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Abstract

Dynamic Analysis and Validation of Cantilever MEMS Subjected to Electro-
Thermo-Mechanical Influences

Gino Rinaldi, Ph. D.
Concordia University, 2006

Microsystem development and expansion to new applications requires modeling and
simulation followed by rigorous testing in order to validate the performance of
microscale devices. The effect of combined influences such as electrostatic, thermal, and
mechanical, for example, on microsystem structures needs to be quantified in a
systematic manner in order to obtain a synthesized performance profile of the
microsystem. The feedback obtained through the validation process will not only serve
to enhance the theoretical model but also establish a basis for microsystem design and

optimization based on a set of predefined input parameters.

Micro-electro-mechanical-systems (MEMS) integrate, by definition, both electrical and
mechanical components onto a microscale silicon substrate. Hence, in this regard it is
often difficult to differentiate between mechanical and electrical influences on the
microsystem. The inclusion of thermal gradients, as can be expected in harsh
environments, for example, further tempers an already diluted microsystem response.
Hence, the various combined input parameters need to be discretized, analyzed, and
finally synthesized in order to obtain a systematic evaluation of microsystem

performance.
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The main influences investigated here that will affect the elastic properties of MEMS
cantilevers are microfabrication tolerances at the support boundary, applied electrostatic
potentials used to deflect the microcantilever, thermal loads that mimic harsh
environments and alter the physical dimensions of the microcantilever, structural
geometry used to optimize and tune, for example, the dynamic response, and cutouts
along the microcantilever used for mass reduction and also for tuning capabilities.
Artificial springs are used to model boundary support conditions and electrostatic
influences. These influences are investigated first separately and then in a synthesized

manner in which they are all combined.

The theoretical model is based upon the Rayleigh-Ritz energy method. This method is
suitable for MEMS cantilevers under various applied influences, however, it is limited to
microcantilevers without cutouts due to discontinuities created along the length of the
cantilever by the cutouts. Hence, a segment Rayleigh-Ritz energy model was developed,
in order to improve the theoretical formulation, based on a segmental approach in which

the microcantilever is divided into segments that are a function of the number of cutouts.

This work presented herein attempts to synthesize the influence of electro-thermo-

mechanical constituents of microsystems in a unified way so that it could fulfill the

inverse design dream of MEMS engineers.
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Chapter 1

INTRODUCTION TO MICROSYSTEMS

In this introductory chapter, microsystems will be introduced along with
the basic concepts of micromachining. The rationale and objectives for
the research will be presented. A literature review of microsystem
analysis, modeling and characterization is given. An overview of
microsystem synthesis and its implications to microsystem development is
also included. Finally, the thesis layout is presented at the end of the

chapter.
1.1. INTRODUCTION

One may argue philosophically that infinity is the definition of the limitless frontier on
the large scale, while another may contend that the very small can be made infinitely
smaller. In the year 1960, Richard Feynman put forth a challenge of stepping into the
infinity of the very small by hypothesizing the reduction of the entire Encyclopedia
Britannica onto the head of a pin [67]. In the year 2006 the German laser engineering
journal, LTJ [264], reports that microengineering is on the threshold of new technological
breakthroughs in many microengineering applications such as microfluidics, bio-medical
imaging, microscopy, and microphotonics to name but a few. This trend continues the
challenge put forth by Feynman and continues the miniaturization towards the infinitely

small.



In the course of human technological advancement there has been no material more
versatile and effectively exploited than silicon. Its versatility is due to a combination of
three factors: it has good mechanical properties as its Young’s modulus of elasticity is
comparable to that of steel, it can be shaped to a high degree of precision, and it can be
sensitized to many physical properties [73, 83, 186]. Petersen [186] states that the
mechanical properties, high strength and high reliability, of silicon can be exploited for
miniaturized mechanical devices and that these devices can be integrated with electronic
components. Frithauf [73] has commented on the low thermal expansion, high heat
conductivity and high elasticity of silicon, and that these properties can be exploited to
fabricate miniaturized electro-mechanical sensors and actuators. Without the advent of
silicon as a viable engineering material there would not be the vast gamut of electronic
equipment and appliances so common today. From an engineering perspective, it is a
material that lends itself into many fields through its mechanical, microfabrication,
optical, and electrical properties. It is the multidisciplinary properties that are exploited

to develop the field of Micro-Electro-Mechanical-Systems (MEMS) for vast applications.

MEMS could help to realize the integration of mechanical, electronics, optical and other
elements on a common silicon substrate through the utilization of a specific
microfabrication technology. By using similar micromachining tools initially developed
for the silicon integrated circuits (IC) and semiconductor industry, MEMS engineers are
microfabricating miniature structures from silicon and other materials. The IC
component along with the software can be thought of as the decision making center of

microsystems, and MEMS enhances this control capability with electro-mechanical or



opto-electro-mechanical sensing, for example, to enable microsystems to control their
surrounding environment. Since MEMS devices are manufactured using batch
fabrication techniques, high levels of functionality, reliability, and sophistication can be
placed on a small silicon chip at a relatively low cost. Historically, sensors and actuators
have been and continue to be the parts that are cost intensive and that need high reliability
in an integrated sensor-actuator-electronics system. By comparison, MEMS technology
allows these complex electro-mechanical systems to be manufactured using batch
microfabrication techniques, and hence allowing the cost and reliability of the sensors

and actuators to be comparable with that of IC.

MEMS microfabrication technology has enabled electrically actuated micromotors,
capable of rotating at more than 10000 revolutions a minute, the size of a human hair for
fans, pumps, or turbo generators [63, 75, 138, 161, 281]. Livermore [138] reports
microturbine speeds in excess of 55000 revolutions per minute! However,. although
MEMS devices are microsmall, MEMS technology is not only about size and making
things out of silicon, instead, MEMS should be thought of as a new enabling
microfabrication methodology in which complex electro-mechanical microsystems are
developed using batch microfabrication techniques in which a high volume of
microdevices are fabricated in one process similar to the way IC are manufactured [53,
129, 185]. Already, MEMS are used for applications ranging from blood pressure and
blood glucose monitoring to active suspension systems and airbag deployment sensors

for automobiles [44, 115, 122, 160, 171, 230, 247, 253]. Within the next few years



MEMS accelerometers are expected to completely replace conventional devices in all

foreign and domestic model cars [29, 82, 94, 123, 139, 146, 147].

Recently, micromachining methodologies have also been extended to optical
microsystems, consisting, in general, of a combination of mirrors or electro-optical
waveguides for light steering or sensing applications, where the microelectromechanical
mirrors can be actuated to deflect light [32, 37, 39, 50, 52, 89, 119, 190, 224, 229, 231].
The mechanical motion of the mirrors or waveguides establishes pathways for a light
beam. This allows one to steer, or direct the beam in a controlled manner as is required
in microspectometer applications [199].  Micro-opto-electro-mechanical systems
(MOEMS) are finding uses in such areas as fiber optic coupling, light emitting structures,
optical scanners, photodetectors, and completely miniaturized optical systems such as
spectrometers [41, 110, 118, 182, 199, 237, 261]. Kong [118] states that bulk
micromachined silicon spectrometers, where silicon serves as a waveguide or optical path,
are relatively simple to fabricate, and are compatible with standard IC microfabrication
processes. These devices allow for the manipulation and interpretation of light signals as
the sensing parameter through the analysis of a spectral or diffraction pattern that is

characteristic of the changes in the sensed environment.

The MEMS technology evolution, in general, is greatly dependent upon the current
capabilities of silicon foundry processes, especially as microscale devices are further
miniaturized. An important process limitation of MEMS microfabrication technology is

the increased need for tighter micromachining tolerances especially at boundary and



support surface interfaces as the trend continues towards smaller and smaller

microstructures.

From an engineering point of view there are several advantages to having smaller
components. Smaller systems have fast response times due to small mass and inertia and
have high natural frequencies making them relatively impervious to external vibrations as
might be expected in harsh environments. Ford [71] reports a response time of 3pus for a
fiber optic attenuator based on an electrostatically actuated suspended microdevice.
MEMS are having an impact on many different areas including basic science, aerospace,
environmental condition monitoring, consumer goods, and medicine. MEMS are a
significant step forward toward the ultimate miniaturization of current macro-scale

machines and devices.

1.2. RATIONALE AND OBJECTIVES OF THE THESIS

As the complexity of microsystems increases, there is an increasing need to
systematically research the /inked physical influences on MEMS systems. There is
currently a substantial amount of work on individual influences. Mechanical: where the
microdevice is expected to respond to a change in operating conditions, sensed through a
change in resonance frequency, which itself is a function of the mechanical property of
the device [83, 125, 186]; thermal: where the thermal loading will change the geometry
of the device and material properties [31, 55, 84, 150, 170]; electrostatic: where

suspended structures such as microcantilevers and micromirrors can be actuated through



the application of an electrostatic potential [27, 159, 180], and on coupled electro-thermal
influences [145]. Jensen [101] has investigated the switch failure and self pull-in due to
thermal loading and found that the self pull-in was a dominant failure mechanism for a
given switch geometry and applied electrostatic potential. Hung [96] has achieved
vertical displacements of 1.75um over a 2um gap for electrically actuated mirrors. Ollier
[167] has investigated moveable optical waveguides driven by electrostatic actuation,
where the driving voltage and the optical path confinement within the waveguide are a
function of the device geometry, that is, the geometry should be as narrow as possible to
minimize power requirements but wide enough to contain the light which would

otherwise leak from the waveguide.

Coupled influences such as microfabrication, electrostatic, thermal, geometrical, and
cutouts have not been investigated as a group. These specific influences are relatively
common both from the design and applications aspects. However, all coupled problems
associated with multiparameter MEMS designs have not been investigated, and there is
very little literature on this subject, but there is a huge amount of literature that deals with
a single influence at a time. Hence, there is a need for a systematic modeling and
experimentation of such coupled influences on the behaviour of microsystems that may
also be extended to other systems and influences. The experimental data will enable one
to verify, and enhance the mathematical theory and to create a detailed model that can be
reverse synthesized for future applications. In this manner a synthesized approach to

microsystem integration will allow MEMS design engineers to look forward.



Microcantilevers are very versatile MEMS devices and are used in many different
applications, such as, biological sensors that can sense through variations in the
frequency response of various biological agents, chemicals, and DNA factors [148, 195,
235, 245, 273]. Hence the frequency response of the microcantilever is very important to
properly sense these parameters. McFarland [148] investigates the use of plastic
microcantilevers of various geometries for chemical sensing in which changes to the
resonance frequencies, due to a chemical reaction involving a specific coating on the
microcantilever and a targeted reactant in the surrounding environment, are used for the
sensing parameter. Datskos [50] reports that microcantilevers were found to respond to
chemical stimuli even when only a small number of molecules adsorb on their surface,

hence, there suitability to real time in-situ chemical sensing of hazardous materials.

Special polymer coatings, such as polyimide, can be applied to the surface of
microcantilevers. The polyimide material is very sensitive to humidity [174], hence it
can be used to measure the ambient humidity through changes to resonance frequency of
the microcantilever, for example, due to the adsorption of water molecules which will
change the overall mass of the system. Other examples of sensing applications include
microscopy [215, 251, 286] where the surface features are scanned by microcantilever
probes. Sader [216] and Pedersen [184] emphasize the importance of determining the
spring constants of atomic force microscope cantilever probes and that the design of
microcantilever beams for atomic force microscope applications should be optimized
with respect to the first eigenfrequency by keeping the stiffness of the beam constant in

order to properly scan the surface features of a given structure. Microcantilever based



actuators are also an important application, [228] where the displacement of the
microcantilever under an applied stimulus is used to activate microswitches [38, 62, 144],
where in maintaining a stable contact force between the switch and an electrode is of
importance. Povinelli [190] has investigated optical microswitches based on a
microcantilever geometries where the applied actuation voltage drops significantly with
microcantilever length, for example, a 10um cantilever requires 100V to actuate and a
14um cantilever requires only 30V, keeping all other parameters constant. This again

shows the sensitivity of geometry considerations when designing microscale structures.

The main objective of this research presented here is to provide insight into the design of
synthesized microcantilever beams through modeling with the Rayleigh-Ritz energy
method [19], and experimentation. Other microcantilever modeling tools such as finite
element method (FEM) models, for example, are limited by the type of mesh and element
employed in the physical characterization of the microsystem which can affect the results
obtained. Also, FEM methods are limited in the ability to systematically vary the

boundary support stiffness in order to model microfabrication influences.

Hence, the theoretical formulation is best suited by a simplified approach, such as the
Rayleigh-Ritz method, that can incorporate multiple influences into the model. Thermal
influences are modeled solely by variations to the microcantilever geometry through the

changes to the silicon microcantilever linear dimensions as a function of temperature.



The proposed research aims to synthesize the influence of coupled parameters on the

behaviour of silicon microcantilevers through modeling and experimental verification.

1.3. MICROFABRICATION PROCESS

There are many different silicon foundry processes available today. Three such silicon
foundry processes have been considered in the present work. They are: MUMPs
technology [49] which is based on a 7 layer polysilicon-oxide-metal additive surface
micromachining process, MikroMasch (uMasch) [153] that employs a bulk
micromachining of silicon, and the Micralyne generalized MEMS (MicraGeM) [152]
process using the silicon-on-insulator (SOI) bulk micromachining. The advantage of this
particular process is that it allows MEMS designers to develop fully suspended structures
with metal electrical contacts. Each of the above mentioned processes employ sets of
fabrication steps that enable the realization of microstructures based on the original

designs produced by multiple users.

The handling of silicon wafers for microfabrication purposes requires special attention to
both the manner in which they are handled as well as to the environment in which they
will be handled [7, 111, 272]. Kern [111] has demonstrated the effectiveness of
hydrogen peroxide based solutions for cleaning bare silicon wafers, and reports that it
will only negatively affect the surface quality of the silicon to a very negligible degree.
These two issues are critical because dust and other contaminants will interfere with

every microfabrication process step. All micromachining and microsystem fabrication



involves a lithography step in which the pattern of the microsystem design is transferred

onto the silicon chip for processing and shaping.

1.4. COUPLED EFFECTS IN MICROSYSTEM INTEGRATION

The ever increasing need for miniaturization drives the design and microfabrication to
limit the current tolerances. Often in the design process the coupling of microsystem
parameters is unavoidable. MEMS designers must take into consideration the coupling

between mechanical, electrical, thermal and geometrical effects.

1.4.1. Micromachining influence on microcantilever performance

Micromachining is a term that wsually implies the machining of crystalline silicon or
silicon products at the microscale through an appropriate mask design and etch process
[90, 114, 141, 223, 239, 252, 265, 268]. Seidel [222] has reported on adding isopropyl
alcohol to potassium hydroxide etchant solution in order to decrease the etch rate, and to
increase the uniformity of the etch. One of the main challenges in the microfabrication of
microstructures on a single silicon chip design layout is to control in a quantifiable
manner the end support boundaries, and component interfaces within the design. These
boundaries are the intersections of the crystalline planes of silicon where, for example,
the intersection of the {111} and {100} planes is in the (110) direction. Each set of these
planes is inclined at an angle of 54.74 degrees with respect to the surface [109, 222].

Unfortunately, with the current microfabrication limitations it is not possible to fully
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control these parameters hence, a certain amount of undercutting of the structure occurs
[30, 142]. Madou [142] states that undercutting is a function of etch time and hence
related to the final etch depth. When etching rectangular corners, deformations occur due
to undercutting and this is an unwanted effect where total symmetry and perfect 90
degree corners are required. This is of important consequence for the fabrication of
suspended microcantilever beams used for a variety of applications such as atomic force
microscope (AFM) probes [23, 60, 128] and optical applications [16, 28, 218]. Both
Sader [216] and Pedersen [184] investigate the influences of final structure geometry on
the performance characteristics of AFM probes. The final geometry, especially at the
boundary support will in part determine the mechanical characteristics of the device. The
static and dynamic mechanical behaviour of these types of devices are closely tied to the
material used in the fabrication process, the geometry of the device, the environment in
which they are to be employed, thermal and electrostatic influences and the

microfabrication limitations resulting in non-classical support boundary conditions.

For the fabrication of microsmall devices highly controllable silicon etch processes are
generally used [1, 22]. Boisen [22] describes a method based on an aluminum metal
masking technique in which suspended silicon have been fabricated using reactive ion
etching process. The aluminum is not affected by the reactive ion etching and hence
forms a good mask for the silicon structure. However, the inherent nature of etching
silicon and silicon based materials commonly used in microtechnology, results in small
deviations to the effective support boundary geometry, and unfortunately as the size of

the devices are reduced, there is in many cases not a corresponding reduction in the
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microfabrication limitations for that particular foundry process. Intensive research
activities have been undertaken throughout the world for newer microfabrication methods
and also for nanofabrication methodologies in which the scaling of the micro-to-nano
plays a significant role and which are currently beyond established microfabrication
methods. Brugger [26] indicates that the current advancements in micromachining
methods are slowly enabling access to the nano-scale, and that AFM microcantilevers
with ultra sharp tips have been successfully fabricated using both wet and dry silicon
etching processes. Further miniaturization will entail the need for improved high-
resolution (<1um) micromachining methods such as with lasers or x-rays [100, 226]. It
is reported by the Industrial News Room [100] that laser based micromachining will be
able to micromachine very small parts with feature sizes of the order of 1/1000 of an inch

with tolerances of + 1/5000 of an inch.

Microcantilever silicon beams have a great potential for sensing and actuation at the
microscale level in many different fields ranging from bio-medical to space exploration
[176]. These types of sensing applications have increased difficulty due to the fact that
support boundary effects at the ends of the beam play a significant role on the properties
that are being measured, thus changing the elastic properties of the entire microsystem.
The elastic characteristics of the microstructure define the mechanical limitations and
operational quality of a given device and must be properly quantified. In most cases it is
not possible to gauge the microfabrication influences beforehand, and one can only
simulate these effects through mathematical modeling. However, these hypothetically

imposed boundary conditions in the theoretical model may either over emphasis the
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microfabrication influence or not take it adequately into account. Hence, a strong
experimental initiative should be undertaken to augment and compliment the theoretical

model for a given silicon foundry process.

AFM microcantilever probes are one type of application of silicon microsystem
technology and are used to characterize surface features by measuring the displacement at
the tip of a microfabricated cantilever with a given spring constant, K [107, 162].
Kawakatsu [107] reports typical mechanical characteristics of cantilevers measuring
10um in length and thicknesses of 20nm were spring constants of a few mN/m and a
natural frequency of 0.5 MHz. Therefore, in order to accurately quantify the surface
topography of a given substance, the deflection properties, stiffness parameters, boundary
conditions, and specifically the vibrational response of an AFM cantilever must be well
understood. In this regard, there have been several published reports, [98, 107, 130, 162,
184, 216, 217], in which it is stated that the AFM spring constants as indicated by the
manufacturers are inaccurate due to various reasons. Hence, the AFM cantilever
manufacturers apply a wide range of tolerances in the specified values of the spring force
constant because of the inaccuracies resulting mainly from inherent inconsistencies
associated with manufacture of microcantilevers, for example, the variation in cantilever
thickness, or end support conditions, etc. from one cantilever to the next. This fabrication
specific anomaly has led to several different methods for estimating the AFM cantilever
spring constant [98, 107, 130, 162, 184, 216, 217]. Gibson [78] proposes both static
deflection by added mass and dynamic resonance response, test methods for the

calibration of the AFM spring constants in order to obtain a mechanical characterization
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that is independent of the geometry of the devices. Hence, micromachining is a
contributing source of error when determining the microcantilever spring constant, K.
One of the important possibilities is the influence of non-classical end support conditions

on the elastic properties of the microcantilever.

Boundary conditioning is used in order to quantify the influence of non-classical support
conditions and operating conditions on both static and dynamic behavior of micro-
cantilever beams. The dynamic behavior of the micro-system is affected by varying the
elastic properties of the entire system. By using this approach, it is possible to quantify
the support influence through boundary support stiffnesses. In addition, the stiffness
conditions at the boundaries allow the manipulation of the structural natural frequencies

in a favorable fashion [179].

1.4.2. Electrostatic influence on microcantilever performance

The static and dynamic characteristics of MEMS microcantilevers can be influenced
through the application of an electrostatic potential, which will also change the elastic
properties of the entire microsystem. Interestingly, it is the mechanical property of the
microcantilever that limits the amount of applied electrostatic potential. This is a
consequence of the applied electrical load having an upper limit beyond which the
mechanical restoring force of the microcantilever can no longer resist the applied
electrostatic force and is snapped onto the substrate. This critical voltage is called the

pull in voltage, threshold voltage, snap voltage or touch down voltage depending on
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which nomenclature one prefers [2, 54, 69]. Flores [69] defines the pull in voltage as the
voltage at which steady state solutions cease to exist for the electrostatic elastic model.

Shown in Figure 1.1 is an illustration of a microcantilever and electrode combination.

AFM

Insulating material ) )
microcantilever

Figure 1.1. Schematic representation for the electrostatic influence.

