow of Fig. 1 provides a
mechanism for creating realistic fault models for MEMS.

Here, we describe CARAMEL and illustrate its use in
MEMS fault model generation. The resonator structure (see

1In the remaining parts of this paper, we will refer to the folded-flexure
comb-drive microresonator simply as the “resonator.”
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Fig. 1. MEMS particulate contamination analysis using CARAMEL.

Fig. 2) under consideration belongs to a class of MEMS known
as surface-micromachined MEMS. Prototype surface micro-
machining processes are available from MCNC (Multi-user
MEMS Processes service (MUMP’s) [9]), Analog Devices’
iMEMS process [10], and from Sandia National Labs [11].
We have selected the MUMP’s process for the contaminations
simulations of the resonator due to its open availability. The
seminal paper on the resonator is given in [12]. Analytic
models of the resonator’s pertinent characteristics can be
found in [13]–[15]. The resonator structure is a mature case
study in the design of “suspended MEMS” which are now
used in commercial accelerometers [10], [16], gyroscopes and
micromirror optical beam steering [17]. Future commercial
applications are in resonator-based oscillators [18], IF mixers,
high-Q IF filters for communications and microstages for
probe-based data storage [19].

The rest of this paper is organized as follows. Section II
describes prior work in the area of MEMS testing. Section III
describes MEMS contamination analysis using our tool
CARAMEL. In Section IV, simulation results obtained using
CARAMEL on the surface-micromachined microresonator are
presented. Finally in Section V, we present conclusions.

II. RELATED WORK

Most research in MEMS centers on design, technology,
and packaging problems and not testing. However, a growing
number of researchers have been concerned with MEMS

Fig. 2. Top view of a comb-drive microresonator.

testability. Here, we discuss representative work performed
in this area.

Fault Modeling and Simulation of MEMS

Fault models abstract the behavior of physical defects to a
high-level representation of the unit under test. In the case of
MEMS, where physical failure mechanisms are much more
complex due to presence of mixed domains, developing fault
models becomes a difficult challenge.

In [21], an extensive overview of the issues and possible
solutions for the problems related to MEMS fault modeling,
simulation, test generation, design for testability, and built-in
self test (BIST) is presented. MEMS defects are modeled using
the concept of mutants and saboteurs. Mutants use analog-
like faults to model nonelectrical (mechanical, optical, etc.)
defects. Mutants represent defects that cause value changes in
microstructure parameters. Saboteurs, on the other hand, model
defects that cause components to be removed or added to the
microstructure. Fault simulation is performed by modifying the
fault-free schematic of the microsystem through the instanti-
ation of mutants or saboteurs. A still-open question involves
characterization and selection of the mutants and saboteurs
that represent realistic MEMS defects.

In [22], the importance of the MEMS model and its relation-
ship to defects of the MEMS structure is stressed. An electrical
model is also used to represent mechanical and electrical
components of MEMS. However, the model is constructed
in a such way so as to allow the accurate modeling of a
wide variety of MEMS defects. They have focused on the
construction of a simulation model that eases fault injection in
order to perform fault simulation. Experiments are performed
on two microsystems: a resonant silicon beam force sensor
and a miniature optoelectric transformer.

Most of the on-going research in MEMS fault modeling
and simulation builds upon the approaches used in analog fault
modeling and simulation. However, a large variety of physical,
chemical and other effects complicate fault model generation
for MEMS, making a purely analog-like approach inadequate.

Test Generation for MEMS

Test generation for MEMS is not a simple extension of
digital or analog test techniques. The presence of multiple
domains like mechanical, chemical, and optical complicates
test generation. Also, the accuracy and effectiveness of test
generation is highly subject to the accuracy of the fault models
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(a) (b)

Fig. 3. Cross section of piezoresistive accelerometer die [24].

applied. Here, we discuss two approaches to the MEMS test
generation problem.

