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ABSTRACT
The quality and reliability of MEMS are greatly impacted by compatibility of materials used in a package. Inadequate
understanding of MEMS reliability adversely affects their utilization, especially those requiring “long-term storage”.
Current trend in micro/nanosystems is to produce ever smaller, lighter, and more capable devices/sensors in greater
quantities and at a lower cost than ever before. In addition, the finished products have to operate at very low power
and in very adverse conditions while assuring durable and reliable performance. Performance of MEMS has
advanced to the point that package induced stresses now limit further improvements in accuracy and stability.
Optimization of a MEMS package for high performance is limited by these constraints and cannot be accomplished
by analysis alone. There are too many unknown material properties, process conditions, and assembly tolerances
to make this feasible. This paper describes the methodology and discusses preliminary results that have been
obtained relating measurements that facilitate MEMS reliability assessment (MRA) on representative samples used.
Regardless of their application, the MEMS have to be reliable while in use. MEMS reliability, however, is application
specific and, usually, has to be developed on a case by case basis. The results presented herein were obtained,
using a recently developed optoelectronic laser interferometric microscope (OELIM) methodology, in a planned
program on MEMS reliability assessment. The presentation is illustrated with selected examples representing the
OELIM study of specific MEMS. By quantitatively determining performance of MEMS, under different operating
conditions, we can develop a better understanding of their operational characteristics, which will ensure that they are
operated at optimum conditions, are durable, and are reliable.
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1. INTRODUCTION
MEMS is a revolutionary enabling technology (ET) [1,2]. It defines both the methodologies to make these systems
and the systems themselves [3]. This technology merges the functions of sensing, actuation, and controls with
computation and communication to affect the way that people and machines interact with the physical world. This is
done by integrating advances in various multidisciplinary fields to produce very small devices that use very low
power and operate in many different environments [4]. Today, developments in MEMS are being made at an
unprecedented rate, driven by (both) technology and user requirements.
Effective development of MEMS, however, requires knowledge of design, analysis/simulation, materials, fabrication,
with special emphasis on innovative packaging, and testing/characterization of the finished products [1]. As such,

effective development of MEMS requires special processes, e.g., multilevel sacrificial surface micromachining
(SSM), and rigorous education of practitioners of ET to use these processes.
A unique technology, recently developed at Sandia National Laboratories (SNL), is the only process technology that
allows up to five independent structural levels for construction of MEMS [5], permitting development of complex
systems with micron feature sizes [6]; other processes use (typically) up to three structural levels. The Sandia’s
Ultraplanar MEMS Multi-level Technology (SUMMiT™) consists of an integrated set of design and layout tools,
including visualization and checking of design rules, for use with the 5-level SUMMiT™ fabrication, as well as postfabrication release, packaging, reliability characterization, and failure analysis [5]. Worcester Polytechnic Institute
(WPI) has formed an alliance with SNL to teach this new technology [7]. As a result, a number of courses were
developed as a part of NEST (NanoEngineering, Science, and Technology) Program at WPI [4,8]. These courses,
each one semester long, are offered at the graduate/advanced-undergraduate levels.
The first course introduces students to the field of MEMS, including design, analysis, and fabrication, based on
multilevel SSM, emphasizing integration of nanotechnology with MEMS [4]. Bulk and thin film properties of
materials, used for fabrication of MEMS, are discussed [9]. This leads to detailed discussions of the SUMMiT™ V
process, featuring fabrication concepts, process design, layout, and visualization tools; the discussions are
supported by active use of the SUMMiT™ V software. Class projects give students an opportunity to design their
own MEMS using the SUMMiT™ V software tools, perform analyses using finite element method (FEM) software
packages [10-12], and prepare documentation of their designs for fabrication at SNL.
The second course addresses release, testing, packaging, as well as reliability and failure analysis of MEMS;
students work on these issues in a project mode, in groups of two or more. Testing and analysis determines
electrical and mechanical characteristics of MEMS, using commercial electronic instrumentation and in-house
developed optoelectronic laser interferometric microscope (OELIM) methodology [3], respectively. Measured results
are correlated with the results of analysis, subject to uncertainty considerations [13]. The projects are rigorously
documented in detailed reports, which are required, in addition to homework and exams.
Because of the nature of topics covered, both courses are based on an integrated use of analytical, computational,
and experimental solutions (ACES) methodology [14], which we find particularly suitable for the development of
MEMS [9,15]. In the ACES methodology, the analytical results are obtained using exact closed form solutions, the
computational results are either based on the FEM, or the boundary element method (BEM), or the finite difference
method (FDM) solutions, while the experimental results rely on the OELIM solutions.
Recent advances in microtechnology allow monolithic integration of MEMS with driving, controlling, and signal
processing electronics [16]. This integration improves performance of micromechanical devices as well as reduces
the cost of fabricating, packaging, and interconnecting these devices by combining them with an electronic
subsystem in the same fabrication and packaging process [17]. Using SUMMiT™ V process enables fabrication of
complex mechanical systems with intricate coupling mechanisms [18]. These systems are batch fabricated, with no
piece part assembly required, ready to use at the end of the fabrication process [6]. In this paper we describe use of
the optoelectronic methodology which is used for measurements that facilitate MEMS reliability assessment (MRA)
[19-21].