The application of an electrostatic field can be seen as providing an electrostatic soffening
stiffness which can be used to selectively tune [96, 172] the microcantilever thereby
improving resolution in AFM microcantilever probes [27]. Park [180] has reported that
the stiffness of the microstructure can be reduced by providing an electrostatic negative
stiffness that serves to improve the resolution of the sensing element. Yao [274] has
demonstrated electrostatically actuated tunable microresonators where both the x and y
flexural directions can be tuned simultaneously or independently and a typical tuning

range of 60 kHz for a 0.96 MHz resonator.
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1.4.3. Thermal influence on microcantilever performance

The nature of MEMS technology creates coupled behaviour where two or more energy
domains such as mechanical, electrical, optical, or thermal, for example, combine and
provide the static and dynamic characteristics of the device. The thermal energy domain
is arguably the most influential in MEMS devices, either by intentional design or
undesirable coupling. DeVoe [55] considers one of the main challenges in MEMS sensor
applications is the limiting of sensor noise imposed by thermo-mechanical coupling.
The unwanted coupling is a concermn for MEMS applications where the device is to
operate in harsh environments with large thermal gradients [44, 150]. Mehregany [150]
is investigating silicon carbide as a MEMS material for harsh environments, owing to its
excellent mechanical and electrical properties, and its high melting point of 2830 °C
compared to 1415 °C for silicon. In this regard, the thermal absorption capabilities of a
specific microsystem design and material need to be established in order to provide an
adequate thermal tolerance for the microsystem so that the mechanical or electro-

mechanical characteristics of the system not be negatively influenced to a great degree.

In general, thermal influences in MEMS micro-devices envelope a host of issues, from
the efficient hamessing of thermal energy for actuation in bimorph structures to the
reduction of thermal noise that is intrinsically imposed by thermo-mechanical coupling in
microsensors and AFM microcantilevers [250]. Butt [31] reports that for AFM
applications thermal fluctuations are the dominant source of unwanted noise and limit the

resolution of the scanned surface and proposes quantifying the AFM spring constant as a

16



function of the thermal load. There currently exist numerous MEMS devices, such as
thermal actuators, thermal flow sensors, micro-hot-plate gas sensors and tunable optical
filters, that are based on thermal effects [40, 56, 133, 193, 242, 285]. Zine-El-Abidine
[285] has designed a thermal bimorph actuator to vary the distance between two
inductors for RF MEMS tuning applications where the tuning factor is a function of the
thermo-mechanical actuation and reports a tuning capacity of 30% for a 5 GHz resonance.
In thermal MEMS actuator applications, thermal loading causes mechanical stress and
hence movement in the actuator, where the movement is a function of the applied thermal
load and is not considered as a negative effect in this case. However, for the vast
majority of MEMS applications thermal loading is considered undesirable and yet the

problem remains to a large degree unavoidable.

Microcantilever based sensors have been used to monitor various physical and chemical
processes by processing changes in temperature, mass, electromagnetic field, or surface

stress, for example, into a micromechanical or nanomechanical response [13].

For increased sensitivity microcantilever arrays can be incorporated on a single chip [33,
59, 149] and coated with different reactant concentration for chemical or biological
sensing. Calleja [33] incorporates polymer coatings on microcantilever arrays of up to 33
microcantilevers, where the polymer concentration differential will vary the frequency
responses of the individual cantilevers within the array and can be used to target specific
pathogen concentrations and DNA detection. Thermal devices such as sensors and

actuators based on a bimorph (usually silicon-metal) platform have gained importance
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due to their large actuation range and ease of fabrication [47, 77, 221]. Sehr [221], for
example, reports thermal bimorph, silicon and aluminum structure, induced deflections of
4.5um for a 1000pum long microcantilever and an input power of 3mW, and is one order
of magnitude higher compared to a deflection of only 0.45um for a similar non-bimorph

structure.

1.4.4. Geometrical influence on microcantilever performance

Although humble in design, microcantilevers are versatile in sensor, actuator, or
microphotonic waveguide applications.  The durability and sensitivity of such
microsystems is greatly dependant on the material, geometry and operating environment
of the device. There are applications where a particular frequency response and mode
shape is vital for a given microsystem sensing application. This condition is particularly
true in the design of micro-accelerometers and gyroscopes, where sensing is
accomplished through electrostatic, capacitance measurements that are inherently
sensitive to geometry [125, 159]. Najar [159] investigated the influence of
microcantilever beam thickness and width on the pull in voltages and static deflection
range and found that increases to the beam width resulted in decreases to the pull in
voltage and increases to the static deflection for a given voltage. The vibrations of
thickness tapered, circular cross section microcantilevers have been investigated under
various applied loads [106, 158, 269, 282, 283], where Zhou [282] investigated the
dynamics of tapered beams with continually varying rectangular cross-sections, in order

to optimize strength and weight distribution, and the dependence of the eigenfrequency
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on the specific geometry. Lai [125] proposes an inverse mode shape approach for
designing microcantilevers in which the geometry of the structure is designed for
prescribed mode shapes using a given material and where the prescribed mode shape
must be physically realizable based on a set of design criteria. One of the design criteria

listed is that the mode shape and its four derivatives must be smooth and continuous.

There is currently considerable interest in integrated optical devices such as tunable
optical filters, actuators, switches, and optical fiber aligners based on movable
waveguides [20, 21, 51, 105, 164, 167]. Povinelli [190] has designed a
microelectromechanical optical switch based on the horizontal deflection of an input
waveguide with one of two output waveguides and states that the transmission losses due
misalignment can be attributed, in part, to microfabrication limitations. These movable
microcantilevers carry channel guides and have been demonstrated in silicon-on-insulator
(SOI) and silica-on-silicon configurations. Since the waveguide can be moved by
electrostatic deflection (Syms [238] reports static deflections of 500um for cantilevers of
2mm length and 20V actuation), of the microcantilever, there are applications in

switching, sensing and beam scanning.

The power attenuation can be achieved through the application of an electrostatic force
[108, 136, 192, 236]. Liu [136] has developed an optical micromirror attenuator with an
attenuation range of 45dB requiring only an 8V actuation voltage. The amount of static
deflection depends upon the device geometry and applied electrostatic force. The

characterization must also take into account the environment in which these types of
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devices will operate. Harsh environments, such as high thermal gradients, for example,
will require specialized MEMS packaging [36, 169, 271]. As for the optical mode
converter (or isolator) applications, the contour width tapering will reduce the number of
optical modes propagating down the waveguide [4, 34, 76, 181, 191, 241]. Almeida [4]
proposes a nanotaper coupler consisting of a width tapered waveguide along the length,
to a nanometer sized tip and where the optical mode isolation is a function of the width at
the tip of the waveguide. These types of mode converters are especially useful for
coupling with single mode fibers, for example, and find uses in telecommunication fields

[46, 70, 256, 258].

Optical MEMS integrated with microfluidics find applications in biomedicine where the
real time detection of pathogens is of critical importance [8, 81, 275]. Amritsar [8] has
recently reported on optical detection methods based on static deflections of specially
coated microcantilevers with enzymes for the detection of precursors to myocardial

infarction, and where the amount of deflection is a function of the enzymatic reaction.

Recently it has been reported that SOI based waveguides, or microcantilevers, can be
used to generate Raman lasing where the stimulated Raman scattering (SRS) in SOI
waveguides is an attractive way of amplifying optical signals because it does not require
the introduction of any dopants during fabrication of the SOI wafer [121, 182, 213].
Rong [213] has used a SOI waveguides of less than S5um® to achieve Raman lasing

characteristics with optical wavelengths of 1542nm. The combination of lasing
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capability on a MEMS SOI waveguide with width contouring on a microcantilever, and

static deflection capabilities is an exciting, new area of research.

1.4.5. Cutout influence on microcantilever performance

There are surface microfabrication processes, such as the MUMPs process, for example,
where etch holes or cutouts are incorporated into the top layer of the structure. These
etch holes are needed for the passage of etchant to the underlying sacrificial layer or
layers that need to be removed for the release of the surface structure [15, 24, 194] or for
the minimization of squeeze film damping effects, Veijola [254] has reported that air
damping can be minimized as a function of the radii of the circular cutouts incorporated
onto the microstructure.  Ford [71] has included air passages in the design of a
microoptical attenuator in order to improve the response time of slow mechanical
attenuators which were typically ~1s and improved to 3us. Hence, the effect of cutouts
on the static and dynamic characteristics of microcantilevers will be included in the

investigations presented in this thesis.

1.5. MICROSYSTEM MODELING

The main objective for microsystem modeling and simulation is to facilitate and

accelerate the transition from device conceptualization to device fabrication. The

theoretical modeling allows MEMS designers to estimate and predict the static and
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dynamic characteristics of the microsystem based on a set of input parameters: choice of

material, geometry, and external influences.

1.5.1. Boundary conditioning

The mathematical modeling is carried out using the classical analytical tools used in the
normal size world. The Rayleigh-Ritz energy method [124, 244], where the frequency of
vibration is a function of the maximal strain and kinetic energies of the system comes
with significant advantages as it may be readily applied to plates [19], triangular plates
[18, 112] and plates with cutouts [126, 157]. In the Rayleigh-Ritz energy method, the
flexural deflection shapes are assumed to be a linear combination of orthogonal functions
satisfying at least the geometrical boundary conditions of the vibrating structure. The
maximum strain and mass energies formulated using these shape function are used to
acquire an expression for the natural frequency in the form of the Rayleigh quotient [17].

In this present work the approach as outlined in {19], but applied to a beam is employed
for the dynamic analysis of a vibrating microcantilever. Boundary conditioning method
is used to incorporate non-classical boundary support conditions, due to microfabrication
influences, on the dynamic response of the structure [177] by incorporating artificial
springs at the support boundary. In this approach it is possible to change the elastic

properties of the microsystem by varying the boundary support conditions through the

artificial support stiffnesses.
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1.6. COUPLED ENERGY DOMAIN SYNTHESIS OF MICROSYSTEMS

Synthesis is a way of amalgamating distinct influences on a microsystem and studying
their unified effect on the elastic properties of the microstructure. Haug [87] reports that
the structural optimization for a small range of motion of the microcantilever, through the
selection of an appropriate geometry, for a given application will form the basis for a
conditioned output response profile that is a function of coupled input parameters. Hence,
in this regard, a microsystem can be designed to give a distinct output response to a set of
applied parameters and operating conditions such as electrostatic and thermal loading.
This synthesis approach has been applied to beams under electro-thermal influences by
Mankame [145] where the varied topology of the beam is synthesized into a quasi-beam

element to facilitate the electro-thermal heat transfer along the surface of the beam.

The Oxford dictionary [173] defines synthesis as, the combining of constituent elements
of separate material of abstract entities into a single or unified entity. This definition, as
applied to microsystems, means that microfabrication limitations, electrostatic, thermal,
and geometry influences, for example, can be unified through the output response, from
which one may then use this information to design a microsystem for a given set of
conditions, and based on this approximate, or estimate the performance of the
microsystem [178]. Shown in Figure 1.2 is a conceptualized process flow for

microsystem development and integration.
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MEMS designers generally synthesize micromachined outputs by prototyping new
microsystems based on existing physical phenomenon and principles [79, 104].
Kamalian [104] proposes a test-feedback strategy based on genetic algorithms for
improving evolutionary synthesis as a function of test results obtained and the
characterization of output. Through mathematical modeling it is possible to estimate the
influence of the individual variables- mechanical, electrical, thermal, and geometry, for
example, and it is also possible to predict the coupled parameter behaviour. In this regard
multiple input parameters can be incorporated into the model and characterized as a
whole with a uniquely dependent output response. Shown in Figure 1.3 is an overview of

several input parameters investigated and synthesized in this thesis.
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1.7. DYNAMIC TESTING METHODS FOR MICROSYSTEMS

The testing of the static and dynamic behavior of MEMS micromachined components
and integrated microsystems is vital in order to gain the needed performance
characterization of these devices [117]. Lately, companies involved in testing of micro-
electronic circuits have developed commercially available instruments to measure the
mechanical performance of microstructures. Theoretical modeling forms only the basis
for the performance characterization, and should be followed up with rigorous testing
before these devices can be cleared for production in commercial quantities. However,
due to their inherent small size, these structures pose a problem regarding the method of
testing especially that their mechanical properties can vary significantly due to

microfabrication tolerances and conditions [175, 214, 233, 234, 259, 284].

1.7.1. An overview of some MEMS test methods

Although MEMS are based on IC semiconductor technology, standard IC test methods do
not fully address the mechanical features and environmentally dependent characteristics
[61, 66], micromachining defects [48], and faults such as cracks due to packaging [248],

and the reliability of the MEMS packaging process [92].

Optical profiling [86, 197, 198, 255, 260, 267], also known as white light interferometry,

has long been used as a standard test method for characterizing surface topography of

MEMS devices. Hart [86] incorporates this method by passing white light through a
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beam splitter, where part of the light is directed to the sample and part to a reference
surface. When the light reflected from these two surfaces recombines a pattern of
interference fringes forms. During a measurement, a series of these interference patterns
is collected, from which the height of each point on the surface can be determined. In
most cases, test measurements have been made relatively early in the manufacturing
process, before the MEMS device is packaged. Although these early tests are a normal
step in the microfabrication procedure, most devices will perform differently once
encased in their final packages [85, 279]. Hsu [92] emphasizes the need for cost effective
packaging and robustness reliability in order to successfully commercialize MEMS

products and to gain consumer confidence in these products.

1.7.2. Laser Doppler velocimetry

Laser Doppler velocimetry (LDV) is a testing method that enables the user to perform
non-contact testing on microsystems. The sensing principle is based on the Doppler
effect. Non-contact vibration measurements are thus possible with such a testing system

that can lead to significant improvements in the accuracy and precision of MEMS testing

[163, 220].

The proposed test method discussed herein offers a relatively simple and cost effective
way to measure the mechanical behavior of MEMS structures. The resulting spectral
response of the microstructure may then be detected by the LDV method. While this

method is simpler than, for example, electrical output signaling in the form of capacitive
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variations [27] it can only measure single-point velocities on the microstructure. For
multi-point dynamic analysis, a sampling of many different points on the microstructure
is required. This allows one to obtain a mode shape profile of the vibrating microsystem

[189].

1.8. SUMMARY

MEMS require careful physical characterization and performance analysis due to the
inherent cross-disciplinary nature they possess, as they provide wide range of possible
applications. The cross linked features of these devices allows them to be manipulated
in a variety of different ways, such as, mechanically through the variation of geometries
and materials, electrostatically through the incorporation of electrodes either suspended
over the device or incorporated on the substrate, thermally by designing bimetal or
bimorph type structures, and optically through the incorporation of index sensitive
silicon-silica waveguides. Also, the static and dynamic characteristics can be conditioned
through the application of design parameters such as cutouts, and geometrical variations.
However, the overall design synthesis must take into account all the parameters that will
influence the operational characteristics of the microsystem. Hence, in this regard the
most desirable qualities of microsystems, in general, are simplicity of design,
compatibility with batch fabrication processes, excellent mechanical strength and ease of

integration with peripheral devices such as optical fibers and/or microelectronics.
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1.9. THESIS LAYOUT

The thesis layout is outlined below. The general format followed for each chapter
includes a brief introduction to the content of the chapter being presented and summary at

the end of the chapter.

Chapter 1: INTRODUCTION TO MICROSYSTEMS

This chapter introduces microsystems and microengineering by presenting an overview
of the current microsystem technology and applications for MEMS devices. The
rationale and objectives outline the need for the present research based on the lack of data
on the cross-disciplinary nature of MEMS systems. Although there is a large amount of
work that has been done on individual influences affecting a microsystem, no systematic
studies have been carried out on coupled parameters. A literature review is given, and
introduction to the individual influences such as microfabrication, electrostatic, thermal,
geometry and cutouts investigated in this work is also presented. Microsystem modeling

and test methods are discussed.

Chapter 2: MODELING OF ELECTRO-THERMO-MECHANICAL INFLUENCES

A brief overview of current microsystem modeling and simulation methods is given. The
Rayleigh-Ritz energy method is introduced and applied to microsystems. Included in the
modeling are, microfabrication, electrostatic, thermal and mechanical influences. Both

static and dynamic modeling is given and the analytical results are also presented.
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Chapter 3: SEGMENT RAYLEIGH-RITZ METHOD

The segment Rayleigh-Ritz method is introduced. This approach is used to model
microcantilevers having etch holes, cutouts and boundary discontinuities. A comparison
of FEM and segment Raleigh-Ritz results are presented. Also, included is a comparison
of mode shapes, static deflections, and virtual deflections, of a microcantilever in terms
of the number segments in order to validate this method. Finally, the synthesized
analytical results that include all the influences such as, microfabrication, electrostatic,

thermal, mechanical and cutouts, applied simultaneously are presented.

Chapter 4: MICROSYSTEM TESTING METHODS

An overview of current MEMS testing methods is presented. A detailed presentation of
a non-contact optical testing method based on the Doppler effect and its suitability for
testing microstructures is presented. Included is an overview of the optical test setup and
measurement methodology established at the Optical Microsystems Laboratory at the

CONCAVE research center for microsystem testing and analysis.

Chapter 5: SUPPORT BOUNDARY CHARACTERIZATION

The support boundary characterization of several microstructures fabricated using
different technologies is investigated. The concept of thermo-mechanical microstructure
support boundary characterization is also presented. The results are validated through
experimental results obtained with the thermal loading. The experimental setup and
procedure used for the thermal loading is given along with the results obtained. Electro-

mechanical boundary support characterization is also presented as an alternate approach
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to avoid thermal loading. The experimental results are presented and compared to those
obtained for thermo-mechanical and electro-mechanical boundary characterization

methods.

Chapter 6: SYNTHESIS OF MICROSYSTEMS

An experimental validation of the theoretical formulation presented in Chapter 3 is given.
The investigation takes into account all the physical influences discussed in Chapter 3 for
several microcantilever geometrical configurations. The results obtained experimentally

are compared to that of the theoretical model.

Chapter 7: CONCLUSIONS AND EXTENSIONS
Concluding comments on the synthesis of microsystems and a summary of the aims and
achievements of the work presented in this thesis are given. Future goals and directions

are also discussed.
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Appendix I: COMPUTER AIDED DESIGN OF GEOMETRICALLY DIFFICULT MICRO-
MECHANICAL STRUCTURES FOR ACADEMIC ENVIRONMENT

The main steps involved in microsystem design using MATLAB to generate the
microstructure geometry are given. Examples of geometrically difficult designs are

presented along with microstructure mask layouts incorporating multiple structures.
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Appendix II: MICRAGEM: SILICON-ON-INSULATOR BASED MICROMACHINING

PROCESS

An overview of the MicraGeM technology with process steps is given.

1.10. PROMINENT CONTRIBUTIONS

Microfabrication, electrostatic, thermal, geometry and cutout influences on

cantilever MEMS have been successfully modeled.

The segment Rayleigh-Ritz method has been developed in order to improve
the theoretical analysis of cantilever MEMS with discontinuities along their

length.

The first successful experimental testing technique for MEMS in Canada has

been developed.

Boundary support characterization of MEMS cantilevers through

experimental testing has been proposed.

A method to design and characterize geometrically difficult microstructures

has been developed.

The design synthesis that has enabled the fine tuning of the static and dynamic

behaviour of MEMS cantilever structures has been formulated.
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Chapter 2

MODELING OF ELECTRO-THERMO-
MECHANICAL INFLUENCES

Presented in this chapter is the mathematical formulation employed for
the modeling of electrostatic, thermal and mechanical influences on a
microcantilever. The Rayleigh-Ritz energy method is presented, and the

concept of an elastic foundation is introduced.
2.1. INTRODUCTION

In recent times, microsystems draw a great deal of attention from mathematical modeling
and simulation. Theoretical simulation of MEMS devices involves computing the
deformations and stresses on particular microstructures subjected to electric fields,
thermal loads, geometrical variations, and support boundary conditions. The MEMS
structure can also include conductors, dielectrics and coatings which will need to be
included in the model. For example, applied electrostatic fields produce forces on the
surfaces of these structures and cause them to deflect and deform, as a function of the
applied voltage [2, 54, 69, 96]. The resulting deformed shape alters the capacitance [27]
of these structures and this, in turn, changes the forces on them. If thermal influences are
also considered, then changes to capacitance as a function of thermal loading must also
be included in the model. The behaviour of microsystems is very sensitive to geometry

and applied voltages, and their response can be very non-linear. Hence, mathematical
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modeling becomes a very important technique for gaining understanding of these

physical systems [227].

2.1.1. MEMS simulation methods

Some of the past approaches to the simulation of MEMS have included capacitance
modeling for electrostatics [91, 143], and hybrid boundary element method (BEM)-FEM
for microscale simulations [3]. However, surface and volume mesh generation for
MEMS is very demanding. For example, an electromechanical system involving coupled
mechanical and electrostatic energy domains consists of a volume mesh for an
electromechanical microstructure to perform finite element based elastic analysis and the
surface mesh of the same device to perform exterior electrostatic analysis based on the
boundary element method [6]. Finite element methods have been used for modeling and
estimating the deflections and buckling characteristics of micromachined beams [14, 156,
168]. These methods are considered to be computationally intensive, requiring both a
high level of skill and computing time [97]. They are also limited by the number and
choice of mesh elements that can be used to model a system. Hence a simpler approach

is needed to model microscale systems.