The approach described in [21] is based on the sensitivity-
guided search process originally described in [23]. The fault
model applied uses the mutant/saboteur concept described
earlier. Test generation begins with the selection of an initial
test stimulus that corresponds to the mid-range of input
values. A fault simulation is then performed to estimate
the fault coverage. The undetected faults are resimulated
using test patterns that are “higher” and “lower” than the
initial input. Faults which remain undetected by the new tests
are partitioned into two new lists: one containing faults for
which the sensitivity of the measuring parameter has increased
for higher input stimuli and another containing those faults
for which the sensitivity of the measuring parameters has
increased for lower input stimuli. The process is repeated until
the coverage achieved is satisfactory.

Another test generation approach is presented in [20]. An
electrical schematic is used to model both the electrical and
mechanical components of a bulk-micromachined accelerome-
ter. Similar to digital fault modeling, defects are modeled using
stuck-at, bridging, and stuck-open faults. Carefully placed
resistors are added to their electrical schematic to model
these faults. Additional flexibility is provided by allowing the
value of these “fault” resistors to vary. Exhaustive Hspice
simulations are used to determine which voltage and current
nodes are good candidates for observing faulty behavior. These
simulations require sweeping the values of the fault resistors
from 1 K to 1 G —the extremes of the value range attempts
to mimic shorts and opens, respectively. Voltage and current
are measured at various nodes in the circuit for every value of
the fault resistor. Measurement windows for ranges of voltage
and current for which a circuit is defined to be faulty or fault-
free are established. Faults are selected through the analysis of
real accelerometer failures. From this information, the location
of the most sensitive nodes for detecting accelerometer failures
are identified.

BIST and Fault Tolerance for MEMS

Next, we describe the research performed in the areas of
built-in self test (BIST) and fault tolerance for MEMS. Similar
to MEMS fault simulation and fault modeling, ideas presented
in these areas also leverage techniques from analog test. There
are two broad classes of BIST that can be identified. Spatial
redundant techniques use additional circuitry to perform the
self test. These include specific test/monitoring cells [26], [27],
analog test buses, and circuit duplication. Analytical redun-

dant techniques, on the other hand, use parametric analysis,
frequency spectrum characteristics [28], reliability indicators
[29], and signal delay measurements. Most BIST approaches
for MEMS use a combination of the two approaches.

In [24], a BIST approach for a piezoresistive accelerometer
is described. Fig. 3 shows a cross section of the accelerometer.
During test, a self-testing voltage is stepped from20 V to

20 V and the sensor output is measured. At every applied
voltage, shuttle mass acceleration and the sensitivity (V/g)
of the device is computed to verify whether the device is
functional. Structural design modifications are suggested for
protecting the device from excessive force. The self-testing
feature provides two benefits. The first is that the user can
confirm that the shuttle-mass is unrestricted and therefore free
to respond in critical operating conditions. Secondly, the self-
test applies a known electrostatic force to the mass which
cannot be differentiated from an acceleration force. Hence,
the self-test can be used for calibration.

Built-in self test approaches for micromachined accelerom-
eters described in [24] and [30] rely on the application
of electrostatic forces to the silicon mass. The electrostatic
forces are fundamentally weak thus making the use of very
high voltages necessary to achieve full-scale electrostatic
actuation in accelerometers. This is the main drawback in using
electrostatic actuation for implementing built-in self test for
MEMS-based devices.

In [31], a thermal self-test mechanism is proposed to over-
come this drawback for accelerometers with a 50-G full-scale
deflection. This technique uses a differential thermal expansion
to provide actuation. The BIST structure used is virtually
insensitive to ambient temperature variations and thus has
no effect on the thermal performance of the sensor. Fig. 4
shows an illustration of an accelerometer with thermal self test.
The self-test feature uses an actuation beam that is thermally
isolated from the seismic mass (suspended silicon) by a gap
of 8 m. An ion-implanted heating resistor is located near
the middle of the central beam. When a voltage pulse is
applied to the heat resistor, the temperature of the actuation
beam increases. The temperature change causes the beam to
expand which creates a force on the mass that causes a down-
ward movement. The piezoresistive sense elements detects the
downward motion of the mass as an acceleration signal.