2. REPRESENTATIVE MEMS SAMPLES USED
Following representative MEMS samples are used in this paper: 1) microgyroscope, and 2) cantilever-type Ohmiccontact for a microswitch.
In the configuration shown in Fig. 1, used in this study, a microgyroscope is actuated by electrostatic comb drives.
The comb drives, in turn, are excited in such a way that the electrostatic forces they generate depend on lateral
position(s) of the proof masses (i.e., shuttles). The resulting (large) amplitude vibrations/oscillations, parallel to teeth
of the comb drives, increase sensitivity of a microgyro and reduce errors from external forces. Angular rate, with
respect to the axis located in the plane of the shuttles, lifts one mass up and lowers the other mass down due to the
Coriolis forces. Capacitors, usually located below the shuttles, sense these up and/or down motions. The shuttles
are mounted/attached to the substrate through suspension springs, Fig. 2. The mode of operation where the
shuttles move in opposite directions lowers sensitivity of a microgyro to linear acceleration. The two vibrating
shuttles, suspended by folded springs, are driven by electrostatic comb drives to maintain lateral in-plane oscillation.

The microswitch considered in this study is a cantilever-type radio frequency (RF) MEMS switch [22], Fig. 3.
Voltage applied to the electrodes induces an electrostatic force that activates/actuates the microswitch [23] . An
electrostatic force bends the cantilever causing its contacts to touch (i.e., by reducing the gap distance, dg, to zero),
which closes an electrical path (by making a cross-bar to close the “opening” in a trace below the free end of a
microcantilever) and facilitates propagation of a signal. As the activation/actuation voltage is released, elasticity of
the microcantilever is used to return it to its original, or open, position (i.e., making dg>0).

Fig. 1. Typical microgyro package (top left) and a
representative inertial MEMS sensor (in the
background).

Fig. 2. Close-up of the shuttles and folded suspension
springs, one spring is used in each of 4 corners of a
shuttle.

Fig. 3. RF MEMS switch: microcantilever configuration,
electrical traces were omitted for simplicity.
Mechanically, a microcantilever of a switch behaves like a conventional cantilever [23]. In fact, traditional equations
can be used to find microcantilever stiffness, natural frequency, pull-in voltage, and magnitude of the
activation/actuation force [4]. The switch fabrication methods are particularly important because they dictate the
material type, surface finish, texture, and overall size of the microswitch components (especially, its electrical
interfaces). Consequently, material properties have a direct influence on performance characteristics of a
microswitch and its behavior under actual operating conditions [24]. In fact, fabrication tolerances and accuracy of
material properties have profound influence on dynamics as well as the performance of microswitches [22,25].

3. SOLUTIONS USED
Effective and efficient MEMS reliability assessment can be achieved using a combination of analytical,
computational, and experimental solutions (ACES) [26,27].