Meshless simulation techniques are becoming one of the most accepted and valuable
methods of computer aided design (CAD) of MEMS structures [5]. They have gained
such popularity in MEMS applications because of the multiphysics and multiscale

analysis capabilities, which are fundamental requirements in MEMS simulation and
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modeling. Neural network [132] based simulations consist of an interconnected assembly
of simple processing elements or nodes, and the processing ability of the network is
stored in the inter-nodal connection strengths, or weights, which are obtained by a
process of adaptation, and can be used to make predictions on the functionality of MEMS

devices.

2.2, RAYLEIGH-RITZ ENERGY METHOD

In the analysis of vibrating mechanical systems it is generally the fundamental frequency
that is of greatest interest as opposed to higher frequencies because of its high response to
a forced excitation at resonance. The Rayleigh method can be used to estimate the
natural frequencies of elastic systems. In its fundamental form, the Rayleigh [196]
method is a way to analyze a mechanical system through its potential and kinetic energies,
and a single shape function. Ritz [278] improved on this method by introducing multiple
shape functions multiplied by constant coefficients, and hence allowed for an

improvement on the estimated natural frequencies of a vibrating system [244].

In the theoretical dynamic analysis of MEMS devices the Rayleigh-Ritz energy method is
employed where the mathematical modeling of the MEMS microcantilevers is carried out
by applying boundary characteristic orthogonal polynomials [19]. This approach is also
adopted for the static deflections, where instead of an homogeneous eigensystem, one
obtains a particular solution, for a set of linearly independent equations, for an applied

electrostatic potential. This approximate numerical method is a simple way to analyze
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the vibrational response of a variety of structures such as plates and beams [17, 18, 19,

112, 126, 157, 177] and is employed here for this reason.

The flexural deflection along the normalized length, x, of the microcantilever is estimated

as,
W(x)= 3 4,(x) @.1)

where, 4; are the deflection coefficients of the microcantilever, and ¢,(x), are the

orthogonal polynomials satisfying the geometrical boundary conditions, x, is a non-
dimensional /longitudinal coordinate ranging from O to 1, and # is the total number of
polynomials. The natural frequency of vibration of the microstructure is obtained from

the Rayleigh quotient, and is defined as,

o = Juax 2.2)

Tuax
where Upyx = 2U, is the maximum potential energy and is the sum of the individual
potential energies applied to the microcantilever.

Tyax = @ Ty (2.3)
is the maximum Kkinetic energy of the microcantilever and, , is the cyclic natural
frequency of the vibrating structure. The stationarity condition [17] of the Rayleigh
quotient with respect to the undetermined deflection coefficients, 4;, given as,

dw’

04

=0 Vi=l,.,n (2.4)

results in an eigensystem. The solution of the eigenvalue equation will provide the

approximate natural frequencies and mode shapes for » number of modes.
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2.2.1. Energy formulation

The energy formulation takes into account electro-thermo-mechanical influences. The
thermal influences, however, are not directly energy based in this analysis. Their
influence is brought into the model through changes in energy due to the influence on the
geometry of the microcantilever. Shown in Figure 2.1 is a schematic representation of a

microcantilever with electrostatic and geometrical influences.

ANNNNNNNA\Y

Insulator

b)

Bottom electrode

Figure 2.1. a) Schematic top view of microcantilever width contouring. b)
Schematic side view of an electrostatically actuated microcantilever.

Where L is the length, x is the longitudinal coordinate, w(x) the positional width, wy the
unconditioned width, dy the dielectric gap (microcantilever-electrode spacing), ¥V the

applied voltage, and Wy(x) the static deflection along the length of the microcantilever.
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The electro-thermo-mechanical influences affecting a microcantilever are modeled with

artificial springs as shown in Figure 2.2.

Kr
K

> J
ke(0) g k(1)

Kg = Jke(x)dx

Figure 2.2. Equivalent microcantilever with artificial springs.

The maximum strain energy, U”y.y, of the microcantilever under electro-thermal
influences is given by,

max = UPg + UPgp + UV (2.5)
where U7y, UPgp, and U7% are the beam, boundary support springs and electrostatic

potential energies, respectively.

The beam part of the microcantilever potential energy is given by,

EMpm3 !

U = 241’ J‘W(x)(W"(x))zdx (2.6)

and the maximum kinetic energy is given by,

1
7, =%a>2 POHDLD (W) (o) d Q.7
0
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where the following definitions apply, L™ is the length, A, is the thickness, E”, is
Young’s modulus of elasticity, o/” is the material density, w(x), is the positional width of
the microcantilever, W’{x) is the second derivative with respect to x, and w is the
rotational frequency. W(x) will be Ws(x) in the case of the static equilibrium estimation,
and Wp(x) in the dynamic equilibrium estimation. The superscript, (7), refers to
temperature. The mechanical and electrostatic influences affecting the microcantilever
response are presented below. In order to present the theoretical formulation in a
seamless fashion all figures pertaining to microcantilever geometry and cutouts will be

presented at the end of section 2.2.5.
2.2.2. Modeling of boundary support

The influence of the boundary support of the microcantilever on the potential energy is
modeled by artificial boundary support springs given by,

1

1 2, 1 Kp w2
U =~ K (7(0) 30 (W'(0)) (2.8)

where, K7 (N/m) is the translation and Kz (Nm) is the rotational spring in non-normalized
form, W(0) and W10) the deflection at the boundary support and the first derivative,
respectively. By varying the values of Kz and Kr it is possible to vary the support
boundary condition from free to clamped. In the modeling only Kz is varied, as there is
no translational motion at the support, and one may model the support conditions as
varying from simply supported to clamped. Hence, the microfabrication limitation

influence at the support boundary is quantified through the rotational stiffness.
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2.2.3. Geometrical modeling

One of the influences investigated in this work is the variation of geometry, namely the
change in microcantilever width along its length. In this regard, the width, w(x), of the

microcantilever, is given by,
w(x) = wo " ¥ (x) (2.9)
where W(x) defines a particular width profile, and wy'” is the unconditioned width of the

microcantilever for a given temperature. In this formulation, the following definitions
apply: soft conditioning, the microcantilever boundary support end width is less than the
free end width with monotonous increasing width, and the conditioning function is given
by,

Ws(x) =1+ (pg- 1)x* (2.10)
In rigid conditioning the microcantilever boundary support end width is greater than the
free end width with monotonous decreasing width, and the conditioning function is given
by,

Wr() =1+ (p- (1 =) 2.11)
where the geometry conditioning width ratio, pg, is given by,

£6 = (wo(T) + 2é)/w0(T) = wmax(T) /wo(T) (2.12)
O is the amount of width offset applied to the unconditioned width, wo'?, of the
microcantilever as shown in Figure 2.1, and f, is the conditioning factor and may be
varied from zero to infinity. Other geometry conditioning functions, soft-rigid (SORI)

and rigid-soft (RISO) are given respectively by,
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1+(p, —1)2x* 0<x<0.5
1+(Pc _1)(2x_1)/’ 0.5<x<1

1+(p; —1f1-2x) 0<x<0.5

1+(p, _1X2x_1)/’ 05<x<1

W (x) = (2.13)

Wy (x) = (2.14)

The cutouts on the microcantilever are modeled in a similar fashion, however two

microcantilever geometry conditioning functions, W(x) and W¢(x), are employed, where

W(x) represents any of the geometry functions described above, and W¢(x) describes the
cutouts, respectively. Hence the microcantilever width is now given by,

wix) =wo P[P (x) e )] (2.15)
where,

Ye(x) =ac¥(x) (2.16)
Where the value of a¢ can be chosen between 0 and 1.

Given in Figure 2.3 is a schematic of single and multiple cutout models as investigated in

this work.

Figure 2.3. Top view of microcantilever cutouts. a) single 500 x 50 um® cutout
and b) multiple 50 x 50 um? cutouts.
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2.2.4. Thermal influences

Thermal influences are modeled by changes to the physical dimensions of the
microcantilever through the thermal expansion coefficient of single-crystal-silicon.
Shown in Figure 2.4 is the variation of the thermal expansion coefficient as a function of

temperature.

o (10°%K)

N S T R AR A A R
300 320 340 360 380 400 420 440 460 480 500
Temperature (K)

Figure 2.4. Coefficient of thermal expansion data
for silicon. Values obtained from [212].

Hence, the change in length is given by

AL = "L (2.17)
where « is the coefficient of thermal expansion for silicon. The corresponding
temperature dependent length is given by,

LU =L+ AL (2.17a)
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As the influence of temperature on single crystal silicon is isotropic the changes in

thickness and in width are given by respectively

Ah = oPh (2.18)
WY =p+ 4ab (2.18a)
Awg = o Pwy (2.19)
wo'® = wp + Aw, (2.19a)

The corresponding change in density is given by

= TP (2.20)

Yo,

The changes to Young’s modulus of elasticity as a function of temperature are also
included in the theoretical analysis and are obtained from [84, 170] as,

E™ = E(1+¢T-293)) (2.21)
where ¢, the thermal coefficient for Young’s modulus, is taken as — 95¢-6 K for {110}

single crystal silicon.

2.2.5. Electrostatic influences

For the modeling of the electrostatic influence, the total electrostatic energy must be
included in the static and dynamic models. For a simple parallel plate type capacitive
system separated by a dielectric gap dy, as shown in Figure 2.5, the total charge Q, on the
microcantilever surface is given by,

Q=CVv (2.22)

Where, C is the capacitance and, ¥ the electrostatic potential between the plates.
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Plate 1

++++++ /

do

Plate 2

Figure 2.5. A simple parallel plate
capacitor.

The electrostatic potential energy is given by,

Qo Q 2 2772
q o CV | S
Uy = [Vdg = [£dg=2-= =—CV (2.23)
g OI JC 2 2C 2

where V is the applied electrostatic potential, and C is the capacitance of the system and

is defined as,

C =2 (2.24)

where & is the permittivity of free space, and & is the relative permittivity of the medium

between the two plates, and A4 is the overlapping surface area of the two plates.

2.2.5.1. Static analysis under electro-thermo influences

In the case of an electrostatically actuated thermo-mechanically influenced

microcantilever with moving electrode, the applied electrostatic static potential energy,

U s, is given by,
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Ny2 ! N2t
U = £.6,L°V I w(x)dx __ g6, LV J- w(x)dx (2.25)
2 0 (dy - Ws(x)) 2d, 0 1 W (x)
dy

The negative sign is given in Equation (2.25) to indicate an opposing force to that of the
mechanical restoring force of the microcantilever. A Taylor series expansion is applied

to Equation (2.25) in order to linearize it.

[y ! W w.(x))
U gg =—Erfor 7 fw(x) 1+ S(x)+[ S(X)J +
2d0 4] dO dO

+[__W;(")j"de 2.253)

where third order terms and higher are ignored in the modeling.

The static equilibrium position, is obtained from the condition,

%[U‘T)B +UD s +UPg]=0 (2.26)

j
wherein W(x) is replaced by Ws(x) in Equations (2.1, 2.6, 2.8).

The static deflection is obtained for a given applied voltage as the particular solution

obtained from the following system of simultaneous equations,

Z[E;2+K;”‘¢,- (0)¢;(0)+K7" 4,0, = V7" Ef ]A,- V" [wx)d (x)dx

J
Vi=12..nj=12..n (227

where the following definitions are applicable,

7y )
(T)‘ — KT'L( ) (T)‘ _ KRL

T E(T)IO(T) >R T E(T)IO(T) (2.272)
™* )

o o b&L o gL (2.27b)

! E(T)IO(T)dg > 72 2E(T)IO(T)dg .
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EY = [wx)s, (08, (x)dx (2.27¢)

1
E ijz_z = Iw( x)@, (x)¢1 (x)dx (2.274d)
0
o WO(T) h(r)3
I, = B (2.27¢)

where [y is the moment of inertia of the microcantilever and the * superscript denotes the

normalized value for that particular variable.

2.2.5.2. Dynamic analysis under electro-thermo influences

In the context of the elastic foundation formulation, the electrostatic dynamic potential
energy, £D, 18 calculated by introducing an artificial electrostatic spring, g for a
given electrostatic potential and thermal load. Beginning with the electrostatic static

force, F'V £s(x), given by,

dUD s g6, L0V w(x)
FO - —_%o&r (2.28)
=) dWy (x) 2 {(d0 — W (x) )2}

the electrostatic stiffness, K”g(x), is obtained

T dF D s (x) T)1,2 w(x)
kD £ = - Iy 2.29
O [(do ~Ws () ] &)

and in normalized form,

M4yr2
D5 (x) = — £o&, L TV w(x) : (2.292)
E(T)IO( ) (do _ Ws (x) )
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from which the electrostatic dynamic potential energy, U™ zp, may be obtained, and is

given by,

U =

N[ =

[P @, () dx (2.30)

The eigensystem defining the flexural motion of the microcantilever for the condition,

a%[umg +UD s —UD o —T5]=0 2.31)

J
where U™, UPgp, and UPgp are the beam, boundary support springs, and electrostatic
dynamic potential energies, respectively, and 77} is the beam kinetic energy, is given by,
1
> [E +KD'4, 00,0+ KD 4,008, (0) - [P’ 4,008, (x)dx — A7 EF }AJ =0
j 0
Vi=12..,nj=12..,n (2.32)
from which the eigenvalues and natural frequencies of the microsystem are obtained.

(N2 () (0 p(M*
an? _Pn_ P WL (T) - 4
n n

ED[ @D
0
Yy (T ’ n 4
ED[D Dy O

(2.32a)
Shown in Figures 2.6-2.13 are top views of the geometry conditioned microcantilevers
rigid, soft, SORI and RISO, respectively, as described in section 2.2.3. Given in Figure

2.14 is the cutout model as obtained with the theoretical formulation using Equations

(2.15-2.16).
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Figure 2.6. Rigid configuration for < 1.
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Figure 2.7. Rigid configuration for f.> 1.
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Figure 2.8. Soft configuration for #< 1.
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Figure 2.9. Soft configuration for f> 1.
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Figure 2.11. SORI configuration for > 1.
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Figure 2.12. RISO configuration for f< 1.
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Figure 2.13. RISO configuration for f>1.
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Figure 2.14. Model of microcantilever with cutouts generated using
geometry conditioning functions.

2.3. ANALYTICAL RESULTS

Presented here are the results obtained from the theoretical analysis. In the case of
boundary suspended microcantilevers, the microfabrication limitations are modeled by
changing the boundary support stiffness values of the translational (K7) and rotational (Kz)
springs. Hence, in order to quantify the influence of the microfabrication process on the
end support conditions, the dynamic response of a microcantilever beam at different
rotational stiffnesses is predicted by solving Equation (2.32) obtained using the Rayleigh-
Ritz method. As there is no translation at the support, the boundary is modeled by only

varying Kz and with a very high value of Kr. For the demonstration of the model, the
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electrostatic, geometry, thermal, and cutouts influences are added sequentially into the

model.
2.3.1. Microfabrication influences

The solution of the eigensystem of Equation (2.32), gives both the natural frequencies
and mode shapes for a given microcantilever with any rotational and translational
stiffness values representing non-classical support boundary conditions [207]. In AFM
applications, the mode shapes of the beam play a central role in the transmission of
topographical details from the surface being probed. However, the non-classical
support conditions due to microfabrication limitations will influence the performance of

the surface scanning process.

Shown in Figure 2.15 is an SEM image of AFM microcantilevers.

Cantilevers .

BB32 15KU X156 108¥m WD3S

Figure 2.15. SEM image of MikroMasch Type ‘B’ AFM
microcantilevers [153].
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In this work the frequency response of a commercially available Type ‘B’ AFM
microcantilever beam is investigated. In this analysis, the microcantilever beam is
assumed to be in non-contact mode. Figure 2.16 is a scheme of a typical Type ‘B’ AFM
rectangular probe and pyramidal tip. The mass of the tip is much less than the

microcantilever and is neglected in this analysis.

LSS -
Type ‘B’ microcantilever
w(x) I L =200pm
X g w(x) = 20um
h=0.6um
Probe tip

Figure 2.16. Typical dimensions for a Type ‘B’ cantilever
probe and pyramidal tip.

The eigenvalues A,, obtained for various rotational stiffness values for the Type B’

microcantilever are given in Table 2.1.
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Table 2.1. Eigenvalues obtained for various values of the rotational stiffness, with the
value of K7* = 1 x 10'? for the Type ‘B’ microcantilever.

Kq* 0 5 12 17 35 10° 10° 10"
A
1 - 2.61 3.04 3.16 3.33 3.52 3.52 3.52

2 15.42 18.21 19.64  20.15 2097 22.03 2203 2203
3 4995 53.55 5606 57.09 5892 6168 61.68 61.68
4 104.21 108.16 111.44 11293 115.85 120.87 120.88 120.88
5 178.19 18236 186.21 188.10 192.07 199.81 199.81 199.81

6 271.88 276.20 280.49 282.71 287.65 298.46 298.47 298.47

Applying the theoretical formulation of Butt [31] to the experimental results of Lévy
[130], the virtual height of the microcantilever, Z,, for the nth mode shape, is calculated

for each value of rotational stiffness, Kz by using the following relationship for the

optical lever technique [95],

2;2=(2_L) 3KT_(d®, )/ de) (2.33)
3) KA I,

where L is the length, & is Boltzmann’s constant, K¢ is the cantilever spring stiffness, T is

the temperature in the Kelvin scale, and the @, are the mode shapes of the beam, and
1 L
I =— |D2dE=1 2.33a
=7 I e (2332)

The average virtual height of the beam, which is the sum of the virtual heights for all of

the vibrational modes, is related to the cantilever spring constant in the following way

[31],

55



%2 _ = %2 _ ﬂ
\/7_ }Z;Z = /31( (2.34)

Therefore, by measuring the virtual height of the beam experimentally, at a given
temperature using the optical lever method, and applying Equation (2.34), the spring
constant of the microcantilever beam can be calculated. Shown in Figure 2.17 is an
overview of the optical lever method in which a laser beam is incident on the reflective
surface of the AFM microcantilever. The amount of variation in the deflection is a

function of the mode shape for a given temperature.

_\ Laser Diode -

AL v Quadrant.
N Detector =, .

/ Sample

Figure 2.17. Overview of the optical lever method. The detector measures
the deflection of the Type ‘B’ probe as a function of position on the
sample.

By varying the values of the rotational stiffness, it was possible to cause a change in the

mode shapes of the beam, and hence a change in the virtual heights as well. Also a
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variation in the minima of the virtual height ratio, z, /2, along the length of the beam

was obtained. Only the first two modes, @; and @, were considered herein in order to
compare the results obtained with those of Lévy [130]. The plotted variation of the
normalized eigenvalues, A = A,/A, ciampes, 1s given in Figure 2.18 and it clearly indicates
that care must be taken to include the microfabrication influences when estimating the
natural frequencies of the AFM Type ‘B’ cantilevers based only on geometry. Shown in
Figure 2.19 are the virtual height ratio for the first two modes where the virtual height is

defined as the inclination, dz/dx, along the length of the microcantilever for each mode.
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Figure 2.18. The effect of the rotational stiffness on the first four eigenvalues
of a Type ‘B’ microcantilever.
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The virtual deflections predicted by Butt [31] for a clamped condition and by the present

theoretical formulation with K| R* =1x10° K T* =1x 10" are compared in Table 2.2.
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Figure 2.19. The ratios of the virtual displacement for the first two
modes as a function of the position on the Type ‘B’ microcantilever for
different values of K" are shown. The O are the values obtained by
[130], the X are those of [31]. The inset is a close up showing the shift
in the minimum position to higher values for increasing X Y
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Table 2.2. Comparison of beam eigenfunctions and
virtual displacements with the results obtained by

Butt [31] for a Type ‘B’ microcantilever.

G

VA [20]

2’ m

ERORE

1 1.87 1.88 577x10"  577x 107"
2 469 469  320x10""  3.20x10™"
3 785 785  1.838x10"  1.88x10™"
4 1099 1100  134x10"  1.34x 10"
5 1414 1414 1.04x10"  1.04x 10"
6 1727 1728  8.54x10"  8.53x10™

The microfabrication influences and limitations at the Type ‘B’ microcantilever support
boundary can be modeled using artificial rotational and translational springs. The
micromachined end support conditions are an important factor in the static and dynamic
performance of boundary suspended structures such as microcantilevers as can be seen
from the variations in the virtual deflections in Figure 2.19. In the model, the
micromachining limitations at the boundary support were lumped into the rotational
stiffness value. The eigenvalues and mode shapes can be obtained for different end
support conditions by varying the value of the boundary support rotational stiffness. In

this manner the boundary conditioning theory presented aims to quantify the

micromachining limitations that are an intrinsic part of MEMS manufacturing processes.
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2.3.2. Electrostatic influences

Electrostatic influences are part of externally applied effects that can be used to actuate a
microsystem. The modeling of this influence on microsystems involves an analysis of
both the static and dynamic response domains where the static deflection of the
microcantilever is a function of an applied DC voltage. The dynamic response is a
function of the applied DC bias voltage and amplitude of sinusoidal AC voltage
excitation. The analysis presented here is carried out on a 7ype ‘B’ microcantilever with
length L = 350um, thickness A=1pm and width w = 35um. The dielectric gap, dp, is
equal to Spm. The static equilibrium positions of the microcantilever are a function of the
applied DC bias voltage and the mechanical restoring force of the microcantilever.
Shown in Figure 2.20 is a theoretical representation of the static equilibrium points for a

Type ‘B’ microcantilever beam as a function of applied electrostatic potentials [210].
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Figure 2.20. Equilibrium between electrostatic and
mechanical restoring forces of the microcantilever.
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The static equilibrium positions of a microcantilever beam for an applied voltage are

estimated using Equation (2.27). Shown in Figure 2.21 are the static deflections of a

Type ‘B’ microcantilever as a function of the applied DC voltage.
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Figure 2.21. Type ‘B’ microcantilever deflections under

various applied voltages.