Summary

We have presented an overview of the research in MEMS
testing. Others have also contributed to the area [27],
[33]–[35]. In the following, we list our general observations.
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(a) (b)

Fig. 4. An accelerometer with thermal self test [31].

(a) (b)

Fig. 5. Abbreviated flow for MCNC’s MultiUser MEMS Process service [9].
(a) Cross-sectional view. (b) Top view (layout).

1) The MEMS testing techniques described in the literature
are highly design specific. As a result, they may be
inapplicable to other designs. Hence, there is a need
to develop a testing methodology which is applicable to
all instances of a class of MEMS structures. The long-
term objective of our research work is to develop such a
testing methodology for surface-micromachined MEMS.

2) The success of any testing technique depends on the
fault models applied. The fault models described in the
literature are also design specific and are in general
difficult to apply. We plan to address this problem by
developing realistic fault models that can be applied to
a class of MEMS designs at a higher level of abstraction.

3) Most BIST techniques estimate the mechanical move-
ment of the microstructure by performing electrical mea-
surements. Measurements of small mechanical move-
ments are difficult, if not impossible, to perform because
of the presence of noise. Thus, most measurements occur
at or near full scale. Setting the range for fault-free
behavior, as in analog testing, is a difficult task and
constraints that limit the thresholds used may result in
information loss that degrades test quality. This problem
can be handled by analyzing all the possible failure
mechanisms and the resulting deviations in the final
functionality. Knowledge of such correlations will lead
to more effective BIST techniques (like modification

of structural and material properties, selection of bet-
ter measurement techniques), and aid in MEMS fault
diagnosis. Therefore, our work in MEMS testing first
centers on exploring defects caused by particles and the
associated misbehaviors.

III. CARAMEL

CARAMEL is a process simulator that maps particle con-
taminations to defective microstructures. It is built around
the tool CODEF, which is a contamination-to-defect-to-fault
mapper for pure electrical layouts [1]. Described next are the
three phases of CARAMEL’s operation.

A. Process Simulation

This phase of CARAMEL maps spot contaminations to
layout defects and is implemented using a modified version
of CODEF. CODEF determines the impact of a particle on
the contaminated region of an IC layout. It accepts layout
information, a process description, and contamination statis-
tics for each processing step of interest. CODEF allows for
the exact characteristics of the contamination particle to be
simulated including the particle’s size, density, conductivity,
and fabrication step of introduction. Given the contamination
parameters, it simulates all the fabrication steps and creates a
three-dimensional (3-D) representation of the defective device.
CODEF, in its unmodified form, is used to analyze the
effects of particles on an electrical IC layout. It utilizes a
circuit extractor which traverses the 3-D structure to create
a SPICE netlist. Defective circuit behavior resulting from
the contaminations can then be analyzed through SPICE
simulations.

To make use of CODEF for MEMS contamination analysis,
we have defined a complete MUMP’s fabrication process
as a sequence of steps in the PREDITOR format [36]. The
MUMP’s process is used to form micromechanical struc-
tures composed of thin films formed on the surface of the
substrate. These thin-film microstructures are called surface-
micromachined MEMS. Because the resonator is a single-
polysilicon structure, fabrication of the resonator utilizes only
a subset of the complete three-polysilicon MUMP’s process.
This simplified version of the MUMP’s process is described
in [37] and is illustrated in Fig. 5. First, a low-stress silicon
nitride is deposited on the silicon substrate to provide electrical
isolation between microstructures. An electrical interconnec-
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tion layer of polysilicon is then deposited and patterned. Next,
a 2- m-thick layer of phosphosilicate glass (PSG) is deposited.
PSG acts as sacrificial spacer layer for the microstructures.
After contact cuts are made in PSG, a 2-m-thick layer of
polysilicon is deposited and patterned to form a microstructure.
A final wet etch in hydrofluoric acid (HF) dissolves the
PSG and releases the microstructure so that it is free to
move. Contact cuts in the PSG are anchor points that fix the
microstructure to the substrate.