3.1. Analytical solution
An initial goal of analysis of a microgyroscope, and/or any other MEMS is (usually) to determine accelerations of all
moving parts of a device. Then, using Newton’s Second Law, forces acting on the MEMS are calculated [28,29].

Once the dynamic forces are known, we can determine whether the microdevices will perform as anticipated under
expected operating conditions, or not.
Dynamic forces are based on accelerations, both linear and angular. In order to calculate accelerations we must
first determine positions of all components in a microsystem for each increment of the input motion, i.e., as a
function of time into a cycle of operation [29]. Once equations defining positions are known, we differentiate them
with respect to time to calculate velocities, and then differentiate again to obtain accelerations.

3.2. Computational solution
Computational modeling of MEMS can be performed using commercial software tools [10,11,30,31] . Parametric
templates, utilizing, e.g., Python scripting, for modeling MEMS can be developed and utilized for in-depth
understanding of the designed/expected operation of microsystems. MEMS geometry, material properties, stress,
contact forces, dynamic response, and other parameters can be investigated using the parametric templates to
optimize performance. Atmospheric conditions (including vacuum), geometry of MEMS, as well as optimized pulldown voltage profiles can be modeled to understand and optimize dynamic damping conditions of a packaged or
unpackaged MEMS [32].
Coupled electrostatics-structure-flow simulations can also be performed using CFD-ACE+ software because it has
the necessary multiphysics capabilities including flow, heat-transfer, mechanics, and electrostatics [30]. All CFDACE+ capabilities are fully coupled for fast and accurate results. For this study, linking between electrostatics,
structural mechanics, and flow was of interest.

3.3. Experimental solution
The experimental solution in this paper was obtained using optoelectronic methodology, which is based on the
principles of optoelectronic holography (OEH) [3,33,34]. Basic configuration of the OEH system is shown in Fig. 4.
In this configuration, laser light is launched into a single mode optical fiber by means of a microscope objective
(MO). Then, the single mode fiber is coupled into two fibers by means of a fiber optic directional coupler (DC). One
of the optical fibers comprising the DC is used to illuminate the object, while the output from the other fiber provides
reference against which the signals from the object are recorded. Both, the object and the reference beams are
combined by the interferometer (IT) and recorded by the system camera (CCD).

Fig. 4. Single-illumination and single-observation
geometry of a fiber optic based OEH system: LDD is the
laser diode driver, LD is the laser diode, OI is the optical
isolator, MO is the microscope objective, DC is the fiber
optic directional coupler, PZT1 and PZT2 are the
piezoelectric fiber optic modulators, IP is the imageprocessing computer, IT is the interferometer, OL is the
objective lens, CCD is the camera, while K1 and K2 are
the directions of illumination and observation,
respectively.

Images recorded by the CCD are processed by the image-processing computer (IP) to determine the fringe-locus
function, Ω(x,y), constant values of which define fringe loci on the surface of an object being investigated. The
values of Ω relate to the system geometry and the unknown vector L(x,y), defining displacements/deformations, via
the relationship [35]

Ω(x, y ) = K (x, y ) • L(x, y ) = (K 2 − K1 ) • L ,

(1)

where K(x,y) is the sensitivity vector defined in terms of vectors K1 and K2 identifying directions of illumination and
observation, respectively, in the OEH system, Fig. 4.
Quantitative determination of structural displacements and deformations due to the applied loads can be obtained,
by solving a system of equations similar to Eq. 1, to yield [35]

[
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T
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,

~
where K T represents the transpose of the matrix of the sensitivity vectors K. Equation 2 indicates that
displacements/deformations determined from interferograms are functions of K and Ω, which have spatial, i.e., (x,y),
distributions over the field of interest on an object being investigated. In addition, Eq. 2 can be represented by a
phenomenological relation [13]

