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ABSTRACT

We have enhanced the process simulator CODEF
[2] into a tool called CARAMEL (Contamination
And Reliability Analysis of MicroElectromechanical
Layout) for analyzing the impact of contamina-
tion particles on the geometrical and material prop-
erties of microelectromechanical systems (MEMS).
CARAMEL accepts as input a microelectromechanical
layout, a particulate description, and a process recipe.
CARAMEL produces a mesh description of the de-
fective layout that is completely compatible with the
electromechanical simulator ABAQUS [31]. Analysis
of CARAMEL’s output indicates that a wide range of
defective structures are possible due to the presence of
contaminations. Moreover, electromechanical simula-
tions of CARAMEL’s mesh representations of defec-
tive layout has revealed that a wide variety of faulty
behaviors are associated with these defects. In this pa-
per, we describe CARAMEL and its application to the
development of realistic fault models for MEMS.

1 Introduction

MEMS are miniature electromechanical sensor and
actuator systems developed from the mature batch-
fabricated processes of VLSI technologies. The dra-
matic improvement in the performance-to-cost ratio,
reliability, and functionality over conventional coun-
terparts has escalated the demands for MEMS-based
products. There are many emerging research areas
that exploit the spectrum of functionality made pos-
sible by MEMS. The most advanced and successful
MEMS area of application include sensors and actu-
ators systems for automotive airbag accelerometers.
But many more applications are expected in many di-
verse areas such as process control and biomedical en-
gineering.

1This research effort is sponsored by the National Science
Foundation under grant MIP-9702678 and the Defense Research
Projects Agency under Rome Laboratory, Air Force Materiel
Command, USAF, under grant F30602-97-2-0323.

INTERNATIONAL TEST CONFERENCE
0-7803-5092-8/98 $10.00 © 1998 IEEE

There are three categories of fabrication processes
for MEMS: Surface micromachining, bulk microma-
chining and high level aspect-ratio lithography [1].
Advances in all these categories have made it possible
to develop high quality MEMS. Technology advances
however have not positively impacted the design cycle
for MEMS, which is still currently measured in years.
In order to keep pace with technology advances, CAD
tools tailored for MEMS design and verification are
essential.

The development and deployment of new MEMS
products will not occur due to advances in design,
packaging, and processing alone. Testing methodolo-
gies must be developed in concert that are capable of
assessing faulty behavior (in the form of fault simula-
tion 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 reliabil-
ity of MEMS based devices, a comprehensive testing
methodology must be developed that allows devices to
be tested economically with a very high level of con-
fidence. Success of any testing methodology is highly
dependent on the fault models employed. Fault mod-
els that do not “cover” real defective behavior can
reduce defect coverage and degrade test quality. The
work presented in this paper addresses this need.

MEMS fault models, unlike their digital and ana-
log counterparts, must explicitly consider the impact
of defects on the micromechanical structures. Our ap-
proach towards developing effective MEMS fault mod-
els centers on the inductive generation of the possible
faulty behaviors from realistic contamination simula-
tions. We have chosen the folded-flexure comb-drive
microresonator? as our research vehicle because it pos-
sesses many of the basic structures (beams, joints,
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springs, etc.) that many researchers believe will form
the core primitives of a MEMS design library (3, 4, 5].
The hope is that the resulting information will provide
the basis for developing a generic fault model that
is applicable to the class of surface-micromachined
MEMS.

Our experience is that a major cause of faulty be-
havior in MEMS is due to particulate contaminations
that occur during various process steps of fabrication
[7]. Contaminations can cause a significant perturba-
tion in the structural and material properties of the
microstructure [6]. Thus, a formal assessment of both
the possible defective structures and the correspond-
ing faulty behaviors on 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, DFT and design for
fault avoidance. The fault modeling process can also
be used to form links between defects and faulty be-
haviors. Such links would aid in diagnosis by helping
identify the process steps that are likely to produce
the observed faulty behavior [8].