The static deflections may be increased by applying higher DC bias voltages.

If the

applied electrostatic force is more than mechanical restoring force (for example, 7.5V

curve in Figure 2.20) the microcantilever will snap down onto the substrate electrode.

The theoretical results for the dynamic characterization are obtained from the solution of

Equation (2.32) for a given applied voltage and the Type ‘B’ microcantilever-electrode

spacing.
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Static deflections increase as a function of the applied DC bias voltage and are limited by
the natural mechanical restoring force of the microcantilever, hence electrostatic forces
greater than the mechanical restoring force of the microcantilever result in the
microcantilever snapping down onto the substrate. The estimated snap down voltage for

this Type ‘B’ microcantilever is ~7.45 volts for a dielectric spacing dp= Sum.

Given in Table 2.3 are the eigenvalues for different applied voltages. Shown in Figure
2.22 is the variation of resonance frequency as a function of the applied voltage and

rotational stiffness KR*.

Table 2.3. Eigenvalues obtained for different applied voltages. The *
indicates that the microcantilever has touched down.

A V=0 V=2 V=3 V=5 V=7 V=74 V=75%
Ay 352 3.47 3.41 3.12 1.85 0.38 -

A; 2203 2203 22.02 21.98 21.88  21.83  21.81
A3 61.69  61.69 61.69 61.68 61.64  61.63 61.62

Ay 12090 12090 12090 120.89 120.88 120.87 120.87

Hence, the electrostatic softening effect, due to the electrostatic field lowers the
eigenvalues as a function of the increasing voltages as given in Table 2.3. In this analysis
the electrostatic field varies from 0-1.48 x 10° ¥/m. The first eigenvalue is the most
affected by the applied electrostatic softening with an overall 89% change within the

voltage range 0-7.4V as compared to only 1% for the second eigenvalue.
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Figure 2.22. The variation to the natural frequency as a function
of applied voltage for different rotational stiffness values for Type
‘B’ AFM microcantilever.

From the results shown in Figure 2.22 it can be seen that the combined effect of softening
at the boundary due to micromachining influences and softening due to electrostatic
influences will change the resonance frequency response of a Type ‘B’ AFM

microcantilever and the value of the snap down voltage.

2.3.3. Thermal influences

The modeling takes into account changes to the geometry through Equations (2.17-2.19),

changes to the density through Equation (2.20), and variations to Young’s modulus

through Equation (2.21). All of these individual thermally related parameters will
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contribute to alter the mechanical response profile, both static and dynamic, of a given
microsystem. Given in Table 2.4 are the changes to the linear dimensions of a single
crystal silicon microcantilever Type ‘T’. Density, and Young’s modulus as a function of
temperature are also listed in Table 2.4. The silicon density and Young’s modulus values
are those of MikroMasch. The length L, width w, and thickness 4, are not for an actual

device and are used only for the theoretical analysis.

Table 2.4. The changes to various physical parameters of a Type T’
microcantilever as a function of thermal load.

T®) L@m) wEm) h(um) p (kgm) E(GPa)
294 1000.000 30.000 10.000 2330.000 170.000

300 1000.448  30.013 10.004 2326.871 169.888

320 1000.530  30.016 10.005 2326.298 169.567

340  1000.615  30.018 10.006 2325.705 169.246

360  1000.702  30.021 10.007 2325.097 168.924

380 1000.792  30.024 10.008 2324 .475 168.603

400  1000.882  30.026 10.009 2323.845 168.282

420  1000.974  30.029 10.010 2323.207 167.961

It can be seen that thermal influences will affect the linear dimensions of the Type ‘T’
microcantilever. There is also a strong thermal dependence of Young’s modulus, 1.12%
variation over a 120K thermal variation. All of physical changes to these parameters will

combine to vary the static and dynamic responses of the microcantilever.
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Given in Figure 2.23 is the variation of the resonance frequency as a function of the
applied thermal load for an actual Mikromasch Type ‘B’ microcantilever with the
following dimensions, measured with an optical microscope and estimates from SEM

images, L = 351um, 2 = 0.94pum, w = 34.5um [208].
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Figure 2.23. The variation of the resonance frequency as a
function of the applied thermal load for the Type ‘B’
microcantilever.

The sensitivity is a function of the thermal loading and of the support boundary
conditions. It can be seen that the linearity of the change in frequency for the
temperature range 25-175 °C can be exploited and used for thermal sensor applications.
The changes to the linear dimensions as given in Table 2.4 will influence the capacitance
of the microcantilever through the change in the overall surface area of the

microcantilever as a function of temperature. Given in Figure 2.24 is the variation to the
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capacitance as a function of temperature for a given Type ‘B’ microcantilever-electrode

spacing.
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Figure 2.24. Variation to the capacitance as a function of applied
thermal load for a Type ‘B’ microcantilever.

2.3.4. Coupled electro-thermo-boundary support influences

A theoretical analysis using Equation (2.32) for the sensitivity of the Type B’
microcantilever under various applied bias voltages and thermal loads is presented in
Figure 2.25 [202]. It can be seen that at low voltages the sensitivity remains linear over
the thermal range, however for high voltages the sensitivity becomes non-linear for high
temperatures. This is due to the increased electrostatic force as a function of the
increased surface area of the Type ‘B’ microcantilever. Hence, the sensitivity can be

increased and optimized by the application of an appropriate electrostatic DC bias voltage
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for a given thermal loading range. Shown in Figure 2.26 are the static deflections for a

Type ‘B’ microcantilever under a given applied voltage at two different thermal loads.
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Figure 2.26. Static deflection profiles as a function of
applied voltage and thermal loading.
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Of the different parameters modeled herein only the microfabrication influence cannot be
fully controlled in the manufacturing of microsystems. Hence, it is expected that the
sensitivity will also be a function of the support boundary condition of a Type B’
microcantilever. Shown in Figure 2.27 are the sensitivities for various DC bias voltages

as a function of thermal loading for classical and non classical boundary conditions,

respectively [201].
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Figure 2.27. The variation of the sensitivity for a Type ‘B’ microcantilever as
a function of applied bias voltage and thermal load. Left: Classical boundary
support. Right: Non-classical boundary support.

Given in Figures 2.28-2.29 is a comparison of the first and second natural frequency
responses for a Type ‘T’ microcantilever under different thermal and electrostatic loading
for classical and non classical boundary conditions, respectively. One can note that the
combined electro-thermo-boundary support influences can significantly affect the

dynamic characteristics of the microcantilever.
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Figure 2.28. Surface plots of the 1 resonance frequency as a
function of both applied bias voltage and thermal loading. Top:
Classical support boundary conditions. Bottom: Non-classical
boundary conditions.
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It can be seen from Figures 2.27-2.29 that silicon microcantilevers for a given
microfabricated boundary condition are very sensitive to the applied electrostatic and

thermal loading and that the static and dynamic characteristics can be affected in this
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regard, hence it is important to predict these characteristics, through theoretical analysis,

prior to the manufacturing process for a target operating environment.

2.3.5. Geometrical influences

In this section the results of the influence of geometrical contouring on microcantilevers
are presented [203, 205]. In the modeling presented here the dynamic response of the
microcantilevers are sensitized to the changes in the structural geometries along the

length of the microcantilevers.

The changes to the natural frequencies as a function of the taper parameter, [, are

presented in Figure 2.30. For this modeling the boundary support springs, Kz and K7,
are fixed at 1 x 10' in order to simulate classical Clamped boundary support conditions

for a microcantilever. The offset parameter, J, is 25um, the length, L, unconditioned
width, w,”, and thickness, A, of the microcantilever are 250pm, 30pm, and 2pm,
respectively, and the temperature is taken as 294 Kelvin or 21°C. In this analysis the

various microcantilever geometries given in Figures 2.6-2.13 can be used to trim or tune

the natural frequencies through the selection of a particular geometry conditioning

function Wand tapering parameter f.

71



a5l /o Rigid _

258f e B

2 1 1 1
10 107" 10° 10° 16°

Taper Paramster g

Figure 2.30. The variation of the first eigenvalue as
a function of the taper parameter f for the four types
of width contouring presented here.

For very low and very high values of £, the eigenvalues are the same for all four types of
geometry conditioning. However, for £ values between 0.01 and 100 the eigenvalues
diverged significantly. This is due to the increased variations in geometry between the

four types of conditioning within this £ range.

The normalized first and second mode shapes, with respect to the microcantilever tip
deflection, as a function of the geometry of the microsystem are presented in Figures

2.31-2.32, respectively, for classical boundary support conditions.
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Figure 2.32. Comparing the second mode shapes for the
tapered geometries presented in this simulation at clamped
condition.

The selection of a particular geometry can be used to stiffen or soften a microcantilever
response as is seen in Figure 2.30. Hence, the stiffening effect, for example, can be used

to overcome softening effect due to thermal and electrostatic influences.
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2.3.6. Coupled

Given here are the theoretical results obtained for electro-geometrical coupling. The

geometry conditioned microcantilevers are deflected by applying an electrostatic

potential [205]

differing electrostatic stiffnesses, and hence have different static equilibrium positions.
For the analysis presented the following data was used: dy = 3um, voltage = 5V, § =
25um, L7 = 250um, we™” = 30pm, A7 = 2um and T = 294 Kelvin. Shown in Figure

2.33 is a comparison of the microcantilever tip deflections as a function of geometry and

applied voltage
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. Due to the different geometries the microcantilevers will experience
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Figure 2.33. The microcantilever tip deflections for
the geometry conditioning functions presented here
and an applied 5V electrostatic potential.
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As the geometrical conditioning can be used to fune the dynamic property of a given
microcantilever it is of interest to investigate the influence of a particular geometry to an
applied stimulus such as electrostatic. Given in Figures 2.34-2.37 are the comparison of
the first eigenvalue and the static deflections for soft, rigid, SORI and RISO conditioning
functions, respectively. The two small figures on top are given to illustrate the
corresponding geometries within that particular f range. It is the aim of this analysis to
determine which geometry conditioning results in a minimal variation in the eigenvalue
under the applied electrostatic load. It is expected that, through the various geometries,
that the microcantilevers will demonstrate varying static and dynamic performances. In
this analysis the static and dynamic profiles are presented together in order predict the

stability of a particular dynamic response for a particular conditioning parameter.
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Figure 2.34. Effect of the conditioning parameter on the
tip deflection and first eigenvalue for soft geometry
configuration.
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The soft configuration resulted in a 45% change in the tip deflection compared to a 29%
change in frequency eigenvalue. For the rigid geometry configuration there is a 43%
change in deflection and a 27% change in frequency eigenvalue. The SORI configuration
gives a 17% change in deflection and a 5% change in frequency eigenvalue, while the
RISO configuration results in, Zone 1: 1.5% change in deflection and a 0.7% change in
Zone 2: 4.5% change in deflection and a 5.5% change in

frequency eigenvalue. Zone 3: 3% change in deflection and a 6% change in frequency



eigenvalue. The rigid geometry configuration is less affected by the applied electrostatic
load, whereas the soft conditioning was significantly influenced due to the wider free end
width as compared to the rigid geometry. For applications where a relatively invariant
frequency response is required the RISO geometry configuration demonstrates good

mechanical characteristics in this regard.

2.3.7. Cutout influences

Presented here is an investigation on the influence of selective cutout tiling on the
dynamic performance of silicon microcantilevers. Surface microfabrication limitations of
the MUMPs technology requires etch holes to access underlying sacrificial layers. These
are unavoidable in this particular silicon foundry process. Shown in Figure 2.38 are some

examples of MUMPs technology structures with cutouts (etch holes).

@116 15KV 3190 109

e

Figure 2.38. MUMPs technology requires cutouts for passage of etchant.
Left: microcantilever. Right: Capacitive diaphragm.
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The mechanical properties of microcantilevers are dependant upon the physical
parameters of the device. In other situations, the cutouts can also be introduced
deliberately to tune the elastic behaviour. In this regard, the cutouts can be used to
influence either the stiffness domain or the mass domain of the microcantilever depending
upon where the cutouts are placed along the length of the microcantilever [204, 206].
The cutouts could be implemented in both surface micromachining and in bulk
micromachining processes. Shown in Figure 2.39 is a schematic of cutouts placed along

a microcantilever for left-to-right tiling and right-to-left tiling, respectively.

Figure 2.39. Schematic overview of examples of cutouts placed along a
microcantilever. For the microcantilever pairs, in the top one has the cutouts placed
left-to-right while in the lower one they are placed right-to-left.

The microcantilever dimensions investigated here are length L = 1050pum, width w =

100um, and thickness # = 10um.

Given in Figure 2.40 are the variations in the first eigenvalue as a function of cutout
placement for left-to-right and right-to-left cutout tiling respectively. The results are

compared with a finite element model using FEMLAB [43].
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The left-to-right tiling has a greater initial influence on the mechanical stiffness of the
microcantilever as can be seen from the reduction in the eigenvalue. As the cutouts are
moved to the right the frequency increases as the mechanical stiffness is restored and
mass is removed form the microcantilever. In this regard the mass and stiffness domains
can be defined; for left-to-right tiling the mass domain is for points to the right of the
minimum of the curve, and the stiffness domain as points to the left of the minimum.
Similarly for right-to-left tiling the mass domain is to the left of the apex and the stiffness

domain is to the right.

It can be seen from these plots that the theoretical formulation in its present format is
limited in modeling microcantilevers with cutouts. This is especially true for cutouts
located in the stiffness domain of the microcantilever. Hence, a new approach is required
in order to improve upon the theoretical model. This new method, called the segment

Rayleigh-Ritz method, will be introduced in Chapter 3.

2.4. SUMMARY

A theoretical analysis of microfabrication, electrostatic, thermal, geometry and cutout
influences on the static and dynamic properties of microcantilevers was presented. The
microfabrication influences and limitations at the microcantilever support boundary were
modeled using artificial rotational and translational springs. The eigenvalues and mode
shapes were obtained for different end support conditions by varying the value of the

rotational stiffness. In this manner the boundary characterization theory presented aims
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to quantify the limitations and limitations that are an intrinsic part of MEMS
manufacturing processes. The electrostatic modeling incorporated the applied voltage
through an electrostatic softness in the dynamic regime. Both the static and dynamic
performances were simulated for a given applied voltage. Thermal influences took into
account the changes to geometrical properties of the microcantilever. It was shown that
the influence of thermal loading can affect the frequency response of a microcantilever
through the changes to the linear dimensions of the device. Coupled electro-thermo-
boundary support influences were also presented. It was shown that the combined effect
can significantly alter the performance characteristics of a microcantilever. The
sensitivity of the microcantilever to a thermal load was increased as the applied voltage
was increased. Four width tapered profiles were presented. The geometry conditioning
is a method in which either stiffening or softening attributes may be obtained through the
selection of an appropriate contour geometry. The coupled effect of electrostatic and
width tapering was also analyzed. Another method to influence the geometry is through
cutouts incorporated into the microcantilever. The dependence of the eigenvalues on the
number of cutouts for lefi-to-right and right-to-left tiling patterns was demonstrated.
Through an interpretation of the graphed results a respective mass and stiffness domains
have been defined. The modeling of the cutouts was compared to an FEM method and
the results showed significant differences.  Therefore, in order to better analyze the
effect of etch holes and cutouts on the static and dynamic characteristics of
microcantilevers, a new theoretical formulation based on a segment Rayleigh-Ritz

approach is presented in the following chapter.
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Chapter 3

SEGMENT RAYLEIGH-RITZ METHOD

Presented in this chapter is an improved method for predicting the static
and dynamic characteristics of microcantilevers with cutouts. The
theoretical formulation is based on a segment Rayleigh-Ritz approach.
The theoretical analysis includes a comparison of the results obtained

with non-segmented, finite element and segmented approaches.

3.1. INTRODUCTION

The results obtained for the normal Rayleigh-Ritz method in Chapter 2 for
microcantilevers with cutouts showed a significant variation from FEM models. This is
due to the requirement that the deflection functions, in this case the orthogonal
polynomials, be continuous over the microcantilever length and satisfying the outer edge
boundary conditions as well as those at the cutouts [126, 157]. A direct result of this is a
lower reduction in the strain energy (stiffness) of the microcantilever in the cutout region
as compared to its kinetic energy (mass) [157]. Hence, this will lead to generally higher

eigenvalues as seen in Figure 2.40, especially, in the stiffness domain.
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3.2. SEGMENT RAYLEIGH-RITZ METHOD

In this approach, the microcantilever beam is modeled by a series of interconnected
segments of various lengths as shown in Figure 3.1. The beam segments are joined
together by inter-segmental artificial rotational and translational springs. By using this
method cutouts of a given length and width in the microcantilever can be modeled as a

single segment.

The theoretical formulation presented here is based on the work given in Chapter 2.
However, the microcantilever is divided into a number of n,, segments that is a function
of the number of cutouts, n.. For example, a microcantilever with one cutout will be
divided into three segments, a microcantilever with two cutouts will be divided into five
segments, and so on. Hence, the number of segments for a given number of cutouts is
given by,

nsg =2n.+ 1 3.1)
In this approach the individual segments are connected by rotational and translational
springs. Given in Figure 3.1 is the enumeration method used to identify the
microcantilever beam segments and spring elements. This is illustrated in Figure 3.2 for a

microcantilever with one cutout, for example.

84



Sg =] sg = sg = sg = sg =

ANNNNRNN

Figure 3.1. Top: A microcantilever divided into 5 segments. Bottom: A
close up of one segment and the numbering scheme employed to define
the sides for each segment.

Hence, the inter-segmental springs are numbered in the following manner, for the
rotational, Ksgs, for example, sg refers to the segment, and § refers to the side, either 1 or
2, of the segment. The same notation is used for the inter-segmental translational springs.
An illustration of a microcantilever with one cutout is given in Figure 3.2. This
enumeration concept is illustrated in Figure 3.3. The boundary support springs, K and

Kp, remain as they were defined in Chapter 2.
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ANANANANAN

Figure 3.2. Top: Microcantilever with a single
cutout. Bottom: The microcantilever is divided into
three segments for modeling (Top view).

HR Kri2 = Kr2i Kr22 = Kp3;

Kr K712 =K K722 = K734

)

G

Figure 3.3. An illustration of the segment approach. The
individual segments are joined by artificial rotational and
translational springs (Side view).

The problem of the discontinuity of the shape functions at the cutout boundaries of the
microcantilever is overcome in this approach as each segment is allocated its own set of
orthogonal polynomials as shown in Figure 3.4 for three segments, based on free-free

boundary conditions.
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4,0

Segment 1

Segment 2 P Segment 3 N
_4 1 1 1
o] 05 1 15 2 25 3
Segmental length
Figure 3.4. Each microcantilever beam segment is
allocated its respective set of orthogonal
polynomials.