L = L(K ,Ω ) ,

(3)

based on which the RSS-type (where RSS represents the square Root of the Sum of the Squares) uncertainty in L,
i.e., δL , can be determined to be
2
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,

where ∂L / ∂K and ∂L / ∂Ω represent partial derivatives of L with respect to K and Ω, respectively, while δK and δΩ
represent the corresponding uncertainties in K and Ω, respectively. It should be remembered that K, L, and Ω are
all functions of spatial coordinates (x,y,z), i.e., K = K(x,y,z), L = L(x,y,z), and Ω = Ω(x,y,z), respectively, when
performing partial differentiations. After evaluating, Eq. 4 indicates that δL is proportional to the product of the local
value of L with the RSS value of the ratios of the uncertainties in K and Ω to their corresponding local values, i.e.,
⎡⎛ δK ⎞ 2 ⎛ δΩ ⎞ 2 ⎤
⎟ +⎜
⎟ ⎥
⎝ Ω ⎠ ⎥⎦
⎢⎣⎝ K ⎠

δL ∝ L ⎢⎜
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(5)
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For typical geometries of the OEH systems used in recording of interferograms, the values of δK / K are less than
0.01. However, for small deformations, the typical values of δΩ / Ω are (usually) more than one order of magnitude
greater than the values for δK / K . Therefore, the accuracy with which the fringe orders (based on which Ω values
are calculated) are determined influences the accuracy in the overall determination of displacements/deformations
[36]. To minimize this influence, a number of algorithms for determination of Ω were developed. Some of these
algorithms require multiple recordings of each of the two states, in the case of double-exposure method, of the
object being investigated with introduction of a discrete phase step between the recordings [37,38].
For example, the intensity patterns of the first and the second exposures, In(x,y) and I’n(x,y), respectively, in the
double-exposure sequence, can be represented by the following equations:

I n ( x, y ) = I o ( x, y ) + I r ( x, y ) + 2{[I o ( x, y )][I r ( x, y )]}

cos{[Δϕ ( x, y )] + θ n }

(6)

I n' ( x, y ) = I o (x, y ) + I r ( x, y ) + 2{[I o ( x, y )][I r ( x, y )]}

cos{[Δϕ ( x, y )] + θ n + Ω( x, y )} ,

(7)
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and
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where Io(x,y) and Ir(x,y) denote the object and reference beam intensities, respectively, with (x,y) denoting spatial
coordinates, Δφ(x,y) = φo(x,y)- φr(x,y) is the optical phase difference based on φo(x,y), denoting random phase of the
light reflected from the object, and φr(x,y), denoting the phase of the reference beam, θn denotes the discrete applied
nth phase step, and Ω is the fringe-locus function relating to the displacements/deformations the object incurred

between the first and the second exposures; Ω is what we need to determine. When Ω is known, it is used in Eq. 2
to find L.
In the case of 5-phase-steps algorithm with θ n = 0, π / 2, π , 3π / 2, and 2π , the distribution of the values of Ω can be
determined using [33]
⎫
⎧
2[I 2 (x, y ) − I 4 (x, y )]
Ω(x, y ) = tan −1 ⎨
⎬ .
⎩ 2 I 3 ( x, y ) − I 1 ( x, y ) − I 5 ( x , y ) ⎭

(8)

Results produced by Eq. 8 depend on capabilities of the illumination, the imaging, and the processing subsystems of
the OEH system used. Developments in laser, fiber optic, CCD camera, and computer technologies have led to
advances in the OEH metrology; in the past, these advances have almost paralleled the advances in the image
recording media [39].
In response to the needs of the emerging MEMS technology, an OELIM system for studies of objects with micron
size features was developed [34,40,41], Fig. 5.
Digital CCD

Laser and beam
expanding optics
DBS cube
PZT phase stepper
Interferometric microscope
objective
MEMS and loading
device

Fig. 5. OELIM configuration.
In the OELIM system, Fig. 5, light beam from a laser is directed into a directional beam splitter (DBS) cube, which
produces an object beam that is sent into a PZT phase stepper controlled microscope objective. The objective, in
turn, illuminates MEMS being investigated; the particular characteristic of the configuration shown is that its specially
designed objective has a long working distance providing ample space for installation of an environmental chamber
and/or other loading device(s), as needed.
It should be noted that in the implementation of the OELIM system used in this study, the environmental chamber
permitted simultaneous control of pressure/vacuum, temperature (heating and cooling), as well as dynamic
excitation (needed for vibrations) of the test samples being characterized/developed.
The object beam reflected by MEMS passes back through the objective to the DBS where it is combined with a
reference beam. The two beams, recombined at the DBS, are imaged onto the sensing element of a CCD camera,
which records intensity distributions of the resulting interference patterns. These patterns are transferred to the
system computer for subsequent quantitative processing to determine Ω(x,y) according to Eq. 8.