We have enhanced the process simulator CODEF
[2] into a tool called CARAMEL (Contamination And
Reliability Analysis of MicroElectromechanical Lay-
out) for analyzing the impact of contamination par-
ticulates on the properties of microelectromechani-
cal layout. CARAMEL is an integral component of
our MEMS fault model generation (see Figure 1).
CARAMEL requires three inputs:

1. Design definition: This is typically a layout
of the design in the Caltech Intermediate Form
(CIF).

2. Process definition: This includes a sequence of
process steps with all the required details such as
deposition thickness, etching rate, etching time,
etc.

3. Contamination definition: This includes geo-
metrical and material characteristics of the par-
ticulate contamination, its location in the MEMS
layout, and its process step of introduction.

CARAMEL performs process simulation and cre-
ates a three-dimensional representation of the defec-
tive microelectromechanical layout. It then extracts a
mesh representation from the defective layout whose
form is completely compatible with the mechanical
simulator ABAQUS [31]. Mechanical simulation of

2In the remaining parts of this paper, we will refer to
the folded-flexure comb-drive microresonator simply as the
“resonator”.
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Figure 1: MEMS contamination analysis using
CARAMEL.

the mesh then allows us to link the contamination of
concern to a defective structure and a faulty behav-
ior. Observed faulty behaviors are then classified and
used to form models at the next level of abstraction.
Monte Carlo iteration around the flow of Figure 1 pro-
vides a mechanism for creating realistic fault models
for MEMS.

In this paper, we describe CARAMEL and illus-
trate its use in MEMS fault model generation. The
resonator structure under consideration belongs to
a class of MEMS known as surface-micromachined
MEMS. Prototype surface micromachining processes
are available from MCNC (Multi-user MEMS Pro-
cesses service (MUMPs) [9]), 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 availabil-
ity. In this process, thin films are sequentially de-
posited 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 sem-
inal paper on the resonator is given in [10]. Analytic
models of the resonator’s pertinent characteristics can
be found in [11, 12, 13]. The resonator structure
is a mature case study in the design of “suspended
MEMS” which are now used in commercial accelerom-
eters {15, 16], gyroscopes (soon), and micromirror op-
tical beam steering [17]. Future commercial applica-
tions 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. Sec-
tion 2 describes prior work in the area of MEMS test-
ing. Section 3 describes MEMS contamination anal-
ysis using our tool CARAMEL. In Section 4, simula-~
tion results obtained using CARAMEL on the surface-
micromachined microresonator are presented. Finally
in Section 5, we present conclusions and outline areas
of future work.

2 Related Work

Most work in the MEMS area centers on design,
technology, and packaging problems and not testing.
However, there are a number of researchers that are
concerned with MEMS testability [20, 21, 22]. In this
section, we discuss the previous work performed in this
area.

In [20], Olbrich and others have outlined challenges
associated with MEMS testing and demonstrated their
testing approach on a bulk-micromachined accelerom-
eter. They use an electrical schematic to model both
the electrical and mechanical components of the ac-
celerometer. Similar to digital ICs, they model de-
fects using stuck-at, bridging, and stuck-open faults.
Carefully placed resistors are added to their electri-
cal schematic to model these faults. An additional
level of complexity is considered by allowing the pa-
rameter values of these “fault” resistors to vary. They
use exhaustive Hspice simulations to determine which
voltage and current nodes are good candidates for ob-
serving faulty behavior.

Vermeiren and his colleagues in [21] stress the im-
portance of the MEMS model and its relationship to
defects. They also use an electrical model to repre-
sent both the 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.

Similar to [20], Lubaszewski et. al. [22] provide
an extensive overview of the issues and possible solu-
tions for the problems related to MEMS fault mod-
eling, simulation, test generation, DFT, and BIST.

They also described their MEMS testing environment
termed CAT (Computer-Aided Testing). Similar to
[20] and [21], they use an electrical schematic to model
MEMS structures. MEMS defects are modeled using
the concept of mutants and saboteurs. Mutants are
used to represent MEMS defects that cause parametric
changes in existing model components. Saboteurs, on
the other hand, cause components to be removed and
added to the electrical model to represent defects that
add or remove elements from the MEMS microstruc-
ture. The mutant/saboteur concepts are used in the
CAT environment to illustrate fault simulation and
test pattern generation for a MEMS electro-thermal
converter.