In CARAMEL, we have modified CODEF to handle the
MUMP’s “release” step (i.e., the HF etch of PSG) as described
above. Adding this step, which is not part of any standard
CMOS process, allows us to perform MUMP’s process simu-
lations using realistic contaminations.

B. Structure Extraction

The structure extraction phase produces a 3-D mesh rep-
resentation of the defective structure generated by CODEF.
Mechanical simulation of the mesh (using finite-element anal-
ysis (FEA) tools like ABAQUS [8]) allows detailed analysis
of the effects of contaminations on the mechanical structure.

The process simulator creates a 3-D representation of the
resonator structure consisting of hierarchically connected lay-
ers of material known as the Chip Data Base (CDB) [39].
CDB is created from the MUMPS process flow and the CIF
layout of the resonator. In addition, contamination particles
may be introduced at random locations in the process flow,
under control of the process simulator, which can alter the final
3-D structure of the resonator structure. CARAMEL creates
a separate “mesh database” from the CDB to represent the
MEMS structure as a set of two-dimensional (2-D) corner-
stitched rectangular regions [40]. Each region of the mesh
consists of a set of material elements. However, the mesh
database differs from a traditional corner-stitched database
because elements in the former are allowed to be less than
maximal width. This is a necessary feature since the mesh
used for mechanical simulation requires that each region have
a single neighbor or no neighbor along each of its edges. Each
element also has associated data that describes its material
characteristics, its position in thedirection, and a flag that
indicates if the base of the element is anchored.

The MEMS meshing phase accomplishes the following.

1) Creates a corner-stitched database containing the regions
to be simulated.

2) Determines the connectivity of the regions.
3) “Splits” the mesh database to ensure that each region has

only one or zero neighbors in the and directions.
4) Identifies the elements and generates node numbers for

all the vertices of every region. (This is required by the
FEA tool for mechanical simulation.)

5) Generates the final mesh input model for the FEA tool.

Mesh Database Creation:The mesh database for the res-
onator consists only of polysilicon one (POLY1) and defect
material, i.e., the material of the particle contamination. The
mesh is created by examining every region of CODEF’s CDB.
Each element of POLY1 or defect material is added to the mesh
database along with a flag indicating if the element is fixed

(a)

(b)

Fig. 6. Illustration of element splitting for mechanical mesh construction.
(a) Set of regions before split. (b) The same regions afterx-y andz splits.

to some other material or contains free space underneath. The
flag information is used later to determine which elements are
free to move.

Determining Element Connectivity:Understanding the be-
havior of the resonator requires mechanical simulation of its
moving parts. The moving parts of the resonator includes
the shuttle mass and everything connected to the shuttle.
Because a particle contamination can alter the topography
of the resonator, the resulting defective structure must be
derived from the CDB of elements. In this phase, CARAMEL
determines all the connected elements from a user-specified
element on the resonator’s layout. A simple algorithm is
employed that marks the user-specified element and continues
to mark neighboring elements until all connected regions are
marked.

Element Splitting:The mechanical mesh required by FEA
tools must be constructed so that adjacent regions meet only at
region vertices (nodes). CARAMEL must meet this adjacency
constraint not only in the and directions but also in the
-direction.

• - splitting: In a standard corner-stitched database, a
region edge can have multiple neighboring regions or a
partial neighbor as shown in Fig. 6(a). Such a situation
violates the constraint described above for the mechanical
mesh. The - splitting operation modifies an element so
that every region edge has a single neighboring element
or no neighbor at all. Splitting is performed by analyzing
the edge neighbors of every region in the CDB. For each
edge that violates the constraint, the current region is split
at the neighbor’s edge. (See Fig. 6.)