For the segmented microcantilever the strain energy is given by,

T )3 T
U(T) iy Esg( )hsg( )] w )
B —

Osg " 2
Y, ()W (x)) dx (3.2)
e 241 5[ ¢ ¢
where W, and W, will represent the static and dynamic deflections, respectively.
The segmentized electrostatic static potential energy equation becomes,
= g e, L Pw, TV w_(x w_(x)Y w_(x))Y
U(T)ES = _Z réotsg Osg sg J'\Psg (x) 1+ xg( ) + sg( ) 4 sg( ) e (33)
sg=1 2’dO sg 0 Osg dO sg d

Osg

where third order terms and higher are ignored. The maximum Kkinetic energy of the
microcantilever is given by,

- 1 r 1
T(T)B — Zl szpsg(T)h,g(T)Lsg( )Wosg(T) \I]sg(x)(mg (x))Z dx
sg= 0

34
Where the following definition applies,
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Wig(x) = )

L4

3.2.1. Static behaviour under electrostatic influence

(3.5)

Equation (2.27) for the static equilibrium is now rewritten to take into account the

individual segments and is given by,

(T . . . 7 \
EZ+K5) 6:(008;(0) + K3, 6,(0);0) + K, 6, (0, 1)
Ajse
|+ K0 4080~V R B, |
g zj: - [K S 4,(08,(0)+ K006, (D, (0)]A j-Lsg
e 00,0+ 5257508, s
1
=V [¥, () (0)dx
\ 0 J
Vi=12.,nj=12..,nsg=12,..ng
Where these definitions apply,

E? = [¥, (08 (08, (x)dx

xjsg

1
B o= [¥, 06,09, (x)ax
0
()3 (8}
¢ _ 12K sy ) * _ 12__KRSgSL‘ =1,2
TsgS — g @Opms > RS - EDpm3 ’
1 1 1 1
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(3.62)

(3.6b)

(3.6c)



T )4 T T)4
. 80€W0()L() . gogwo()L()
VD s =—m e = (3.6d)
1) ™ 43 (9] Ty 42 :
E g [ Osg dOsg 2E I Osg dOsg

In the case of the static analysis, the deflection functions refer to the static deflection.
3.2.2. Dynamic behaviour under electrostatic influence

For the dynamic analysis the segmental electrostatic stiffness now is written as

My (D42
EoE Wosg L Vs ¥, ()

Sg

Es D se. Osg ( 0sg Ssg(x)F

KO (3.7)

and the electrostatic potential energy for the dynamic analysis for each segment is given

by,

UDgp —Z IK(T) & (W (x)? dx (3.8)
sg=1
where the integrations are carried out over each microcantilever beam segment. The

eigensystem is written as,

i i )

EF +K{) 4,(08,0)+ K@), (0)8;0) + K3, 8,()8, (1)

i sg

(3.9)
zz (m* M N

€ /7 [KT581 ¢i (1)¢j (O) + Kngl ¢i (1)¢J (O)]Aj_l,sg

+K 3 4,08, - IK“’ b (), () 4D EY
L

K, 6.08,0+ K260, 04,0

=0 )
Vi=12..nj=12..,nsg=12,.ng
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Solution of the eigensystem in Equation (3.9) will give the segmental eigenvalues and
natural frequencies.

2 (T) M Oy O
ﬂ.(T)z _ C()n S8 p sg wOsg hsg ‘Lsg (3 10)
n & E DM @ :

sg Osg

The eigenvalues of the microcantilever are obtained from,
A0 =p2 20 (3.10a)

sg°n sg

Given in Figure 3.5 is an example of the strain and kinetic energy matrices for a
microcantilever consisting of 3 segments. Although 10 polynomial functions were used

in the modeling, the representation given here is limited to 5 for clarity.

With respect to Figure 3.5 the following definitions apply,
K, =E7 +K3) 6,008,000+ K0 6,080+ K5, ¢, (g, () + K5, ¢ (D (1)

— [K" 8,00, ()

ks =K 6.(08,(0) - K88, (D8,(0) ~ K&, 8,(0)8, ) - KD, 6, (00 (1)

My, = ADEY (3.11)
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Figure 3.5. Top: Strain energy matrix. Bottom: Kinetic energy matrix.

The results for the segmental approach are given and compared here. In this analysis the
segment Rayleigh-Ritz method is validated firstly by comparing the static deflections,

3.3. ANALYTICAL RESULTS




modes shapes, and virtual deflections for a microcantilever (without cutouts) divided into
several segments. This analysis will serve to confirm the theoretical formulation through
the invariant results obtained for any number of microcantilever beam segments under a
given electro-thermal load. The microcantilever beam has the following dimensions L =
1000pum, w = 100um, 4 = 10pum, and operating conditions 7' = 400 Kelvin and ¥ = 20
volts. Shown in Figure 3.6 are the normalized first and second mode shapes for 1, 2, 3

and 17 segments, respectively.
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Figure 3.6. A comparison of the first and second mode shapes as a function of the
number of segments. Top row: 1 and 2 segments. Bottom row: 3 and 17 segments.
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It can be seen from Figure 3.6 that the mode shapes are identical for all the

microcantilever models of various segments.

Hence, the segmentized eigensystem

formulation is validated through these invariant properties.

The static deflection of the microcantilever for a given applied voltage is given in Figure

3.7 for 1, 2, 3 and 17 segments respectively.
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Figure 3.7. A comparison of the static deflections as a function of the number of
segments. The bias voltage is 20V. Top row: 1 and 2 segments. Bottom row: 3 and

17 segments.
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The virtual deflections [31] are defined as the ratio of the inclinations, dz/dx, of the
second mode to the first mode. They are presented in Figure 3.8 for 1, 2, 3 and 17

segments respectively.
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Figure 3.8. A comparison of the virtual deflections as a function of the number of
segments. Top row: 1 and 2 segments. Bottom row: 3 and 17 segments.

The 1* and 2™ natural frequencies obtained for this analysis are given in Table 3.1.
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Table 3.1. Comparing the first and second natural
frequencies of a microcantilever as a function of the
number of segments.

Segments 1 2 3 17
1* nat. Freq. (Hz) 12658 12658 12658 12658

2" nat. Freq. (Hz) 79694 79694 79694 79694

It can be seen from the mode shapes, electrostatic deflections, and virtual deflections
obtained for the segmentized Rayleigh-Ritz method that they are all equal regardless of
the number of segments incorporated into the microcantilever model. This approach is
now compared to an FEM Euler-beam model method using FEMLAB [43] for 1, 3, and 5
segments respectively. In this model there are 1 and 2 cutouts of equal size, respectively,
for the 3 and 5 segment analysis. The one segment microcantilever has no cutouts. The
results obtained for the first and second natural frequencies are presented in Table 3.2.

Table 3.2. Comparing the first and second natural

frequencies of a microcantilever beam using the

segmentized Rayleigh-Ritz method and an FEM
Euler-beam model.

Number of Seg. Rayleigh-Ritz FEM

Segments (Hz) (Hz)
1% nat. Freq. 13799 13798

1 2" nat. Freq. 86475 86476

1* nat. Freq. 12941 12941

’ 2" nat. Freq. 88053 88053

1% nat. Freq. 13548 13548

’ 2" nat. Freq. 85528 85527
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The results shown in Table 3.2 indicate that the segment Rayleigh-Ritz method
employing orthogonal polynomials as the deflection shape functions can be applied to
microcantilevers with cutouts, where each segment is allocated its respective group of
shape functions. Hence, these results and the FEM comparison validate this approach as

a suitable and precise alternative to the standard Rayleigh-Ritz energy method.

It is of interest to compare the standard model with the new formulation to see if there are
significant variations between the two approaches to modeling microcantilevers with
cutouts. In this analysis a microcantilever of length 1000pum, width 100um, and

thickness 10pum has single 50 x 50 um’® cutouts centered on various locations (125um,

275um, 425um, 575um, 725um and 875um, respectively) along the length of the beam
with respect to the fixed end. The results obtained are given in Table 3.3 along with a
comparison of the first two natural frequencies of the microcantilever beam as a function

of the number of segments.

Table 3.3. A comparison of the natural frequencies of a microcantilever
with single cutouts placed at various locations along the beam. Three
segments were employed in this analysis.

Center of Ray.-Ritz (Hz)  Seg. Ray.-Ritz (Hz) FEM (Hz)

Cutout (um)

No cutout 12070 12070 12067
125 11480 11516 11516)
275 11755 11748 11748
425 11974 11949 11949
575 12143 12139 12138
725 12333 12359 12359
875 12564 12564 12564
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Also the values obtained and shown in graphical form for left-to-right cutout tiling in
Figure 2.40 are compared in this approach. They are given in Table 3.4. The
microcantilever beam dimensions used are L =1050pm, w = 100um, 2 = 10um. The
cutouts are 50 x SOum2 and are placed SO0pm apart with the first cutout centered on 75um.

Each cutout is added sequentially into the analysis.

Table 3.4. A comparison of the first eigenvalues for the Rayleigh-Ritz,
segment Rayleigh-Ritz and FEM methods for lefi-to-right cutout tiling.

Cutouts  Numberof  Rayleigh-Ritz Seg. Rayleig-Ritz FEM

Segments
0 1 3.52 3.52 3.50
1 3 3.33 3.19 (3.19)
2 5 3.23 3.00 3.01
3 7 3.16 2.89 2.90
4 9 3.13 2.85 2.84
5 11 3.12 2.82 2.82
6 13 3.12 2.81 2.82
7 15 3.16 2.86 2.85
8 17 3.23 2.90 2.90
9 19 3.34 3.01 3.00
10 21 3.5 3.15 3.15

From the results obtained it can be seen that the segment Rayleigh-Ritz approach is in
better agreement with the FEM method while the single segment approach provides

higher values. The underlined values in parenthesis in Tables 3.3-3.4 obtained for the
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FEM method were included to provide continuity with the values obtained with the
segment approach. However, for that particular geometry FEM Euler beam method

could not provide an analytical solution.

The combined effect of electrostatic, geometry and cutouts is also investigated using the

segmented approach. The static deflection for a given microcantilever width profile and

a given applied voltage, and as a function of the cutout size is given in Figure 3.9.
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Figure 3.9, The variations to the electrostatic deflections as a function
of the microcantilever cutouts.
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The deflections decrease as a function of the cutout size due to the reduction in the
microcantilever surface area, and hence, a reduction in the electrostatic force acting on

the microcantilever.

3.4. SUMMARY

An improved method to predict the static and dynamic characteristics of microcantilevers
with cutouts has been demonstrated. This model builds on the theoretical foundation for
boundary support, electrostatic, thermal, and geometry influences established in Chapter
2. The method was compared to the standard Rayleigh-Ritz and FEM methods, and was

found to be in good agreement with the FEM method.
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Chapter 4

MICROSYSTEM TESTING METHODS

Presented in this chapter is an overview of MEMS testing methods, and
the experimental setup used for the investigation of the static and dynamic
characteristics of microscale devices. A detailed experimental procedure
is also included along with some sample test results for different

microdevices.
4.1. INTRODUCTION

Testing of MEMS devices is one of the important steps in the overall development of
microsystems as the commercialization of a given microsystem depends upon the
successful validation of the functionality and reliability through experimental testing.
Theoretical modeling alone, can only approximate the performance characteristics, hence,
a real operational profile can only be obtained through specific testing. Specially
designed test equipment and experimentation methods are needed due to the small sizes
of the MEMS components. Furthermore, the effect of the microsystem size and
microfabrication processes and tolerances makes interpretation of the results very
difficult. One of the main considerations is how to perform direct measurements on
MEMS devices in a way representing the actual micromechanical elements used in

microsystems and the environments under which they will eventually operate. Hence, in
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order to obtain accurate data, researchers started to develop their own testing methods

specially designed for microscale devices [277].

4.2. TESTING METHODS

The currently available test methods [232, 233] for MEMS can be categorized into two
general groups, (1) contact and (ii) non-contact types. Several of the important techniques
include: the microtension test where the fracture strengths and Young’s modulus can be
estimated for non-integrated free standing structures [225, 249, 276]; the axisymmetric
plate bend test is primarily used to measure the fracture strengths of relatively thick
microstructures [35, 93]; the microbeam bend test where a concentrated load is used to
deflect the microstructure and is used for measuring Young’s modulus and yield and
fracture strength of the microdevice [64, 266]; the M-test where an electrostatic force is
applied to bend thin microstructures in order to obtain experimental characteristics for
Young’s modulus and residual stresses [68, 96]; the wafer curvature measurement
method is used primarily for the quantification of residual stresses [72, 257]; dynamic
(resonance frequency) tests are suitable for measuring Young’s modulus of elasticity and
residual stresses in both thick and thin free standing microstructures [99, 187, 188, 280].
These approaches require that the MEMS structure be disturbed in some fashion from its
rest position and the changes measured either optically (interferometry, Doppler shift) or
electrically (capacitive, resistive), for example. For the contact method, known
deflections from the stationary position are applied by a stylus, microprobe or

nanoindenter [116, 166, 219], or through some other non-electrical deflection method
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such as mass loading [65, 140]. The mechanical properties of the MEMS structure or
MEMS material are then deduced from the interpretation of the specific test results under
a given applied load. In many cases the use of a contact excitation mechanism will result
in the destruction of the MEMS device and hence should only be used sparingly and very

selectively.

Hence, after considering all these testing methods and their advantages and disadvantages
within the limits of existing test equipment available at the CONCAVE research center, it
was decided to setup a non-contacting optical test method. This approach is relatively
simple both in terms of equipment types and experimental set up considerations. Also, as
it is a non-contacting sensing method the MEMS structures will not be overly subjected
to handling and other contact forces which could lead to the damage of MEMS chips.
Hence, in this regard, non-contact measurement methods can be used quite easily. The
excitation and sensing mechanisms are both done in a manner not requiring any direct
contact with the MEMS structure. Interferometry, for example, measures the deflections
of microcantilever beams by noting the changes to an optically induced fringe pattern
before and after the deflection. A monochromatic light source with good reflection
characteristics with regards to silicon is generally used and is incorporated onto a
Michelson interferometer platform and the deflections are induced through an
electrostatic excitation mechanism [102]. The main limitations to the non-contact optical
detection methods are the optical alignment of the light source, optics, and microdevice.

The scattered light can also pose a problem if it impinges upon secondary structures
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resulting in the optical detector analyzing and interpreting multiple signals from various

structures.

4.3. LASER DOPPLER VELOCIMETRY (LDV)

The laser Doppler velocimetry approach is especially suitable for microsystems because
of the size issues discussed previously. This method measures surface velocity either at a
localized point or across a plane defined by a laser light sheet. The configuration adopted
here can only measure single point velocities where the out-of-plane motions of the
microdevice are detected through the changes in surface velocities as the device is
subjected to some base excitations. In this method, a Helium-Neon (HeNe 632.8nm
wavelength) laser is used as the light source. The light reflected back from the surface
goes through a shift in frequency by an amount proportional to the velocity of the surface.

This concept is illustrated in Figure 4.1.

—

HeNe Laser

Deflection profiles at
resonance of a typical
microcantilever beam.

Figure 4.1. This is a typical microcantilever deflection at
resonance, and the LDV method to determine the natural
frequency. Changes in the beam position with respect to
the laser induce a phase shift between the input and output
signals.
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An LDV detects the Doppler shift, induced by the vibrating surface, of the laser light that
is scattered from a small area of the MEMS device. The vibrating MEMS device back
scatters light from the laser beam and the Doppler frequency shift is used to measure the
surface velocity which lies along the axis of the laser beam. In certain LDV
measurement systems a Bragg cell serves to shift the light frequency of the incident laser
beam in order to demodulate the frequency of the laser light [246]. The LDV system
used for these experiments had a rotating disc in place of the Bragg cell [25] where the

optical laser frequency was shifted by 3.456MHz.

4.3.1. Demodulation of the laser signal

As laser light has a very high frequency (~ 4.74 x 10'* Hz), a direct demodulation of the
light is not possible. Hence, an optical interferometer is used to mix or heterodyne the
scattered light with a reference beam of a given reference frequency that is determined by
the frequency shift due to the rotational velocity of the disc. In this setup two frequency
shifts were possible, 3.456MHz and 0.922MHz, for high and low frequency
measurements, respectively. Hence, in this regard the 3.456MHz frequency replaces the
high optical frequency of the laser source through the heterodyne process. The term
heterodyne means to generate new frequencies by mixing two or more signals in a
nonlinear device such as a photodiode. The mixing of each pair of frequencies results in
the creation of two new frequencies termed beat frequencies, of which one is the sum of

the two frequencies mixed, and the other their difference. The detection setup used in
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these experiments makes use of the frequency difference, |[fiaser~fLaser+Disc| fOr signal

demodulation purposes where f1asr+Disc iS the frequency shifted laser light.

The frequency modulated signal is a function of the direction of motion of the surface
under investigation. For each vibrational cycle the surface motion is zero at two
positions of the vibrating microcantilever, hence in order to maintain a signal response at
the photodiode the beat frequency, fpisc = |[fLaser~Laser+Disc, Output is used for calibrating
the 0 voltage level corresponding to these two positions. This principle is shown in
Figure 4.2. The photodiode measures the Doppler frequency shift caused by the vibrating
microdevice and outputs a voltage signal proportional to the surface velocity of the

device.

“ T i
Mu“
‘ !{} ‘;J Illi U ‘ } U

Figure 4.2, Examples of: a) High frequency profile of laser. b)
High frequency laser and vibrational response profile. c¢) Beat
frequency, fpis.. d) Beat frequency and vibrational response profile.
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As the microcantilever vibrates it repeatedly moves towards and away from the light
source as shown in Figure 4.1 above. In this respect the beat frequency is modulated by
the back and forth motions of the surface. This results in an increase and decrease in the
beat frequency for fo and fro motions respectively. This is illustrated in Figure 4.3. An

overview of the internal optical setup is given in Figure 4.4.

Figure 4.3. The vibrational frequency, f, is obtained from the
demodulated beat frequency. a) Beat frequency. b) Beat frequency
plus Doppler ro motion. ¢) Beat frequency minus Doppler fro motion.
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Figure 4.4. A schematic representation of the LDV measuring
mechanism using a Michelson (heterodyne) interferometer arrangement.
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4.4. TEST SETUP AND PROCEDURE

The experimental setup consisted of a commercially available Briiel & Kjer [25] LDV
with HeNe laser and photodiode detector. The nominal beam diameter, as specified by
the manufacturer, of the laser at the output is ¥ 1mm. The signal detection system
consisted of an oscilloscope for the time-domain reference, and a spectrum analyzer for
the frequency domain. All the microstructures tested were mounted onto a flat surface
for ease of manipulation. The vibration frequency detection limits of the available
equipment had an upper limit of ~ 25kHz. Shown in Figure 4.5 is an overview of the

optical work bench and experimental setup.

~ Microscope

~ LDV System

Diverging-Converging
Lens Combination

: Frequency Analyzer

Mounting for MEMS Device

Figure 4.5. The optical bench and test equipment used in the experiments.
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Given that the laser beam diameter (Imm) was too large to be used on microscale
structures, a diverging-converging lens configuration was used in order to reduce the
beam diameter and focus the laser beam onto the microstructure. Different laser spot
sizes may be obtained by varying the distance between the lenses in order to test devices
of different dimensions [209, 211]. Shown Figure 4.6 is the lens train used in these

experiments.

The equipment that was employed for properly focusing the beam consisted of an
oscilloscope/frequency analyzer, and micro-positioners. The micro-positioners were used
for fine-tuning the diverging-converging lenses to optimal positions [151]. By employing
this combination of lens separation, oscilloscope signal, and micro-positioners, any

desired well focused laser spot size can be achieved.

Figure 4.6. The lens train consisting of a diverging-converging lens
combination.
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A note of caution regarding the laser spot, as the laser beam diameter is reduced the
luminous intensity of the beam increases dramatically [151]. In order to reduce the
intensity at the detector and to prevent overloading a filter attenuator is positioned
between the two lenses (Figure 4.6). Given in Figure 4.7 is a schematic showing the two

lenses physical characteristics.

¢L =21mm
le = -40mm

-

03

2 o j T~
L

Figure 4.7. The physical characteristics of the laser beam focusing
lenses used in the experiments.
Top: Diverging lens (L/). Bottom: Converging lens (L2).

1
. A

109



Some sample calculations for the spot sizes on the converging lens, L2, and on the
MEMS chip are given here [151]. For a given diverging-converging lens separation Lp ,

the spot size, ¢, on L2

¢L2 = 2arctan (61,1 )‘LD—C 4.1)

Where the following definition applies,

¢Laser

2
0. = (4.1a)
Y

@raser 1S the laser beam diameter at the output (taken as Imm [25]), and 6, is the

minimum angular divergence of L/.

The spot size on the MEMS surface, @uewms, is calculated from,

42’Laser fL2
MEMS = — 4.2
Poes =2 6,2) @2

The results obtained are presented in Figure 4.8.
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Figure 4.8. Top: Laser spot size on the converging lens, L2, as
a function of the lens separation. Bottom: Laser spot size on
the MEMS surface as a function of the lens separation.
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The marked portion of the curves presented in Figure 4.8, indicate the nominal lens
separation used in the experiments carried out for this work. Some sample values are

given Table 4.1.

Table 4.1. Some sample values of the laser spot sizes on
L2 and the MEMS surface for the nominal lens
separations used in these experiments.

LD‘C ¢L2 ¢A/IEMS
(cm) (mm) (um)
15.0 3.75 43.0
17.5 4.37 36.8
20.0 4.99 322
22.5 5.62 28.6
25.0 6.25 25.8

By careful analysis and cross-referencing of the time domain and frequency domain to a
single frequency signal allowed for proper optical alignment to be used for microscale
devices. Shown in Figure 4.9 is a microscope image of several AFM chips with the

focused laser spot.
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Laser spot

Figure 4.9. Top: A microscope image of several AFM chips
with the laser spot on the central one. Bottom: Microscope
image showing the laser spot as it approaches one of the
microcantilevers. The nominal microcantilever width is 35
microns.
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4.4.1. Experimental setup details

The HeNe laser was mounted onto a fixed immovable platform. The offset height of the
laser housing from the optical table was done so that there would be a degree of motional
freedom in the vertical direction in order to properly mount and align the other devices.
Initial tests on the limiting detectable range of the laser showed distances in excess of 5
meters (for reflective tape) which was well within the laser-device distances used in these
experiments (< 0.3 meter). All the other equipment used for the experimenting was
aligned and mounted with respect to the laser position. Each lens was mounted onto
individual XY micro-positioners. Here, the XY directions refer to motions along the
laser beam axis, and radially outwards, respectively. The bi-directionality of these
platforms enabled and facilitated the fine-tuning of the lens positions for signal

optimization.