Unfortunately, none of these works have discussed
or presented a general methodology for coping with
the mechanical defects directly. This is important
since a loss of modeling accuracy may be incurred if
mechanical defects are forced into an electrical model.
Modeling the mechanical defects accurately requires
an understanding of their impact on the behavior of
MEMS devices. This understanding requires one to
analyze a wide range of defective microelectromechan-
ical structures. Lack of such information can result in
poor-quality fault models. Our work mainly focuses
on exploring MEMS behavior under mechanical de-
fects. Using CARAMEL, we generate a broad spec-
trum of faulty microstructures and analyze their ef-
fects on the functionality of the MEMS device through
low-level mechanical simulations. It is believed that
the results of these simulations will allow a systematic
fault categorization, thus forming the basis of MEMS
fault models which will ultimately lead to an effective
test methodology for MEMS.

3 CARAMEL

CARAMEL is a process simulator that maps
particle contaminations to defective microstructures.
It is built around the tool CODEF, which is a
contamination-to-defect-to-fault mapper for pure elec-
trical layouts [2]. Described next are the three phases
of CARAMEL’s operation.

3.1 Process Simulation

This phase of CARAMEL maps spot contamina-
tions to layout defects and is implemented using a
modified version of CODEF. CODEF determines the
impact of a particle on the contaminated region of the
IC layout. It accepts layout information, a process
description, and contamination statistics for each pro-
cessing step of interest. CODEF allows for the exact
characteristics of the contamination particle to be sim-
ulated including the particle’s size, density, conduc-
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tivity, and fabrication step of introduction. Given the
contamination parameters, it simulates all the fabrica-
tion steps and creates a three-dimensional (3D) struc-
ture of the defective device. CODEF, in its unmodi-
fied form, is used to analyze the effects of particles on
an electrical IC layout. It utilizes a circuit extractor
which traverses the 3D 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 MUMPs fabrica-
tion process as a sequence of steps in the PREDITOR
format [26]. The MUMPs process is used to form
micromechanical structures 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 MUMPs pro-
cess. This simplified version of the MUMPs process is
described in {27] and is illustrated in Figure 2. First,
a low-stress silicon nitride is deposited on the silicon
substrate to provide electrical isolation between mi-
crostructures. An electrical interconnection layer of
polysilicon is then deposited and patterned. Next, a
2 um-thick layer of phosphosilicate glass (PSG) is de-
posited. PSG acts as sacrificial spacer layer for the
microstructures. After contact cuts are made in PSG,
a 2 um-thick layer of polysilicon is deposited and pat-
terned 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. Con-
tact cuts in the PSG are anchor points that fix the
microstructure to the substrate.

In CARAMEL, we have modified CODEF to han-
dle the MUMPs “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 MUMPs process simulations using realistic
contaminations.

3.2 Structure Extraction

The structure extraction phase produces a 3D mesh
representation of the defective structure generated by
CODEF. Mechanical simulation of the mesh (using fi-
nite element analysis (FEA) tools like ABAQUS [31])
allows detailed analysis of the effects of contamina-
tions on the mechanical structure.

The process simulator creates a 3D representation
of the resonator structure consisting of hierarchically
connected layers of material known as the Chip Data
Base (CDB) [28]. CDB is created from the MUMPS
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Figure 2: Abbreviated flow for MCNC’s MultiUser
MEMS Process service [27]: (a) Cross-sectional view.
(b) Top view (layout).

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 3D
structure of the resonator structure. CARAMEL cre-

_ ates a separate “mesh database” from the CDB to rep-

resent the MEMS structure as a set of two-dimensional
(2D) corner-stitched rectangular regions [29]. Each re-
gion 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 for-
mer are allowed to be less than maximal width. This
is a necessary feature since the mesh used for mechan-
ical 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 ma-
terial characteristics, its position in the z direction,
and a flag that indicates if the base of the element is
anchored.
The MEMS meshing phase:

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 z, y
and z directions.



4. Identifies the elements and generates node num-
bers for all the vertices of every region. (This is
required by the FEA tool for mechanical simula-
tion.)