• splitting: In an analogous way, elements may need to
be split in the direction as well. In this case, adjacent
regions that have elements of differing heights must be
split in the direction so that the resulting elements share
nodes. This is accomplished using a simple algorithm
that compares the top and bottom coordinates of an
element with all its neighboring elements. If an adjacent
element is contained in the current element, the current
element is split. (See Fig. 6.) There is one exception
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(a)

(b)

(c)

(d)

(e)

Fig. 7. Three-dimensional representations of defective resonators and their
corresponding mechanical mesh for a particle contamination located (a)
between adjacent comb fingers, (b) in a beam, (c) under the flexure, (d) outside
of the resonator’s active area, and (e) on the shuttle.

to the -split operation when the element of concern is
fixed. Typically, split elements inherit identical properties
(material, conductivity, etc.) from the original element.
In the case of fixed elements, only the newly created
bottom-half element is fixed.

The result of CARAMEL’s extraction phase is a mechanical
mesh that is directly compatible with the FEA tool ABAQUS.
The resulting mechanical mesh captures the impact of the
particle contamination on both the electrical and mechanical
properties of the resonator. It should be noted here that
CARAMEL is a general tool and is therefore not restricted

to the resonator but is applicable to any generic MEMS
layout. It is therefore possible to analyze the impact of particle
contaminations on a wide variety of MEMS topologies. In the
next section, we examine the impact of 4000 contaminations
on the structure and behavior of the resonator.

IV. SIMULATION RESULTS

CARAMEL was used to analyze 4000 unique contamina-
tions of the resonator. We analyzed contaminations of various
sizes and material properties. In addition, contaminations were
placed at many different resonator locations and were intro-
duced randomly across all the steps of the MUMP’s process.
The effect of each particulate was observed at each phase of
CARAMEL’s operation. The mechanical simulator ABAQUS
was also used to compute the maximum displacement of the
movable shuttle for each of the mechanical meshes generated
by CARAMEL. Displacement is analyzed because it is one
of the crucial parameters for determining if the resonator is
functioning properly; analysis of any other parameter can also
easily be done. In Table I, details of several representative
cases of the contamination analysis are presented. Note that
the first entry of Table I gives the maximum displacement
for the defect-free resonator. For each case considered, the
location of the contamination (Table I), the resulting 3-D
defective structure (Figs. 7 and 8), and the resulting maximum
displacement as reported by ABAQUS (Table I) are given.

• Comb Defect: Fig. 7(a) shows the impact of a con-
tamination located between adjacent comb fingers. The
process simulation phase of CARAMEL reveals that the
contamination welds together the two normally mov-
ing fingers. The fixed fingers transforms the two comb
drives into a single structure thereby changing the mesh
model required for mechanical simulation. Mechanical
simulation of a defect-free resonator requires only the
shuttle and flexure. The result obtained from FEA reveals
shuttle movement is impossible—a clear indication that
this defect has caused a catastrophic failure.

• Beam Defect:The impact of a defect affecting a beam
of the folded-flexure is illustrated in Fig. 7(b). Such a
contamination results in a slightly heavier beam. The
increased mass of the beam has a negligible effect on
the displacement. Note the complexity of the mesh in
the area surrounding the defect’s location. The increased
“meshing” is a reflection of the number of splits required
to accurately represent the region containing the defect.

• Flexure Defect: A contamination that becomes lodged
between the resonator and the substrate acts as an an-
chor. CARAMEL handles such cases by defining an
anchor element at the contamination location during the
extraction phase. The meshing phase discovers that the
contaminant is connected to the suspended structure and
the substrate surface. The resulting mesh used in the
mechanical simulation therefore has an extra anchor. The
impact of such a defect is shown in Fig. 7(c). Simulation
of the corresponding mesh indicates that the deflection
has slightly reduced to the value of 3.21 nm, a deviation
of 2%. Other simulations show that the displacement
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TABLE I
REPRESENTATIVE CASES OF DEFECT ANALYSIS USING CARAMEL

Fig. 8. Broken spring beam resulting from a particle introduced before the
photoresist deposition for the structural layer.

reduction is greater as the anchor location moves closer to
the shuttle, an intuitive result since the resonator becomes
stiffer with anchor movement toward the shuttle.