Initial, rough lens positions (with respect to the HeNe laser, and also with respect to each
other) were determined by first impinging the laser light onto a piece of reflective tape on
a wall 1.5 meters away. A circle of ~2 cm diameter was drawn around the laser spot.
Then the diverging lens was inserted into the optical path of the laser beam and adjusted
so that the laser spot was still centered on the 2 cm diameter circle. Similarly, the
converging lens was inserted into the optical path, with the diverging lens still in place,
and also adjusted so that the spot remained centered on the 2 cm diameter circle.
Planarity or parallelism of the lenses with respect to each other and, orthogonality with

respect to laser beam propagation axis, was determined through a single frequency signal
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processing and optimization carried out by varying the XY positioner of the respective
lens, and by carefully rotating the lenses to optimal positions as determined by the signal
response. The beam shaping and orientation with regard to the lenses in the outbound

and inbound directions is shown in Figure 4.10.

Figure 4.10. A schematic representation of the laser beam profiles.

Top: Outward bound. Bottom: Inward bound with respect to the laser.

As the laser mounting rendered the laser immovable, the MEMS devices were mounted
onto a rotational platform for angular alignments and to a pivoting support for pitch
control, and the whole fastened onto a XYZ micro-positioner, where the X direction
corresponds to the laser beam propagation direction and the Z direction corresponds to
radially up/down motions with respect to the laser beam. This allowed the laser beam to

be incident on any position on the MEMS device by selectively varying the YZ

115



positioners. The third directional positioner X, of this platform, allowed for initial tuning
of the laser beam (changing laser-device distance while keeping lens positions fixed).
The rotational platform was used to maintain the device plane orthogonal to the X
direction. The correct directional alignments, rotational and pitch, were obtained by
careful monitoring of the output time domain signal to a single frequency input signal,
and were done to ensure that the reflected laser beam from the micro device was reflected
back to the detector. An overview of the experimental setup and test equipment is shown

in Figure 4.11.

Frequency Analyzer Oscilloscope

MEMS support bracket
Mounting for MEMS device

HeNe Laser

Figure 4.11. Laser based optical test setup developed for the testing of
microscale structures.

116



4.4.2. Excitation mechanisms

The microstructures are excited electrostatically by an incorporated electrode assembly
and mechanically by shaking with an audio speaker. The electrostatic excitation
consisted of a capacitive arrangement where a DC voltage was applied in order to obtain
microcantilever static deflections. A swept frequency low amplitude sinusoidal AC
voltage was applied to obtain a frequency response of the microcantilever. The
mechanical excitation required that the MEMS microcantilever be mounted onto a flat-
faced audio speaker. The speaker was used as a mechanical shaker when a sinusoidal
swept frequency was applied. No static deflections were possible with the mechanical

excitation mechanism.

In the course of the experiments carried out, no appreciable differences were observed in
the frequency response of a given MEMS device using either of these two excitation
mechanisms. The only differences were in the mounting of the MEMS devices for one or
other test setup as the speaker required slightly more clearance from the optical bench
than the support for the electrostatic excitation. Also, the speaker employed did not
maintain uniform amplitude across the frequency sweep, whereas the electrostatic
excitation showed uniform signal amplitude across the entire swept frequency range.

Shown in Figure 4.12 is the mechanical excitation mechanism.
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Speaker
Microscope

"MEMS chip

N\

Converging
) lens
<«— Reflective tape S

Mirror

Figure 4.12. A close up image of the flat-faced audio speaker. This type of
speaker was selected for the ease of mounting the test structures. The bright
regions visible are the highly reflective tape used in the preliminary stages of
the experimental set-up and testing.

Shown in Figure 4.13 is the mounting for the electrostatic excitation. Shown in Figure

4.14 is a schematic of the electrostatic excitation mechanism.
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Microscope

MEMS packaged chip

Pitch
control

MEMS devices “Mirror

Figure 4.13. The support stand used for the electrostatic excitation of the MEMS devices.

Small amplitude

DC voltage AC voltage
Microcantilever

Insulation =~ Electrode

Figure 4.14. Schematic representation for the electrostatic
frequency response analysis of a microcantilever.
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The electrostatic DC voltage static deflections were measured under an optical
microscope with a 1000 magnification factor. Given in Figure 4.15 is an overview of

the DC static deflection experimental set-up.

+ | MEMS
@ __device

LED

Variable resistor

Signal e
= Amplifier
generator
Amplifier
power supply

Figure 4.15. An overview of the experimental setup and equipment used for DC
static deflections. Inset: A schematic of the safety circuit used to minimize the
current in the event of touchdown.

The safety circuit as shown in Figure 4.15 above was included in the electrical circuit
shown in Figure 4.14 in order to prevent destruction of the MEMS device in case of short

circuiting due to touch down. The safety circuit is illustrated in Figures 4.16-4.17 below
and was inserted in parallel with the MEMS chip as a current absorber in the event of

touchdown in the microstructure.
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Figure 4.16. An overview of the safety circuit employed in the DC static
deflection experiments. It consists of an LED and two megaohm
resistances in series.

Figure 4.17. Touchdown! The LED is on, hence current flows through
the circuit.
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The consequences of having one of the microcantilevers touchdown during a DC voltage
static deflection testing are quite dramatic. Shown in Figure 4.18 is an SEM image of a

MicraGeM [49] technology microcantilever after touchdown.

Figure 4.18. The consequences of electrostatic touchdown on a MicraGeM
technology microcantilever. The metal 1 and metal 2 layers have melted due to the
intense heat generated.
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4.4.3. Frequency response extraction

The method to determine the resonance frequency of each microcantilever consisted of
the following steps. Step one, once the microstructure was securely fastened onto the
support, the laser beam was focused onto the substrate and a frequency response of the
substrate was obtained by sweeping the input excitation of 0-25kHz with 2.5V amplitude.
Step two, the laser spot was then focused onto one of the microcantilevers and swept with
a 0-25kHz, 2.5V amplitude signal. In step three, the microcantilever response was
deduced using the base response. Hence the resulting spectrum contained only the
cantilever resonance(s). In this manner, the resonance frequency of each cantilever was
determined. This is shown in Figures 4.19-4.21 for an AFM chip and AFM

microcantilevers.
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Figure 4.19. Frequency response of the AFM chip substrate
generated by a base excitation sweep from 100 Hz to 25 kHz.
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Figure 4.20. The frequency response of the AFM chip and AFM
microcantilever.
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Figure 4.21. The pure AFM Type ‘B’ microcantilever resonance after
extraction from the global chip substrate response.
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4.4.4. Sample test results

The frequency responses shown in Figures 4.19-4.21 were obtained through swept
harmonic excitation using the audio speaker. When using his method it is necessary to
eliminate the response of the substrate from the final frequency response profile because
the mechanical shaking is applied to the entire MEMS chip. On the other hand, for
electrostatic excitation no subtraction of the substrate is necessary as only the MEMS
structure itself is being excited. Shown in Figures 4.22-4.24 are some sample test results

obtained using the LDV system established at Concordia University’s CONCAVE

research center.
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Figure 4.22. The frequency response of a MicraGeM technology
microcantilever. Shown are the first and second resonance peaks.
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Figure 4.23. The frequency response of a MicraGeM technology
microcantilever.
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Figure 4.24. The frequency response of a MicraGeM technology
microcantilever. Shown are the first and second resonance peaks.
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4.5. SUMMARY

The testing carried out required that a test setup, using simple test equipment, be
established first. This was achieved by using equipment [25] already available at the
CONCAVE research center. Once in place the aim of this work was to carry out static
and dynamic testing on several different microscale structures. The HeNe laser beam
diameter was reduced to a size that would be convenient for measuring the dynamics of
microscale devices such as AFM [153] probes, MicraGeM [152] technology, and
MUMPs [49] technology microcantilevers by the LDV test method [209, 211]. This was
achieved by a combination of a diverging-converging lens combination.  Excellent
signal-to-noise ratios were obtained by optimizing the lens separations for given devices,
and the two excitation mechanisms, mechanical and electrical, showed equally good
results. The dynamic response signal was very sensitive to the proper alignment of all the
optical components. The rotational platform and pitch control mechanism allowed one
to properly orient the MEMS device for testing, and the dynamic testing allowed for the
extraction of two resonance frequencies for certain structures, while the static testing,
carried out under an optical microscope, measured the tip deflection of the
microcantilever as a function of the applied voltage and incorporated a safety circuit to
prevent short circuiting and destruction of the MEMS device in case of touchdown. The
sample tests carried out on several different structures from varying silicon foundry
processes show that the experimental setup is suitable for the static and dynamic testing

of microfabricated, microscale, MEMS devices.
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Chapter 5

SUPPORT BOUNDARY CHARACTERIZATION

Presented in this chapter is the experimental and theoretical boundary
support  characterization of AFM and MicraGeM technology
microcantilevers.  The experiments are done under thermal and
electrostatic loading.  Using this approach the boundary support
condition is quantified with several different thermal and electrical load
conditions. The Rayleigh-Ritz energy method, as given in Chapter 2, is

used for the simulation.
5.1. INTRODUCTION

The development and integration of microsystems are very closely tied to current
microfabrication processes and foundry tolerances and limitations. These
microfabrication processes were built based on established silicon IC technology. During
the initial period of MEMS development the devices required only simple geometries and
were not meant to function in an electro-thermo-mechanical manner where geometry and
material properties such as Young’s modulus of elasticity influence the static and

dynamic characteristics of the microsystem to a great extent [35, 64, 187, 232].

Conventional microfabrication processes limit the fabrication of devices of both low

natural frequency and high natural frequency. Low resonance frequency planar devices
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would have relatively large surface features leading to high residual stresses, making
releasing of such devices difficult due to stiction. In the case of high natural frequency
devices the process limitation stems from a decrease in the relative active area [95]. The
inherent limitations of the micromachining processes have an influence on the boundary
support condition of microstructures {175, 176, 177, 178, 179, 207]. As a result, the non-
classical boundary support condition will alter the static and dynamic behaviour of the
microstructure by changing the stiffness characteristics due to the end support-

microcantilever interface. This problem is amplified as structures are further miniaturized

[137].

Theoretical modeling and simulation is necessary so that a performance basis can be
established for a particular micro-device. However, the performance characterization of
a microsystem through mathematical formulations only is incomplete as it does not take
into account the processes outside of the designer’s control, such as microfabrication
limitations. These processes can only be quantified through experimentation. Hence, the
data provided by the testing will not only augment the theoretical model, but also provide

feedback in understanding the effect of the micromachining process.

Presented here is the experimental investigation aimed at characterizing the support
boundary conditions of micromachined devices through both thermo-mechanical and
electro-mechanical testing. These multiple tests will provide a profile of the boundary
support condition through the invariant rotational stiffness, Kz values at different

thermal, and electrostatic loads, respectively.
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5.2. THERMO-MECHANICAL BOUNDARY CHARACTERIZATION

In this investigation, the boundary characterization of MicraGeM 10um technology
microcantilevers provided in part by Micralyne Generalized MEMS Prototyping
Technology and by the Canadian Microelectronics Corporation [42], and AFM
microcantilevers probes provided by MikroMasch [153] by thermo-mechanical testing is
presented [200]. Through the thermal loading, it is possible to test the same
microcantilever under many different stress conditions, and hence, obtain an
experimental profile of its dynamic characteristics [208]. The modeling of the
microcantilever boundary support is carried out with artificial rotational and translational
springs [175, 207], and the mathematical formulation is based on the Rayleigh-Ritz
energy method from which the natural frequencies and virtual deflections are obtained
[19]. With this approach the influences of the micro-manufacturing processes can be
conditioned through the boundary support springs which can be quantified through the

frequency response [134].

5.2.1. Boundary conditioning

A boundary conditioning approach is used to model and simulate non-classical boundary
support conditions, due to microfabrication influences, on the dynamic response of
microstructures [177]. In this method it is possible to vary the elastic properties of the
microsystem through the boundary support conditions. Shown in Figure 5.1 is the

conceptualized non-classical boundary support modeled with a translational spring, K7,
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and rotational spring Kz. £ is the longitudinal coordinate, and L is the length of the

microcantilever.

Figure 5.1. Representation of the microstructure with
boundary support springs.

In the simulation analysis, the values of K7y and Ky can be varied in order to model a
change in the support boundary condition from Free to Clamped. In the specific
configuration of the beam there is no translational motion at the support, and thus, the
support is modeled by applying changes to Kz only and maintaining a high K7 value,
hence modeling only Simply Supported to Clamped support end conditions. With this
approach it is possible to characterize boundary support conditions in microcantilever
structures such as AFM probes. The Rayleigh-Ritz method can estimate the dynamic
characteristics of the microcantilever for a given device geometry and rotational stiffness
K. Shown in Figure 5.2 and Figure 5.3 are schematic representations and SEM images

of the AFM boundary support.

The silicon-on-insulator (SOI) MicraGeM 10pm technology consists of anodically

bonding an SOI wafer to an etched Pyrex glass substrate and then employing a DRIE etch
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to pattern the single crystal silicon. The last fabrication step involves coating with a thin
metal alloy layer for electrical conduction and reflective properties. Illustrated in Figure
5.4 is a set of SEM images showing the boundary support of an SOI microcantilever. In
this process a certain amount of undercutting of the support structure occurred, however,
it is not considered significant enough to cause substantial changes to the microfabricated
boundary supports as is explained below. A schematic drawing of the undercutting is

shown in Figure 5.5.

microcantilever

0165 10KV %4000  1vn NDR

Figure 5.2. AFM boundary support top view. Left: CAD illustration.
Right: SEM image. “A” represents the same surface.

AFM chip

AFM

microcantilever

Figure 5.3. AFM boundary support bottom view. Left: CAD illustration. Right:
SEM image close up.
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Figure 5.4. a) Overview of an array of cantilevers fabricated using MicraGeM
10um technology. b) View of boundary support. The undercut is ~1um. c) View of
boundary support at Pyrex-SCSi interface.
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Figure 5.5. A schematic overview of the MicraGeM
process layers and the undercutting of the silicon
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The elastic properties and geometry of microstructures subjected to a thermo-mechanical
environment are strongly dependent on temperature variations. Hence, it is very
important to predict the influence of temperature on the strain energy and kinetic energy
of the microstructure so that the Rayleigh-Ritz method can be applied for predicting the
dynamic behaviour. This research attempts to quantify the non-classical end conditions
encountered in micromachined microcantilever beam supports and hence, it is required to
create a few different operating conditions that result in different elastic properties but
maintaining the same end support conditions. In this way, one would be more confident
in identifying the influence of boundary support conditions. In the experimental
investigation the microstructures are tested at different thermal conditions. It is also
assumed that the end support conditions due to micromachining limitations would not

change with thermal environment conditions.

5.3. THERMAL INFLUENCE

The thermal loads applied to the microsystem are modeled by taking into account the
changes in dimensions of the microcantilever and material properties such as the
dependence of the coefficient of thermal expansion, ¢, for SCSi on temperature [80, 165,
212, 262). The other parameter considered for thermal dependence is Young’s modulus
of elasticity given by Equation (2.21) and as outlined in [74, 84, 170]. The temperature
dependent length L, width w®, and thickness A" are calculated using thermal

expansions due to temperature as given by Equations (2.17-2.19).
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The mode shapes and natural frequencies, (Equation (2.32)), depend on the elastic
property of the microcantilever. The maximum strain energy of the microsystem includes
contributions from the microcantilever and the boundary support springs, and therefore,
the temperature dependent maximum strain energy of the microsystem then becomes a
function of temperature and is given by Equation (2.5). In this analysis the electrostatic

and geometrical factors are not included.

Maintaining the electrical input at zero, the flexural response of the microcantilever is a
function of the degree of influence the thermal and mechanical parameters have on the
microsystem as a whole. The natural frequencies and mode shapes depend upon the
temperature dependent properties and the boundary stiffness values Kz and K7 that are
determined by the type of micromachining foundry process. In order to include the
influence of microfabrication processes on the dynamic behaviour, in a simpler way as
defined by Equation (2.32), it would be advantageous if the influence is quantified
through Kz. Hence, it is required to determine the value of K for any given
micromachining process so that the influence of microfabrication processes can be

predicted in advance.

The experimental methods and procedures as described in Chapter 4 were adopted for
thermal testing [200]. It is assumed that the entire structure is uniformly heated during

the thermal testing with the heating pad and IR lamp. Hence, no stress due to thermal
gradients is expected. Any thermal effects due to the laser are negligible as compared to

the thermal loading. This was verified by calibrating the temperature sensing element at
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ambient temperature without the laser light and then again with the laser light. The main
requirement for the validation of the experimentation was to obtain an invariant value of
KR" under varying thermal loads, from which the particular silicon foundry process
influence can be extracted and quantified. Hence the multi-parameter conditioning of the
microsystem takes into account mechanical, thermal and microfabrication influences on

the static and dynamic characteristics of the microsystem.

5.4. EXPERIMENTAL METHODOLOGY

The thermal loading was applied through a MINCO R16.9 [154] heating pad with
variable current control and with an integrated resistance-temperature-detector (RTD)
temperature sensor. The temperature was automatically maintained and showed good
stability during the experimentation to a sensitivity of 0.1°C. The MINCO device was
used in conjunction with a 200W IR heating lamp and with this combination
temperatures up to 200°C were possible to achieve. Through a comparison of the

resonant frequency values obtained experimentally to those of the mathematical model,
an understanding into the influence of microfabrication processes and tolerances on the
boundary support conditions of microcantilever structures can be obtained.

5.4.1. Experimental results

It is known that microfabrication limitations include variations in geometry, material

properties and non-classical boundary conditions. In order to focus mainly on the
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boundary conditions the actual dimensions of the microstructures were used for modeling.

The dimensions of the AFM probes and the MicraGeM 10um technology SOI

microcantilevers tested in this work were measured using a scanning electron microscope

(SEM) and an optical microscope. The values used in the theoretical analysis and the

material constants supplied by the respective manufacturers, are tabulated in Table 5.1

and Table 5.2 respectively

Table 5.1. The measured physical parameters used in the theoretical modeling of
MicraGeM technology microcantilevers. The ™ indicates values as supplied by the
manufacturer at room temperature.

MicraGeM  Length Width Thickness  Elastic Mod. ™  Density ™
(pm) (pm) (um) (10°Pa) (kg m”)
#1 1010 100.1 10.8 129.5 2320
#2 1008 100 10.9 129.5 2320
#3 2012 201 10.8 129.5 2320

Table 5.2. The measured physical data of the AFM microcantilevers. The
## indicates values as supplied by the manufacturer, and the * indicates
tipless AFM microcantilevers.

AFM  Length Width Thickness Elastic Mod.™  Density "
(pm)  (um)  (um) (10°Pa) (kgm”)
#1 354 35.1 1.7 169.5 2330
#2 305 35.2 1.71 169.5 2330
#3* 351 345 0.94 169.5 2330
# 4* 299 35 0.96 169.5 2330
The results for the thermo-mechanical testing obtained for the MicraGeM

microcantilevers numbered #1-#3 in Table 5.1, are presented in Figures 5.6-5.8
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respectively. Results for the AFM microcantilevers are presented in Figures 5.9-5.12
respectively. Experimental results are shown together with the predicted values for both
classical and non-classical end support conditions. The value of K7 is maintained at 1 x
10'°, and the value of K" is varied in order to match the non-classical theory with the
experimental results. For the classical theory both K7 and K3 have been fixed to a value
of 1 x 10'® which models a fully clamped boundary support condition. For the condition
of KT* = KR* = ( models a free-free cantilever, and KT* =1x 10 and KR*= 0 models a
pinned-free cantilever. Evidence of the effect of the changing boundary stiffness Kz on
the elastic properties of the microsystem are found in the eigenvalues of Equation (2.32a).

Hence, the eigenvalues are strictly a function of the boundary support conditions.
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Figure 5.6. The variation of resonance frequency as a function of
temperature for MicraGeM microcantilever #1. The difference
between classical and non-classical is 0.31%.
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Figure 5.7. The variation of resonance frequency as a function of
temperature for MicraGeM microcantilever #2. The difference
between classical and non-classical is 0.46%.
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Figure 5.8. The variation of resonance frequency as a function of
temperature for MicraGeM microcantilever #3. The difference
between classical and non-classical is 0.34%.
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Figure 5.9. The variation of resonance frequency as a function of
temperature for the AFM cantilever #1. The difference between
classical and non-classical is 1.59%.
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Figure 5.10. The variation of resonance frequency as a function of
temperature for the AFM microcantilever #2. The difference between
classical and non-classical is 1.35%.
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The average difference from the classical boundary support for the MicraGeM and AFM
microcantilevers is 0.37% and 1.55%, respectively. The trend in both technologies was
consistent for all the devices that were tested. The smaller dimensions of the AFM
microcantilevers introduce errors in the measurement of the thickness, for example, and

this margin of error was maintained for all of the testing.