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

Mesh Database Creation

The mesh database for the resonator 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 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 behavior of the resonator requires
mechanical simulation of its moving parts. The mov-
ing parts of the resonator includes the mass shut-
tle and everything connected to the shuttle. Be-
cause a particle contamination can alter the topog-
raphy of the resonator, the resulting defective struc-
ture must be derived from the CDB of elements. In
this phase, CARAMEL determines all the connected
elements from a a user-specified element on the res-
onator’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 re-
gion vertices (nodes). CARAMEL must meet this ad-
jacency constraint not only in the z and y directions
but also in the z-direction.

e z-y splitting: In a standard corner-stitched
database, a region edge can have multiple neigh-
boring regions or a partial neighbor as shown in
Figure 3a. Such a situation violates the constraint
described above for the mechanical mesh. The z-
y splitting operation modifies an element so that
cvery region edge has a single neighboring element
or no neighbor at all. Splitting is performed by
analyzing the edge neighbors of every region in

edge

sl
P ¢
nodes \j element
(a)
x=y split—m
Z split
(b)

Figure 3: Hlustration of element splitting for mechani-
cal mesh construction: (a) A set of regions before split
and (b) the same regions after z-y and z splits.

the CDB. For each edge that violates the con-
straint, the current region is split at the neigh-
bor’s edge. (See Figure 3.)

e z splitting: In an analogous way, elements may
need to be split in the z direction as well. In this
case, adjacent regions that have elements of dif-
fering heights must be split in the 2z direction so
that the resulting elements share nodes. This is
accomplished using a simple algorithm that com-
pares the top and bottom coordinates of an ele-
ment with all its neighboring elements. If an adja-
cent element is contained in the current element,
the current element is split. (See Figure 3.) There
is one exception to the z-split operation when the
element of concern is fixed. Typically, split ele-
ments inherit identical properties (material, con-~
ductivity, 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 lay-
out. 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 721 contaminations on the structure and behavior
of the resonator.
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Figure 4: Top view of a comb-drive microresonator.

4 Simulation Results

CARAMEL was used to analyze 721 unique con-
taminations of the resonator. We analyzed contam-
inations of various sizes and material properties. In
addition, contaminations were placed at many differ-
ent resonator locations and were introduced at many
different steps of the MUMPs process. Out of 721
contaminations, 263 were physically in contact with
the resonator structure. The effect of each of these
263 contaminations was observed at each phase of
CARAMEL’s operation. The mechanical simulator
ABAQUS was also used to compute the resonant fre-
quency of each of the mechanical meshes generated
by CARAMEL. The resonant frequency is analyzed
because it is one of the crucial parameters for de-
termining if the resonator is functioning properly [7].
In Table 1, we provide details of five representative
cases of the contamination analysis. Note that the
first entry of Table 1 gives the resonant frequency for
the defect-free resonator. For each of the five defects
considered, we provide the location of the contamina-
tion (Table 1), the resulting 3D defective structure
(Figure 5), top view of the mechanical mesh (Fig-
ure 5) and the resulting resonant frequency reported

by ABAQUS (Table 1).

¢ Comb Defect: Figure 5a shows the impact
of a contamination located between adjacent
comb fingers. The process simulation phase of
CARAMEL reveals that the contamination welds
together the two normally-moving 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
mechanical simulation shows a 29% increase in
resonant frequency; an indication that this defect
has caused a catastrophic failure.
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Figure 5: Three-dimensional representations of de-
fective resonators and their corresponding mechanical
mesh for a particle contamination located (a) between
adjacent comb fingers, (b) on a beam, (c) under the
shuttle, (d) outside of the resonator’s active area and
(e) on the shuttle.