• Outside Defect:Contaminations lying outside the struc-
ture are treated like the others, but during the connectivity
phase of meshing, it is determined that the contaminant
is not connected to the structure of interest. Meshes for
such defects are generated but are not simulated. For
these cases the nominal values of resonant frequency are
reported. An example of this type of defect is illustrated
in Fig. 7(d).

• Shuttle Defect: Fig. 7(e) shows another interesting case
where the contamination becomes totally encapsulated by
the shuttle mass. Process simulation indicates that a small
bump is formed on the shuttle surface. The creation of
such a bump changes the meshing of the affected region
which is apparent from the dense meshing surrounding
the defect location. FEA reveals a very small decrease in
displacement due to the additional mass.

• Broken Beam: Broken structures can also result from the
presence of particles. Fig. 8 shows a broken spring beam
caused by a particle introduced before the photoresist
deposition for the structural layer. Presence of the particle
during this step creates a vulnerable location in the
structural material at the location of the particle. The over-
etching that takes place at this location creates a broken
structure. FEA of this defective structure results in a 25%
increase in deflection, an intuitive result since the flexure
spring is now floppier.

The analyzed cases demonstrate CARAMEL’s ability to
model and simulate a variety of contamination effects on
the MEMS microstructure. The tool can be effectively used

to generate several thousand contamination simulations under
a Monte-Carlo mode of operation. In Monte Carlo mode,
contaminations are introduced into the process at random steps,
with random sizes and at random locations in the layout.
Such an analysis can produce the full spectrum of MEMS
failure modes due to particulates. The observed deviations in
behavior can then be systematically categorized under various
fault classes. These fault classes can then be mapped to
appropriate fault models at the higher level of abstraction.
In other words, such an analysis provides a technique for
abstracting defective beams, gaps, shuttles, etc. into higher
level fault models. We have performed 4000 simulations using
CARAMEL to illustrate its Monte-Carlo mode of operation.
Process simulation showed that only 492 contaminants resulted
in defective microstructures. The remaining contaminations
either did not come into contact with the structure or were
naturally removed by the process.

Table II presents a coarse fault categorization of the 492
defects. The three broad fault classes are identified as cata-
strophic, parametric, and harmless. Catastrophic defects are
those defects that cause more than a 30% change in the
maximum achievable displacement in thedirection. Defects
that cause a displacement deviation between 5% and 30%
are termed parametric. Defects are classified as harmless and
within the specification if they have a negligible affect (5%)
on displacement.

Table III shows the occurrences of defects with respect to
the process step of introduction. This information identifies
the MUMP’s process steps that are most vulnerable to particle
contaminations. It is obvious that step 8 (the etch of the resist
for Poly0, the first layer of polysilicon) is highly prone to
catastrophic failures. This result is quite intuitive. Poly0 forms
the base of the resonator while the suspended structure is
formed from Poly1, the second layer of polysilicon. Hence,
any contamination occurring on Poly0 can bind the two
layers and impede resonator movement. This situation often
leads to catastrophic failures. Thus, the Poly0 deposition and
development phases of fabrication are quite vulnerable to parti-
cle contaminations. As indicated in Table III, contaminations
introduced during this phase (steps 1–3 and 8) lead to over
60% of the catastrophic failures observed.