Given in Table 5.3 are the rotational stiffness values, Kz, required to match the
experimental values with the theoretical values. From the comparison of the theoretical
and experimental results obtained the influence of non-classical boundary conditions can
be seen through the K" values, that are a measure of the microfabrication influence for a
specific foundry process. Even though only a few devices were tested, they were found
to be in good agreement with the theoretical model. Statistical values can be obtained if
more devices are tested. One could see different ranges of KR* values for different
foundry technologies, thereby validating the present boundary characterization technique

based on experimental results.

Table 5.3. The rotational stiffness, Kz,
values estimated that match the
experimental values to the non-classical

theory.
MicraGeM AFM  AFM (Tipless)
660 124 112
505 158 130
558
Mean 574 141 121

142



In order to estimate the mass of the tip, the base of the tip was taken as a 9 sided polygon
with circumscribed radius of Sum as shown in Figure 5.13 and Figure 5.14, with a tip

mass m”.

Figure 5.13. Left: AFM microcantilevers. Right: Close up of the tip.
Insert: Side view of the tip.
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Figure 5.14. The assumed shape of the microcantilever tip base.
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The area of the 9 sided polygon base was calculated using

2
A= isin(ﬂ) (5.1)
2 9

from which then the volume of a 9 sided conic shape was calculated using
1
Volume = EAH (5.2)

where H is the height of the tip and taken as 15pum. The mass was estimated using a
single crystal silicon density of 2330 kg m™, however, as is shown in the insert of Figure
5.13 a substantial amount of mass has been removed from the backside of the tip. Hence
an adjustment was made in this regard in the calculations by removing 0.25m’ from m
This measurement is an approximation, hence, a calculation removing 0.23m” and 0.27m”’
respectively was carried out and resulted in a deviation of 0.14% from the experimental

values obtained.
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5.5. ELECTRO-MECHANICAL BOUNDARY CHARACTERIZATION

In order to substantiate and validate the boundary characterization it would be of interest
to investigate the static and dynamic properties of the microsystems under a different
input parameter such as electrostatic [210]. In this way it is expected that the
microfabrication influences will manifest themselves in a similar fashion for a given
microdevice as was the case for the thermal boundary characterization. This parallel
investigation serves two purposes, firstly it enables one to quantify the electrostatic
influences in themselves on the microsystem, and secondly when compared to the
theoretical model it is possible to extract and reconcile the microfabrication influences
with the non-classical mathematical model in a complementary fashion to the thermal
loading characterization. Again, an important requirement for the validation of the
experimentation was to obtain an unchanging value of Kz  under several different
electrostatic loads. The results will enable one to obtain a foundry profile for that

particular micromachining process.

The maximum strain energy, Equation (2.5), of the microsystem now has an electrostatic
component. Shown in Figure 5.15 is a digital image taken through a microscope of an
AFM chip with three microcantilevers suspended over a copper electrode. The AFM
chip is mounted onto an insulating material and hard wired to the anode of the power
supply, while the copper electrode is wired to the cathode. In this manner it is possible to

apply an electrostatic potential between the microcantilevers and the copper electrode.
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Figure 5.15. A close up image of the AFM chip and three
microcantilevers. Also seen are the microcantilevers shadows
on the copper electrode surface.

5.5.1. Experimental results

The results are again presented in graphical form and include both classical and non-
classical modeling curves. The static deflections were measured through an optical
microscope by focusing on the microcantilever end. When a potential was applied, the
microcantilever would deflect and hence the microcantilever end would be out of focus
with respect to the undeflected position. The deflection distance is obtained by noting the
difference in the focal point for the undeflected position to that of the new static
equilibrium position. Shown in Figure 5.16 are a set of superimposed photographs taken

at several different electrostatic potentials showing the changes to the static equilibrium
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position of the microcantilever, the theoretical deflections are also calculated using

Equation (2.27) and shown for comparison purposes.

Presented in Figures 5.17-5.18 are the static equilibrium position curves for the AFM
tipless microcantilevers #3 and #4, respectively, as given in Table 5.2 above. The
theoretical classical and non-classical curves are also included so that a comparison can
be made with the experimental results. Shown in Figures 5.19-5.20 are the changes to the
resonance frequency (experimental, classical theory, non-classical theory) as a function
of the applied voltage. The theoretical analysis for the classical and non-classical

boundary conditions made use of Equation (2.32).
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Figure 5.16. The static equilibrium positions for an AFM microcantilever at
different applied electrostatic potentials. Top: Experimental. Bottom: Simulation.
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Figure 5.18. The theoretical and experimental static equilibrium tip
positions of the tipless microcantilever #4.
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Figure 5.19. The frequency dependence on the applied voltage for the
AFM microcantilever #3.
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Figure 5.20. The frequency dependence on the applied voltage for the
AFM microcantilever #4.
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The results shown in Figures 5.17-5.18 are for an estimated dielectric gap dy = 88um,
from which a maximum electric field intensity 5.79 x 10° V/m was obtained for 510V.
For the results shown in Figures 5.19-5.20 the estimated dielectric gap was dy = 52um,

from which a maximum electric field intensity 4.04 x 10° V/m was obtained for 210V.

Included in the electro-mechanical boundary characterization are the static and dynamic
characteristics of two MicraGeM 10um technology microcantilevers. They have the
RISO and SORI geometry respectively. These two geometries were investigated in order
to complement the thermo-mechanical boundary characterization carried out on

conventionally shaped MicraGeM technology microcantilevers.

The support boundary characterization of unconventionally shaped microcantilevers such
as the RISO and SORI geometries, will enhance the experimentation already carried out
on the MicraGeM technology tolerances and limitations through the thermal and
electrical testing. Shown in Figures 5.21-5.22 are the static tip deflections as a function
of the applied voltage for RISO and SORI microcantilevers respectively. Shown in
Figures 5.23-5.24 are the resonance variations as a function of the applied voltage for

RISO and SORI microcantilevers respectively.
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Figure 5.21. RISO microcantilever tip deflections as a function of
applied voltage.
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Figure 5.22. SORI microcantilever tip deflections as a function of
applied voltage.
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The dielectric gap dyp for the MicraGeM technology microcantilevers was estimated as

13.3pum resulting in a maximum electric field of 1.8 x 10° V/m.

Presented in Table 5.4 are the KR* values estimated for the particular microfabrication
foundry process. The values obtained for the thermo-mechanical testing are also

included. From these results it is possible to establish a mean value for the foundry.

Table 5.4. The rotational stiffness, KR*, values estimated
that match the experimental values to the non-classical
theory for electro-mechanical boundary characterization.

Characterization RISO SORI | AFM #3 AFM #4
Electrostatic
Static 574 580 110 130
Electrostatic
Dynamic 586 600 108 128
Mean Static 577 120
Mean Dynamic 593 118
Mean Thermal 574 121
Mean Foundry 581 120

The mean foundry values in Table 5.4 are an indication of the variation obtainable in the
boundary support condition through silicon micromachining processes. The influence of
higher value of KR obtained for the MicraGeM technology microcantilevers can be seen
in Figures 5.23-5.24 where the deviation from classical to non-classical is quite small,

whereas by comparison for the AFM microcantilevers the deviation is ~1%. This would
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indicate that the mechanical characteristics of the MicraGeM are more predictable due to

the nature of the boundary support condition obtained through the higher Kz value.

5.6. SUMMARY

The boundary characterization of MicraGeM 10um technology and AFM
microcantilevers probes by thermo-mechanical and electro-mechanical testing has been
presented. The process limitations and foundry tolerances of microfabrication
technologies result in non-classical support conditions at the structure-support interface.
The microcantilever end support modeling was carried out with artificial rotational and
translational springs and the mathematical formulation was based on the Rayleigh-Ritz
energy method from which the natural frequencies and mode shapes are obtained.
Employing this approach, the influences of the micromachining processes can be

conditioned through the boundary support springs.

For the thermal influence, changes to both geometry and material properties were
incorporated into the model. Through the thermal loading it is possible to test the same
microcantilever under many different stress conditions, and hence, obtain a well defined
experimental result of its dynamic characteristics through the dynamic non-contact
optical testing method. The electro-mechanical characterization served to complement
the thermo-mechanical testing and the results obtained with both these testing

mechanisms are in very good agreement. For the electro-mechanical testing the frequency
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responses and the static deflections of the microcantilever tip as a function of the applied

voltage were obtained.

The comparison between theoretical and experimental results show a deviation that can
be attributable to microfabrication process limitations and foundry tolerances as
demonstrated by the stiffness values of the rotational spring. The errors introduced in the
measurements of the various microcantilever geometries and dielectric gaps will
influence the final results, and therefore for future work, one should investigate the
micromachining limitations through K" as a function of the geometry of the clamping

zone alone.

156



Chapter 6

SYNTHESIS OF MICROSYSTEMS

Presented in this chapter are the theoretical and experimental results for
the synthesized parameter influence on a microsystem. The analysis
includes boundary support, electrostatic, thermal, geometry and cutouts.
The natural frequencies obtained are compared to the non-classical

boundary support theory as presented in Chapter 5.
6.1. INTRODUCTION

The coupled electro-mechanical influences of MEMS, and the operating conditions they
are subjected to, makes it difficult to separate and characterize the discrete mechanical,
electrical, thermal and geometrical effects. The environmental conditions that can affect
the operation of a microsystem are difficult to control. Hence, the establishment of a
strong theoretical-experimental basis in which all the possible internal and external
influences acting on a given microsystem are modeled would accelerate the
commercialization of a given product. In this regard, the analytical model takes into
account the combined influences and predicts the output of a given microsystem prior to
fabrication. The different ways of synthesizing the parameters that influence the

behaviour of microsystems are presented in this chapter.

157



6.2. BOUNDARY SUPPORT-ELECTRO-GEOMETRICAL SYNTHESIS

The analysis presented here begins with an investigation into the frequency responses of
several geometry conditioned microcantilevers fabricated through the MicraGeM
technology as shown in Figure 6.1. A close up of some of the geometrical features is

given in Figure 6.2.

The experimental and theoretical results for non-classical and classical boundary support
conditions are given in Figures 6.3-6.5 for microcantilevers #1, #6 and #3, respectively.
Given in Table 6.1 are the physical parameters of the microcantilevers as measured with
an optical microscope and SEM image estimates. The segment Rayleigh-Ritz method

presented in Chapter 3 is used for the analysis.

Table 6.1. The physical parameters used for the boundary support-electro-
geometrical modeling of microcantilevers #1, #3 and #6, where w(0) is the
microcantilever width at the boundary support.

Microcantilever L h Wy w (0) ) B d Hsg
(pm) (pm) (pm) (um) (um) (pm)

1 810 10.7 40 90 25 03 133 4

3 810 10.7 40 90 25 3 133 6

6 810 10.7 40 69 25 05 133 6
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Figure 6.1. Top: MEMSPro layout editor microcantilever design overview.
Bottom: SEM image of the microcantilevers fabricated using MicraGeM
technology.
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Figure 6.2. Top and Bottom: SEM close up images of some of the
geometrical features of the MicraGeM technology microcantilevers.
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Figure 6.3. The experimental and theoretical frequency
responses as a function of the applied voltage for the
MicraGeM microcantilever #1.
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Figure 6.4. The experimental and theoretical frequency
responses as a function of the applied voltage for the
MicraGeM microcantilever #6.
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Figure 6.5. The experimental and theoretical frequency
responses as a function of the applied voltage for the
MicraGeM microcantilever #3.

The experimental results presented in Figures 6.3-6.5 are in very good agreement with

the non-classical boundary support analysis, as presented in Chapter 5, using the segment

Rayleigh-Ritz method.

The equivalent rotational stiffness, percent deviation from the classical boundary

condition and electric field intensities are given in Table 6.2.
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Table 6.2. The equivalent rotational stiffness values
for MicraGeM microcantilevers #1, #3 and #6, the
percentage difference between classical and non-
classical theory, and the maximum electric field
intensity used in these experiments.

Microcantilever Kz % Difference Viax/dy
(10° V/m)
1 695 0.14 4.15
3 574 0.08 4,74
6 439 0.11 451

The results for the rotational stiffness values for microcantilevers #1, #3 and #6 are
consistent with those given in Chapter 5 for the MicraGeM technology process. The
theoretical analysis using the segment Rayleigh-Ritz method allows one to minimize and
in most cases eliminate the effects of the width discontinuities, such as for
microcantilever #3, by dividing the microcantilevers into several segments as outlined in

Chapter 3.

6.3. BOUNDARY SUPPORT-ELECTRO-THERMO-GEOMETRICAL SYNTHESIS

The effects of boundary support and electro-thermo influences on microcantilever #3 are
presented here. An equivalent rotational stiffness Kz of 574 was used for the theoretical
analysis as determined from the previous section. Given in Figure 6.6 is the variation in
the resonance frequency as a function of the boundary support and thermo-electro

influences.
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Figure 6.6. The variation of the natural frequency as a
function of the boundary support condition and thermo-
electro influences for microcantilever #3.

From Figure 6.6 it can be seen that the frequency response of microcantilever #3 is
sensitive to both the applied bias voltage and the thermal loading for a given
micromachined boundary support. The maximum variation due to the thermal influence
at 0 voltage was found to be 0.30%, while at 65.5V it was found to have increased to
0.33%. Further experimentation is required at higher voltages as this deviation is
expected to increase even further. For this, a better experimental setup is required in

which the temperature remains stable for the duration of the experimental sampling.
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6.4. BOUNDARY SUPPORT-SINGLE CUTOUT SYNTHESIS

The influence of cutouts on the dynamic characteristics of several microcantilevers is
given below. In the first analysis single cutouts are placed at various positions along a
microcantilever and a frequency response is taken as a function of the position of the
cutout. The mathematical formulation for the cutouts is based on the segment Rayleigh-
Ritz approach discussed in Chapter 3. Given in Figure 6.7 is an overview of these
microcantilevers along with the MATLAB cutout modeling. The results are also
tabulated in Table 6.3 where the segmental lengths, thickness, theoretical and
experimental natural frequencies, and the rotational stiffness values obtained for each
microcantilever. The dimensions of the microcantilever cutouts are 54 x 54 pm’
measured with an optical microscope. The width for each microcantilever is 100pm.
The thicknesses were estimated from SEM images and from observations using an optical

microscope. The lengths were obtained through estimates using an optical microscope.
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Figure 6.7. MicraGeM technology microcantilevers. Top: SEM image of
microcantilevers with single cutout. Bottom: Simulation model.

With reference to Figure 6.7, for the microcantilevers #2 to #7 segment 1 is the segment
to the left of the cutout; segment 2 is the cutout portion; segment 3 is the segment to the
right of the cutout. Microcantilever #1 is also divided into three segments in order to

have segment #2 the same length for all of the theoretical analysis.
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Table 6.3. The segmental lengths, theoretical and experimental natural frequencies
obtained, and the rotational stiffness values used to model the non-classical boundary
supports.

Seg.1 Seg.2 Seg.3
Beam Length Length Length Thickness Exp.Freq. Theo.Freq. Kz

(um)  (um)  (pm) (um) (Hz) (Hz)
1 478 54 476 10.6 12576 12575 595
2 100 54 854 10.6 11613 11617 658
3 250 54 704 10.6 11776 11771 508
4 400 54 554 10.6 12167 12170 659
5 550 54 404 10.6 12575 12572 693
6 700 54 254 10.6 12755 12753 724
7 850 54 104 10.6 13099 13096 529
Mean 624

The theoretical results presented in Table 6.3 using the segment Rayleigh-Ritz method
are in good agreement with experiment. The variations in the value of Kz are an
indication of the sensitive nature of micromachining effects at the support boundary. The
mean value of Kz is in good agreement with previous values obtained for the MicraGeM
process. The results given in Table 6.3 indicate that the placement of the cutout on the
microcantilever that can be used to influence the response of the microcantilever and
hence can be used to tune the response by either softening or stiffening the elastic

characteristics of the microcantilever.
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6.5. BOUNDARY SUPPORT-MULTIPLE CUTOUT SYNTHESIS

The effect of multiple cutouts on the frequency responses of several microcantilevers is
now presented. The analysis is given for microcantilevers with cutouts oriented from
either the clamped end of the microcantilever or the free end of the microcantilever. This

is shown in Figure 6.8.
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Figure 6.8. Left: Microcantilever beams with cutouts oriented towards the clamped
end of the beam. Right: An example of microcantilever beam cutouts oriented towards

the free end of the beam.
The investigation here is divided into two parts consisting of four sets each. Starting with
cutouts oriented from the clamped end of the beam, the first set consists of 4 equally
spaced 54 x 54 um’ cutouts on a straight microcantilever, the second set 8, the third 12,
and the fourth 16. The cutouts are separated by 47um. The investigation is carried out

for microcantilever cutouts oriented from the free end of the beam. The microcantilever

cutout models (Equation (3.1)) and the virtual deflections (Equation (2.33)) are presented
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in Figures 6.9-6.11. Shown in Figure 6.12 is a typical frequency response obtained in the

experimental investigation.
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Figure 6.9. Left: MATLAB model for multiple cutouts oriented from the clamped end
of the microcantilever, for 4, 8, and 12 cutouts respectively. Right: The virtual
deflection for each microcantilever as a function of the number of cutouts.
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Figure 6.10. Left: Top: MATLAB model for multiple cutouts oriented from the
clamped end of the microcantilever for 16 cutouts. Middle and Bottom: MATLAB
model for multiple cutouts oriented from the free end of the microcantilever for 4
and 8 cutouts respectively. Right: The virtual deflection for each microcantilever
as a function of the number of cutouts.
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The results obtained for the first and second natural frequencies as a function of the
number and orientation of the microcantilever cutouts are presented in Table 6.4. In
reading Table 6.4, the following definitions apply: 4C, 8C, 12C, and 16C indicates 4, 8,
12, and 16 cutouts oriented from the clamped end of the microcantilever, respectively,
and 4F, 8F, 12F, and 16F indicates 4, 8, 12, and 16 cutouts oriented from the free end of

the microcantilever, respectively.

Table 6.4. The first and second natural frequencies as a function of the number and
orientation of microcantilever cutouts. The equivalent non-classical boundary support
stiffness is also given for comparison.

Microcantilever 1% nat. Freq. Exp. 2" nat. Freq. Exp. Kz
(Hz) (Hz) (Hz) (Hz)

4C 3105 3104 19976 19968 580
8C 3055 3051 20165 20128 598
12C 3045 3043 20083 20032 511
16C 3010 3008 19328 19387 525
4F 3337 3340 20327 20320 612
8F 3423 3439 20350 20327 562
12F 3435 3433 19949 19968 523
16F 3358 3355 19689 19680 614
Mean 565

The first and second natural frequencies given in the table above, are a function of the
number and location of cutouts placed on the microcantilevers. It can be seen that the 1%

and 2" natural frequencies do not show the same trends as the modes of vibration are
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different, and the cutouts are influencing the vibrational response of these

microcantilevers.

6.6. BOUNDARY SUPPORT-MULTIPLE CUTOUT-GEOMETRY SYNTHESIS

The investigation into the multiple cutout influence is continued in this section with the
inclusion of microcantilever geometry into the overall analysis. Shown in Figure 6.13 is
an SEM overview of a series of MicraGeM technology microcantilevers with varying
geometries. In this figure it can be seen that the SORI microcantilever has touched down
onto the substrate. The MATLAB simulation models and virtual deflections are given in
Figures 6.14-6.15, and the results for the first two natural frequencies and the equivalent

boundary support rotational stiffness are presented in Table 6.5.

RIS()\

- Soff~
Rigid~4
Straighr~a

Figure 6.13. SEM image of a microcantilever array of various
geometries with multiple cutouts. The microcantilevers were
fabricated with the MicraGeM technology.
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Figure 6.14. Left: MATLAB model for multiple cutouts oriented from the free end
of the microcantilever for 16 cutouts and for RISO, SORI and soft geometry
respectively top to bottom. Right: The virtual deflection for each microcantilever
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A close up of the microcantilever cutouts for the SORI geometry is shown in Figure 6.16.

Figure 6.16. An SEM image showing a close up of the microcantilever
cutouts for the SORI geometry.
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Table 6.5. The first and second natural frequencies as a function of the microcantilever
cutouts and geometries. The equivalent non-classical boundary support stiffness is also
given for comparison. The value for the straight 16F microcantilever is taken from
Table 6.4 and is reprinted here for comparison.

Microcantilever 1% nat. Exp. 2" nat. Freq. Exp. Kz
Freq. (Hz) (Hz) (Hz) (Hz)
RISO 16F 3042 3045 19603 19648 506
SORI 16F 3328 3328 20265 20224 582
Soft 16F 2624 2622 18496 18471 511
Rigid 16F 4224 4225 21216 21257 694
Straight 16F 3358 3355 19689 19680 614
Mean 581

Shown in Figure 6.17 is an SEM image of the free end of a type of SORI geometry

microcantilever beam for the width conditioning parameter #=100.

al,

288 1@vrm ND48

Figure 6.17. An SEM image of a MicraGeM technology
microcantilever at the free end. This particular beam has RISO

geometry.
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The results shown in Table 6.5 are a function of boundary support, cutouts and taper
geometry and are in good agreement with the analytical results obtained with the segment
Rayleigh-Ritz method. Hence, the taper geometry can be used to further tune the
microcantilever either through stiffening with the rigid tapering or softening with the soft

taper.