Particle | Diameter | Density | Added after Resonant Percentage change
location | size (um) | (kg/m®) | step # frequency (Hz) | in f, (%)

None - - - 69772

Comb 24 2330 Poly1 deposition | 90116 +29.2%

Beam 1.5 2330 PSG deposition | 68646 -1.61%

Shuttle-1 | 2.0 2330 Poly0 PR Strip | 88328 +26.6%

Outside 2.0 2330 Poly0 deposition | 69772 0%

Shuttle-2 | 1.5 2330 PSG deposition | 69721 =0%

Table 1: Five representative cases of defect analysis using CARAMEL.

o Beam Defect: The impact of a defect affecting
a beam of the folded-flexure is illustrated in Fig-
ure 5b. Such a contamination results in a slightly
heavier beam. The increased mass of the beam
changes the resonant frequency by ~1.61% . Note
the meshing complexity of 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 de-
fect.

Shuttle-1 Defect: A contamination that be-
comes lodged between the resonator and the
substrate acts as an anchor. CARAMEL han-
dles such cases by defining an anchor element at
the contamination location during the extraction
phase. The meshing phase discovers that the con-
taminant 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 Figure 5¢. Simulation of the corre-
sponding mesh indicates that the resonant fre-
quency has increased significantly, which is quite
intuitive since the resonator is now fixed to the
substrate at an additional location.

Outside Defect: Contaminations lying outside
the structure are treated like the others, but dur-
ing the “connectivity” phase of meshing, it is de-
termined that the contaminant is not connected
to the structure of interest. Meshes for such de-
fects are generated but are not simulated. For
these cases the nominal values of resonant fre-
quency are reported. An example of this type of
harmless defect is illustrated in Figure 5d.

Shuttle-2 Defect: Figure 5e shows another in-
teresting 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
evidenced by the dense meshing surrounding the
defect area. Mechanical simulation reveals a very
small decrease in resonant frequency due to the
additional mass.

The five analyzed cases demonstrate CARAMEL’s
ability to model and simulate a variety of contam-
ination effects on the MEMS microstructure. The
tool can be effectively used to generate several thou-
sand contamination simulations under a Monte-Carlo
mode of operation. In Monte Carlo mode, contamina-
tions are introduced into the process at random steps,
with random sizes, and at random locations in the
layout. Such analysis can produce the full spectrum
of MEMS failure modes. The observed deviations in
behavior can then be systematically categorized un-
der 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 721 simulations using CARAMEL to
illustrate its Monte-Carlo mode of operation. Process
simulation showed that only 263 contaminants were
in physical contact with the microstructure. Mechan-
ical simulation showed that 65 of the 263 simulations
produced defective structures that significantly altered
the resonant frequency of the resonator.

Table 2 presents a coarse fault categorization of the
263 defects. The three broad fault classes are identi-
fied as catastrophic, parametric, and harmless. Catas-
trophic defects are those defects that cause more than
a 30% change in the resonant frequency f,. Defects
that cause a frequency deviation between 5% and 30%
are termed parametric. Defects are termed harmless
if they have a negligible affect on f,.

More details about the defects are provided in Ta-
ble 3. It shows the occurrences of defects with respect
to its process step of introduction. This information
indicates which MUMPs process steps are most vul-
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Number of | Deviations

Defect type | occurrences | in f; Comments

Catastrophic | 47 Afz > 30% Resonator functionality is
completely destroyed.

Parametric 18 5% < Afr < 30% | Resonator still works but
with large deviations from
the desired functionality.

Harmless 198 Afe < 5% Resonator functionality
within specifications.

Table 2: Coarse fault categorization based on deviation in resonant frequency f,.

Particle Catastrophic | Parametric | Total
location faults (%) faults (%) (%)
Shuttle 31.9 33.3 32.3
Comb fingers | 42.6 16.7 35.4
Folded flexure | 25.5 50.0 32.3

Table 4: Spatial distribution of faults in the microres-
onator.

nerable to particle contaminations. It can be seen that
step 8 (i.e. Etch Poly0 resist) is highly prone to catas-
trophic failures. This result is quite intuitive. Poly0
forms the base of the resonator while the “suspended’
structure is built from Polyl. Hence, any contam-
ination occurring on Poly0 can bind the two layers
and impede resonator movement. This situation often
leads to catastrophic failures. Thus, the Poly0 depo-
sition and development phases of fabrication are quite
vulnerable to particle contaminations. As indicated in
Table 3, contaminations introduced during this phase
(steps 3 to 12) lead to over 60% of the catastrophic
failures observed.