4. REPRESENTATIVE RESULTS
The optoelectronic methodology described in the foregoing discussion was used to determine displacements and
deformations of the MEMS samples described in the Section 2. Results of these determinations are summarized in
Sections 4.1 and 4.2, respectively.

4.1. Deformations of a microgyroscope
Deformations of proof masses/shuttles were measured during operation of a microgyroscope. In this application,
interferograms were recorded stroboscopically while microgyros were driven at their operating frequencies. To
facilitate these recordings, the optoelectronic system was set up to be sensitive to the out-of-plane motions.
Representative interferograms, corresponding to deformations of the left shuttle of a microgyro operating at 10.1
kHz, are shown in Fig. 6. Observation of the fringe patterns of Fig. 6 clearly indicates asymmetry in deformations of
the proof mass(es) of a microgyroscope. This can be related to structural design and suspension of the shuttles as
well as to the way that electrostatic forces affect their motions and deformations. A representative display of
deformations of the left shuttle of a microgyro operating at 10.1 kHz, during a specific instant in a vibration cycle, is
given in Fig. 7, indicating deformations ranging up to 212 nm, which ideally should not exist. However, the
deformations/motions were measured, in this case, to be orders of magnitude greater than typical (magnitudes of)
motions of the proof masses due to the Coriolis forces.

Fig. 6. Representative OELIM fringe patterns of the left
shuttle, at different times in a vibration cycle, while a
microgyro is operating at 10.1 kHz.

Fig. 7. The out-of-plane 212 nm
deformation component of the left shuttle,
based on Fig. 6.

Accuracy and precision of a microgyro depends on the quality of its suspension. This suspension is provided by
folded springs attached, at one end, to proof masses/shuttles and, at the other end, to posts forming a part of a
substrate, Fig. 2. Any deformations of the springs that are not in response to functional operation of a sensor will
cause an incorrect (i.e., erroneous) output. For example, thermomechanical distortions of a package affect shape of
posts and these, in turn, lead to undesired deformations of the springs and erroneous results produced by a sensor
supported by these springs [38,42]. Because of the nanoscale of these deformations and microsize objects over
which they take place, it was not until the advancement of optoelectronic metrology that such deformations were
quantified in the full-field-of-view (FFV) indicating that thermomechanical deformations of a post are on the
nanometer scale [38].
Figure 8 displays representative deformations of a folded spring supporting the left proof mass of a microgyro, as
measured using the OELIM methodology. These deformations are about 300 nm, over the section of the microgyro
displayed, i.e., the upper-right spring of the left shuttle, as shown in Fig. 2. More specifically, the folded spring,
shown in Fig. 8, deforms approximately 126 nm between the point where it is attached to the post and the point of its
attachment to the proof mass [43]. The proof mass itself has the deformation of about 174 nm.

Fig. 8. OELIM measured deformations of the
upper right section of the left proof mass of a
MEMS gyroscope, Fig. 2, maximum deformation
is 300 nm: 2D contour representation.