Table IV shows the spatial distribution of the contamina-
tions over the resonator layout that caused catastrophic and
parametric failures. This categorization of the defects shows
that the shuttle is the most defect-prone region in the resonator
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TABLE II
COARSE FAULT CATEGORIZATION BASED ON DEVIATION FROM THE NOMINAL y DISPLACEMENT

TABLE III
DEFECT CATEGORIZATION BASED ON THE MUMPS PROCESSSTEP FOR WHICH THE CONTAMINATION WAS INTRODUCED

TABLE IV
SPATIAL DISTRIBUTION OF FAULTS IN THE MICRORESONATOR

encompassing approximately 70% of the total number of
catastrophic faults. Defects affecting the comb fingers have
resulted in significant changes in behavior. However, the
shuttle, due to its relatively large area is likely to be “hit” by a
contamination, thus making this region of the resonator highly
susceptible to failure in the presence of a randomly introduced
particle. The smaller surface area of the folded-flexure beams,
on the other hand, is less likely to be affected. But when these
beams are impacted, their behavior is significantly altered.

It is also important to note that all the catastrophic failures
due to shuttle contaminations occur before deposition of the
Poly1 layer. These contaminations create anchors between the
Poly1 and Poly0 layers. Conversely, contaminations occurring
on the shuttle after/during Poly1 deposition do not cause
appreciable change in shuttle displacement. Thus, the impact
of particle contaminations on resonator behavior is a function
of both the location and the process step of introduction.

The following are the main observations that can be drawn
from the simulation results.

1) Particle contaminations can have a large impact on the
resonator functionality and the resulting spectrum of
faulty behaviors can be discovered through contamina-
tion and FEA simulations.

2) A systematic classification of the faulty behavior can
be made by mapping various fault classifications to a
higher level of abstraction.

3) Impact of particle contamination is a function of both
the location and process step in which it is introduced.

4) The comb drive is the most defect prone region of the
resonator and particle contaminations that occur during
the Poly0 deposition process steps are the most likely to
cause a failure.

V. CONCLUSIONS

We have automated the contamination analysis process for
microelectromechanical layout using our tool CARAMEL.
CARAMEL can be effectively used to directly investigate the
faulty behavior of defective MEMS structures. Here, we have
illustrated CARAMEL’s use on a folded-flexure resonator.
Analysis of 4000 different particle contaminations indicates
that spot contaminations can have a significant impact on the
maximum displacement of the resonator. Moreover, the results
show that the impact of a particular defect is highly dependent
upon where it is located in the resonator’s layout and when
it is introduced into the manufacturing process. Particulates
that create anchor defects near or on the shuttle or weld
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comb fingers cause catastrophic failures. Anchor defects away
from the shuttle affecting the folded flexure cause parametric
changes in behavior.

CARAMEL is being used to formulate fault models for
MEMS primitives, (i.e., beams, anchors, springs, suspended
masses, etc.) the basic elements used in resonator, accelerom-
eter, and gyroscope designs. The objective here is to abstract
the misbehaviors (all changes in specified behavior) due to
particulates into a high-level simulator such as NODAS [41].
Meeting such an objective will enable the evaluation and
optimization of the testability of a large class of MEMS.
Specifically, accurate fault models will enable:

• Test Methodology Grading: Given an accurate fault
model, one can measure the effectiveness of any given test
methodology. Presumably, the fault model will provide an
enumeration of possible faulty behaviors along with their
likelihood of occurrence. Coverage figures for current
MEMS testing methods can then be determined through
systematic fault simulations.

• Test Methodology Development:Any possible short-
comings in current testing methodologies will be exposed
by test methodology grading. Even if shortcomings do not
exist, knowledge about MEMS faulty behavior may lead
to more effective test or design techniques that reduce
cost and/or increase quality.

• MEMS Diagnosis: More effective testing methodologies
will undoubtedly lead to better diagnosis. We plan to
create links between observed faulty behavior, testing
methods, and failure sources for accurate and efficient
improvements in diagnostic techniques.

Our future work will also include the formation of fault
models for other failure sources such as stiction, undesired
residual stress, and extreme manufacturing variations.
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