Table 4 shows the spatial distribution of the con-
taminations over the resonator layout that caused
catastrophic and parametric failures. It can be ob-
served that the comb fingers are the most defect-prone
region in the resonator causing around 43% of the to-
tal number of catastrophic faults. Defects affecting
the combs have resulted in significant changes in the
resonant frequency. The shuttle, due to its relatively
large area, is quite susceptible to being “hit” by a con-
tamination; however for the same reason the changes
in the shuttle do not affect the resonator operation.
The smaller surface area of the folded-flexure beams,
on the other hand, is less likely to be affected. How-
ever, when the beams are impacted, their behavior is
significantly disturbed.

It is also important to note that all the catastrophic
failures due to shuttle contaminations occur before de-
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position of the Polyl layer. These contaminations are
lodged between the Polyl and Poly0 layers creating an
anchor effect. Conversely, contaminations occurring
on the shuttle after/during Polyl deposition do not
cause appreciable change in the resonant frequency.
Thus, contamination impact on resonator behavior is
a function of both the location and process step in
which it is introduced.

Following are the main observations that can be
drawn from the simulation results:

1. Particle contaminations have a large impact on
the resonator functionality and the resulting
spectrum of faulty behaviors can be discovered
through contamination and FEM simulations.

2. A systematic classification of the faulty behavior
can be made by mapping various fault classifica-
tions 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 the Poly0 deposition process is
the most vulnerable to a contamination.

5 Conclusions and Future Work

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 defec-
tive MEMS structures. Here, we have illustrated
CARAMEL's use on a folded-flexure resonator. Anal-
ysis of 721 different defects indicates that spot con-
taminations can have a significant impact on the be-
havior of the resonator. Moreover, the results show
that the impact of a particular defect is highly depen-
dent upon where it is located in the resonator’s layout



Process Number of | % of occurrences | Catastrophic | Parametric
step occurrences | causing faults faults faults
1 (Initialize) 13 30.8 2 2
2 (Nitride deposit) 9 444 3 1
3 (Poly0 deposit) 16 68.3 9 2
4 (Litho spinon Poly0) 3 33.3 1

5 (Litho expose Poly0) 3 66.7 2
6 (Litho develop Poly0) 4 100 4

7 (Etch Poly0) 4 25.0 1

8 (Etch Poly0 resist) 14 85.7 12

9 (PSG deposit) 2 100 2

12 (Litho develop PSG) | 2 0.0

13 (Etch PSG) 1 0.0

19 (Etch Anchorl resist) { 3 0.0

20 (Polyl deposit) 31 12.9 4

21 (Litho spinon Polyl) | 29 13.8 4

22 (Litho expose Polyl) | 26 11.6 3

23 (Litho develop Polyl) | 22 4.6 1 3
24 (Etch Poly1) 19 10.5 2
25 (Etch Polyl resist) 38 15.8 1 5
48 (PSG release) 24 4.2 1
Total defects 263 47 18

Table 3: Defect categorization based on the MUMPs process step for which the contamination was introduced.

and when it is introduced into the manufacturing pro-
cess. Currently we are addressing the following issues
to improve CARAMEL for MEMS fault model gener-

ation:

e Mesh Optimization: Presently, the mechanical
mesh generated by CARAMEL is not optimized
in anyway. It contains many artifacts from the
original process simulation that add to the size
and complexity of the mesh. We plan to optimize
the mesh in order to accelerate the mechanical
simulation phase.

Automatic Fault Categorization: We plan to
have CARAMEL sort through the large amount
of simulated data and extract the unique faults.
This will reduce the amount of mechanical simu-
lation required for fault categorization.

Simulation Complexity: We are currently sim-
ulating static structures that do not change dur-
ing the course of simulation. Static structures
do not capture a number of interesting and pos-
sibly important defects. For example, a parti-
cle located between but not touching the comb
finger may limit the motion of the resonator.
This and other types of interactions will require
more knowledge of the material properties of the

contaminants but can be modeled using our ap-
proach.
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