4.2. Deformations of a cantilever microcontact
MEMS RF switches present a promising technology for high-performance reconfigurable microwave and millimeter
wave circuits [44]. Low insertion loss, high isolation, and excellent linearity provided by MEMS switches offer
significant improvements over an electrical performance provided by conventional p-i-n diode and metal-oxide
semiconductor field-effect transistor (MOSFET) switching technologies. These superior electrical characteristics
permit design of MEMS switched high-frequency circuits not feasible with semiconductor switches, such as highefficiency broadband amplifiers and quasi-optic beam steering arrays. In addition, operational benefits arise from
low power consumption, small size and weight, and integration capability of modern RF MEMS switches.
Effective computational simulation of a RF MEMS switch must simultaneously combine different loads including, but
not limited to, the following: electromagnetic, electrostatic, thermal, mechanical, and aeroelastic [32]. A
representative result of such computational multiphysics modeling is shown in Fig. 9, which indicates damping
effects of air “surrounding” the microswitch in its package. Figures 10 to 12 illustrate OELIM measured deformations
of the same 350 μm long Ohmic-type Si-contact of a microswitch at three different frequencies.

Fig. 9. Computational multiphysics simulation of a RF MEMS contact
closure at atmospheric conditions: 3D representation of air damping.

Fig. 10. OELIM measurements of a
vibrating MEMS cantilever – resonating at a
frequency of 14,570 Hz corresponding to the
first flexure mode: (a) time-average fringe
pattern, (b) mode shape corresponding to
the fringe pattern of part (a).

Fig. 11. OELIM measurements of a vibrating
MEMS cantilever – resonating at a frequency
of 92,570 Hz corresponding to the second
flexure mode: (a) time-average fringe
pattern, (b) mode shape corresponding to
the fringe pattern of part (a).

Fig. 12. OELIM measurements of a
vibrating MEMS cantilever – resonating at a
frequency of 261,400 Hz showing a complex
third “flexure” mode: (a) time-average fringe
pattern, (b) mode shape corresponding to
the fringe pattern of part (a).

In some applications, the damping effects, displayed in Fig. 9, help control switch dynamics and enhance tribological
characteristics of the microcontacts; in others, they adversely affect performance of microcontacts [4].
Prototype microcantilevers were fabricated and their dynamic characteristics were determined in real-time using the
OELIM methodology. Representative results obtained for a 350 µm long Si microcantilever, Figs 10 to 12, indicate
that as the actuation conditions change the corresponding operational response of a microswitch also changes. For
example, a microcantilever vibrating at 14,570 Hz has the maximum amplitude of 2.96 μm while the same
microcantilever vibrating at 92,570 Hz has the amplitude of 1.68 μm, while the complex mode at 261,400 Hz exhibits
amplitude of only 870 nm, all three measured in air at atmospheric pressure to correspond with the conditions used
to produce the result displayed in Fig. 9.
Functional operation of microswitches is greatly affected by thermal management (TM) of Joule heat effects
generated at the electrical interfaces of these MEMS switches [24]. As a result, careful attention to TM has a
profound effect on reliability of microswitches, which are used in virtually every aspect of today’s advanced
technology.
5. CONCLUSIONS AND FUTURE WORK
An optoelectronic methodology for development of MEMS was presented. Suitability of this methodology in
experimental mechanics on the micro/nanoscale was demonstrated by applications to representative MEMS.
Deformations of the maximum magnitude of 4 nm were measured on MEMS samples that were considered in
previous studies.
The methodology is applicable under static and dynamic conditions. In this paper, its applicability was illustrated by
use of two representative MEMS samples: microgyroscope, and a cantilever-type Ohmic-microswitch. Deformations
of these samples were from a few nm to a few hundred nm, depending on the specific operating conditions and
nature of the MEMS considered. Theoretical results correlated with the experimental results, well within the criteria
specified by the uncertainty analysis. Validated correlations will lead to establishment of “design by analysis”
methodology for efficient and effective MEMS reliability assessment.
By understanding details of MEMS performance in three-dimensions, we can make specific suggestions for
improvements in their design which, in turn, will enhance their operating characteristics. Once the improvements are
implemented, we can verify their effectiveness by determining new static and dynamic characteristics corresponding
to the improvements made on MEMS.
All in all, the preliminary results presented in this paper indicate that the optoelectronic methodology is a viable tool
for MEMS reliability assessment. In fact, we believe that this methodology may become a differentiating factor in
developments of high-performance MEMS to satisfy ever increasing requirements especially those relating to the Qfactor [25] discrimination.
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