The comprehensive microsystem synthesis is presented below. In the investigation four
different microcantilever beam geometries and with varying numbers of cutouts are
analyzed under different electrostatic and thermal loading conditions. In all the cases the

boundary support characterization is also included in the modeling.

6.7. SUPPORT BOUNDARY-ELECTROSTATIC-THERMAL-RIGID GEOMETRY-CUTOUTS
SYNTHESIS

The multi-parameter synthesis of a rigid microcantilever beam geometry with a 16C
cutout orientation is given here.  Shown in Figure 6.18 are two SEM images of the
MicraGeM technology microcantilevers with cutouts. For the analysis presented below
the following parameters were used, the measured length L = 2012um, thickness /4 =
10.6pm, and width w = 200um (where wy= 100um and 6= 50um), and the dielectric gap

dp was estimated as 12.8pm.
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Figure 6.18. Top: An SEM overview of the MicraGeM technology
microcantilevers. Bottom: Clamped end cutout orientation.
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Shown in Figure 6.19 is the MATLAB model representing the rigid 16C microcantilever

beam.

x10°

Width (m)

! ! 1

0 02 04 06 08 1 12 14 16 18

Length (m) x10°
Figure 6.19. Rigid 16C microcantilever geometry
generated using MATLAB.

Presented in Figures 6.20-6.22 are the variations to the first and second natural
frequencies as a function of the applied voltage, thermal loading, geometry, and cutouts.
The estimated touchdown voltage for this beam is estimated as ~1.2V, hence the

maximum value used for the experiments was 0.8V.
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Figure 6.20. Top: The variation of the 1% natural
frequency of the rigid 16C as a function of an applied
0.5V electrostatic potential and thermal loading.
Bottom: The 2" natural frequency variation.
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Bottom: The 2" natural frequency variation.
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Given in Table 6.6 are the theoretical and experimental values obtained for the rigid 16C
microcantilever. The equivalent boundary support stiffness Kz, for this microcantilever
design is 567 which is in agreement with previous values obtained for MicraGeM

microfabrication process.

Table 6.6. The synthesis (boundary support, electrostatic, thermal, geometry, and
cutouts) values obtained for the rigid 16C microcantilever.

Voltage Temperature 1% nat. Freq. Exp. Freq. 2" nat. Freq.  Exp. Freq.

™ (K) (Hz) (Hz) (Hz) (Hz)
0 294 3676 3677 20035 20042
0.5 303 3642 3640 20029 20034
0.5 312 3640 3640 20021 20029
0.5 326 3637 3635 20009 20013
0.5 342.5 3636 3635 19994 19998
0.5 377 3631 3632 19962 19970
0.6 306.5 3625 3623 20024 20029
0.6 323 3622 3621 20009 20015
0.6 341 3620 3620 19994 20000
0.6 366.5 3615 3618 19970 19981
0.8 304.5 3576 3580 20018 20016
0.8 329 3574 3573 19996 20003
0.8 340 3572 3570 19985 19990
0.8 363 3570 3568 19967 19973
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The experimental results presented in Table 6.6 are in good agreement with the
theoretical formulation. The natural frequencies decrease as a function of both the
applied voltages and thermal loading. The scattered temperatures at the different
voltages are due to thermal drifting due to the difficulty in maintaining a stable
temperature for the duration of the particular experiment. The individual 5
microcantilever arrays as shown in Figure 6.18 were all fabricated with a common
bottom electrode, and hence in this regard the maximum voltage was limited by the snap

down voltage of the softf microcantilever in each case.

6.8. SUPPORT BOUNDARY-ELECTROSTATIC-THERMAL-SORI GEOMETRY-CUTOUTS
SYNTHESIS

Presented here is the multi-parameter synthesis of a SORI microcantilever beam

geometry with an 8F cutout orientation. Illustrated in Figure 6.23 is the MATLAB

simulation model of this microcantilever.

! { 1 ! 1 1 1 L L

a0 02 04 06 08 1 12 14 16 18 2
Length (m) X 10-3

Figure 6.23. SORI 8F microcantilever geometry
generated using MATLAB.
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The results are presented in Figures 6.24-6.26 and the values obtained are tabulated in

Table 6.7 along with the non-classical boundary support stiffness.
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Figure 6.24. Top: The variation of the 1% natural
frequency of the SORI 8F as a function of an applied
15.6V electrostatic potential and thermal loading.
Bottom: The 2™ natural frequency variation.
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Table 6.7. The synthesis (boundary support, electrostatic, thermal, geometry, and
cutouts) values obtained for the SOR/ 8F microcantilever.

Voltage  Temperature 1% nat. Freq.  Exp.Freq. 2" nat. Freq. Exp. Freq.

V) ) (Hz) (Hz) (Hz) (Hz)
0 294 3417 3424 20438 20480
15.6 320 3391 3392 20395 20384
15.6 340 3388 3389 20377 20383
15.6 348 3387 3386 20370 20379
15.6 383 3381 3382 20337 20345
15.6 444.2 3371 3367 20280 20289
19.2 332.5 3323 3323 20366 20369
19.2 351 3319 3321 20349 20355
19.2 376.5 3314 3316 20325 20333
19.2 444 3301 3304 20262 20270
204 329 3232 3232 20353 20359
20.4 349 3227 3225 20334 20341
20.4 373 3220 3218 20311 20306

The experimental results obtained for the SORI 8F microcantilever configuration show
good agreement with the theoretical formulation established in Chapter 3. The estimated
touch down voltage for this 5 microcantilever array was ~25volts. The cutouts for this
microcantilever serve to reduce the mass and hence an increase in the natural frequency is

obtained with respect to a similar microcantilever geometry without cutouts. The
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rotational stiffness value is in agreement with previous values estimated for the

MicraGeM process. The rotational stiffness value Kz was found to be 642.

6.9. SUPPORT BOUNDARY-ELECTROSTATIC-THERMAL-SOFT GEOMETRY-CUTOUTS
SYNTHESIS

Presented here is the multi-parameter synthesis of a soft microcantilever beam geometry
with an 8F cutout orientation. Shown in Figure 6.27 is the simulation model of this
microcantilever generated using MATLAB. Shown in Figure 6.28 is a close up of the
Jfree end of a typical MicraGeM technology microcantilever. The results are presented in
Figures 6.29-6.31. The tabulated results and equivalent boundary support stiffness are

given in Table 6.8.
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Figure 6.27. Soft 8F microcantilever
geometry generated using MATLAB.

Flgure 6.28. An SEM image of a typical

MicraGeM technology microcantilever.  This
image shows the slight variations to the
microcantilever thickness.
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Table 6.8. The synthesis (boundary support, electrostatic, thermal, geometry, and
cutouts) values obtained for the soft 8F microcantilever.

Voltage  Temperature 1% nat. Freq.  Exp.Freq. 2" nat. Freq.  Exp. Freq.

V) X) (Hz) (Hz) (Hz) (Hz)
0 294 2802 2800 19003 19010
8 327 2794 2792 18970 18977
8 336.5 2793 2792 18962 18974
8 355.5 2791 2789 18946 18950
8 387.5 2786 2785 18918 18924
8 404 2784 2784 18903 18909
16.4 328 2763 2765 18955 18963
16.4 344 2761 2762 18940 18944
16.4 368 2758 2761 18920 18927
16.4 407 2753 2751 18886 18894
20.6 326 2558 2560 18928 18938
20.6 336 2555 2559 18919 18927
20.6 346 2552 2549 18911 18916
20.6 388 2540 2542 18874 18880
21.6 417 2194 2196 18818 18826

For experimental results for the soft 8F microcantilever configuration are consistent with
the theoretical analysis. In comparing the results of Tables 6.7-6.8 the influence of
microcantilever width tapering is immediately seen as the resonances for soft tapering are
substantially lower than for SORI. The equivalent rotational stiffness KR* was found to

be 548 which is in close agreement with earlier results.
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6.10. SUPPORT BOUNDARY-ELECTROSTATIC-THERMAL-RISO GEOMETRY-CUTOUTS
SYNTHESIS

Presented here is the multi-parameter synthesis of a RISO microcantilever beam

geometry with an 8F cutout orientation. Shown in Figure 6.32 is the mathematical model

of this beam obtained with MATLAB. Shown in Figure 6.33 is a close up of the clamped

end of a typical MicraGeM technology microcantilever.
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Figure 6.32. RISO 8F microcantilever
geometry generated using MATLAB.

1811 18KU  X2,888 18 WD34

Figure 6.33. The clamped end support
boundary of a typical MicraGeM technology
microcantilever beam.
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The results are presented in Figures 6.34-6.35.

boundary support stiffness are given in Table 6.9.
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Figure 6.34. Top: The variation of the 1® natural
frequency of the RISO 8F as a function of an applied

12.9V

electrostatic potential and thermal loading.

Bottom: The 2™ natural frequency variation.
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Table 6.9. The synthesis (boundary support, electrostatic, thermal, geometry, and
cutouts) values obtained for the RISO 8F microcantilever.

Voltage  Temperature 1% nat. Freq.  Exp. Freq. 2™ nat. Freq. Exp. Freq.

V) X) (Hz) (Hz) (Hz) (Hz)

0 294 3394 3395 20349 20360
12.9 296 3388 3390 20336 20344
12.9 322 3384 3382 20312 20318
12.9 339 3381 3381 20297 20305
12.9 382 3375 3377 20257 20268
18.5 310 3379 3382 20311 20320
18.5 326 3377 3376 20296 20302
18.5 347 3373 3370 20277 20282
18.5 386 3367 3369 20241 20250

The experimental results for the RISO 8F microcantilever configuration are in good
agreement with the segment Rayleigh-Ritz analysis. The rotational stiffness Kz value
679 1s consistent with the values obtained previously for this microfabrication foundry
process. For the analysis presented in Sections 6.7-6.11 a percentage deviation ranging
between 0.27%-0.38% was obtained for the differences between the classical and non-
classical boundary support models which indicates that the influence of the
micromachining limitation at the boundary support is consistent for all the MicraGeM

technology devices tested in this research.
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6.11. SUMMARY

The synthesis of microsystems was presented in this chapter where boundary support,
electrostatic, thermal, geometry, and cutout influences were modeled and characterized.
The experimental results indicate that the dynamic qualities of a given microsystem can
be tailored through the application of conditioning parameters such as electrostatic,
geometry, and cutout orientations. The boundary support influence can not be considered
as a known and controllable influence as it is intrinsic to the microfabrication process
itself. Also, the experimental results reveal that for a given applied voltage and for a
specific thermal load one may obtain equivalent dynamic responses. Hence a given
microsystem can be activated at lower electrostatic potentials when it is placed in a high
thermal environment. Similarly, the microcantilever cutouts can be used to affect either
the mass or stiffness domains of the microsystem allowing one to tailor the output based
on a set of pre-determined input criteria such as the geometry and the cutout orientation

selected.

The experimental results obtained showed good agreement with the mathematical
formulation based on the segment Rayleigh-Ritz approach. Also, the equivalent
boundary support stiffness values obtained for the MicraGeM technology
microcantilevers are all within the same range, thereby confirming the particular
microfabrication tolerance for this silicon foundry process. The errors obtained in the
experimental results can be in part due to the difficulty in measuring the dimensions of

the microcantilevers, especially the thickness of a particular device. In these
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investigations all dimensional measurements (width, length and thickness) were made
using an optical microscope with 1000x magnification. Thickness estimates were also

based on SEM images.
The synthesis has been modeled and verified for geometrically contoured cantilevers for
the region of temperature and electric field in which the system is expected to behave

linearly.

One has to be careful in using this beyond the region of linear assumption, for example,

for temperatures above ~225°C and voltages higher than ~60% of pull in.
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Chapter 7
CONCLUSIONS AND EXTENSIONS

Presented in this chapter are some final conclusions and applications for

the work presented herein.
7.1. CONCLUSIONS

This thesis discussed the synthesis of MEMS microcantilevers by combining the
influences of microfabrication limitations at the support boundary, mechanical properties,
applied electrostatic fields, and thermal loading. Incorporated within the mechanical
properties were the influences of material, width contouring and cutouts. The synthesis
was divided into three main subsections. Two theoretical approaches were presented
along with experimental results. The Rayleigh-Ritz energy method was used for
theoretical modeling of microfabrication, width contouring, cutouts, electrostatic, and
thermal influences. The results for microcantilevers with cutouts alone were compared
to FEM models and the results obtained showed close agreement. Hence, in order to
improve the mathematical formulation regarding the effect of cutouts, a segment
Rayleigh-Ritz method was introduced. The results obtained through this approach
showed very good agreement with FEM models. In this way the synthesized influence of

microfabrication, mechanical, electrostatic, and thermal were analyzed.

201



The experimental results were given in two main subsections:  Firstly, the
microfabrication tolerances at the boundary support were investigated through the effect
of thermal and through the effect of electrostatic loading. The experimental results
obtained showed very good agreement with the non-classical boundary support model.
Secondly, the experimental results obtained for synthesized microcantilevers showed
very good agreement with the segment Rayleigh-Ritz model for the combined effect of

electrostatic and thermal loading.

The testing of micromachined components such as microcantilevers is an important part
of the commercialization process for MEMS products and serves to enhance the
theoretical model. In this regard, the optical non-contact test method employed was
developed at CONCAVE and successfully used by several students for the dynamic
characterization of microcantilevers and micromirrors. Two base excitation mechanisms,
acousto-mechanical and sinusoidal-electrostatic were used. The sinusoidal-electrostatic
excitation was used primarily for packaged MEMS devices and consisted of a small
amplitude AC voltage. The acousto-mechanical shaking, of suitable amplitude, was used
exclusively for loose die as these are in a non-wire bonded format. Equal frequency

response results were obtained for both methods.

There are many factors that influence the final behaviour of microsystems. Several of
these were investigated herein in an effort to combine the individual influences into a
synthesized behavioural response. A theoretical model based on the Rayleigh-Ritz

energy method was employed to capture the effects of microfabrication tolerances,
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mechanical influences, electrostatic and thermal loading. Chapter 2 and Chapter 3 laid
the foundations for the theoretical modeling for non-segment and segment Rayleigh-Ritz
methods, respectively. Given in Chapter 4 was an overview of current MEMS test
methods and the experimental procedure and equipment used in the course of the
research for this thesis. This experimental approach was used to analyze the effects of
micromachining on the microcantilever beam boundary support conditions as described
in Chapter 5. Given in Chapter 6 were the experimental results obtained for the

synthesized microcantilever response.

The main contributions of the author to the multiparameter analysis and experimental
validation of MEMS microcantilevers are drawn from the individual aspects presented in

the respective chapters.

71.1.1. Microsystem modeling

The theoretical analysis was based on the Rayleigh-Ritz energy method. With this
approach the formulation of microfabrication, electrostatic, thermal, geometry and cutout
influences were successfully modeled through the concept of an elastic foundation.
Thermal influences for microcantilevers were modeled through the linear thermal
expansion properties of single crystal silicon. The isotropic nature of the thermal
expansions for single crystal silicon were exploited and used to redefine the
microcantilever length, width and thickness as a function of temperature. The author

developed the segment Rayleigh-Ritz method in order to improve the theoretical analysis
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of microcantilevers with discontinuities along their length. This new analysis method
was successfully used for modeling microcantilevers with geometrical discontinuities

such as cutouts and etch holes.

A parametric analysis was conducted and validated with FEM methods and experimental

results. The agreement was very good.

The multiparameter influences have been successfully coupled and validated through

good agreement with experimental results.

7.1.2. Experimental investigation

The testing carried out required that a test setup, using simple test equipment, be
established first. In this regard, the author has pioneered the first successful experimental
testing technique for MEMS in Canada. Once in place, the experimental setup was
successfully used for the dynamic testing and characterization of microstructures, and

was well suited for the integration of electrostatic and thermal influences.

The author has proposed MEMS boundary support characterization through experimental
testing using thermo-mechanical and electro-mechanical influences. This enabled the
validation of the theoretical model. A comparison of the experimental and theoretical

results showed clear agreement. In this regard, microfabrication limitations were clearly
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demonstrated through thermo-mechanical and electro-mechanical modeling and

experimental validation.

7.1.3. Microsystem design

The author has developed a method, using MATLAB, to design and characterize
geometrically difficult microstructures. The advantages of this approach are that the
design and characterization can be carried out simultancously without the need for
additional analysis tools. This method was successfully used to design and characterize
MicraGeM technology microcantilevers of various geometries. In this regard, the author
has formulated the design synthesis that has enabled the fine tuning of the static and

dynamic behaviour of MEMS microcantilever structures.

7.2. EXTENSIONS

Recently there have been published reports of silicon lasing in SOI silicon technology
[121, 182, 213]. This is a very exciting development as it will open up new applications
for silicon microphotonic applications especially as integrated systems are down sized
towards nanoscale dimensions. The main lasing process is obtained through Raman

scattering and is described below.

Stimulated Raman scattering (SRS) in SOI waveguides is a way of amplifying optical

signals in SOI planar photonic circuits because it does not require the introduction of any
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dopants during fabrication of the SOI wafer and the amplified wavelength can be chosen
almost freely by simply using pump light of an appropriate wavelength [121]. Also, in a
very recent discovery [120], in which they state that the Raman lasing efficiency can be
significantly increased through width tapering of the waveguide along its length. The
tapering is applied in order to offset the free-carrier-absorption that competes with the

optical gain achieved during the amplification process.

If one were now to replace the word tapered waveguide with tapered microcantilever and
apply the synthesis principles described in this work, then it would open a very, very
interesting area of research. The combination of silicon lasing and mechanical motion at
the microscale has of yet not been explored and the potential areas of applications for

silicon-electro-mechanical-tapered-lasers (SEMTLs) would seem to be limitless.
Although a sense of completeness has been achieved in the work carried out herein for

the synthesis of microsystems, there remain many areas to explore in order extend and

enhance the scope of microsystem synthesis. This task is left for future researchers.
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Appendix I

COMPUTER AIDED DESIGN OF
GEOMETRICALLY DIFFICULT MICRO-
MECHANICAL STRUCTURES FOR ACADEMIC
ENVIRONMENT

Presented in this appendix is a method to generate complex microsystem

geometries using MATLAB.

AL1. INTRODUCTION

The designing of mask layouts for MEMS often involves the incorporation of complex
geometries that are not readily drawn using conventional MEMS design software. This
process limitation is often due to the difficulty in creating non-linear, overlapped,
structured silicon layers in a micro-electro-mechanical domain. The design of randomly
curved structures, for example, does not lend itself easily or readily to the MEMS
designer, and hence it limits the designer’s ability in this regard. One possible solution to
this is by approximating curved features with straight lines by carefully positioning
straight-line segments #ip-to-tail at appropriate angles one with respect to the other. This
task is monumental when several differing curved structures are envisioned for the
microsystem design. This work proposes using MATLAB [243] to design any mask

shape for MEMS applications.
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MEMS are currently being used in a variety of sensing/actuating applications ranging
from inner space: biology and the health sciences, to outer space: satellites and space
exploration vehicles etc. The MEMS technology continues to evolve both in the scope of
current obtainable miniaturizability and also in the increasing number of applications for
MEMS structures, the former as a direct result of mature and well established silicon
microfabrication processes, and the latter to the evolution of MEMS CAD design tools
which facilitate the designing of microscale structures. Initially MEMS designers used
conventional design tool kits established for silicon IC and semiconductor applications.
This was due directly to fact that MEMS technology evolved directly from the silicon IC
technology. However, the silicon IC structures tend to be very linear and rectangular in
shape and hence, the design tools used are simple and when applied to MEMS designing,

limit the number of geometrical options available to the MEMS engineer.

In many cases the degree of difficulty in designing MEMS devices is directly
proportional to the complexity of the intended structure. Complex geometries are
handicapped, unfortunately, by the limited availability of adequate CAD based design
tools and require careful, painstaking, time intensive designing especially where non-
linear geometries are being considered. This drawback is further amplified when several
complex configurations are incorporated within the same chip layout. This by no means
implies that simple micro-scale structures no longer have applications in micro-markets
on the contrary, humble microcantilever type structures continue to be extensively used
in such applications as atomic force microscope probes and photonic waveguides, for

example.
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The design process involves several equally important considerations such as the choice
of material, microfabrication method, feasibility of the design, intended market and cost.
The costs involved generally determine whether or not the design has a chance of making
it to the production stage. Hence, it would be of great advantage to minimize the overall
costs involved, namely the costs involved in the design of the mask layout pattern. It is
perhaps the most critical stage in the generation of new types of structures involving non-
standard or complex geometries. This is a sensitive issue, and one that unfortunately in
many cases, aborts the idea stage all together in the idea-to-device process. Over the past
few years, structured design methods for MEMS have been paid more and more
attention. The main limiting issue for achieving such methods is how to automatically

generate the layer model and the mask layout [131].

In the process of surface micromachining MEMS device features are added on by the
deposition of layers of different materials. Each of these layers may then be patterned by
the selected removal, through etching, of specific regions of the layer via a
photolithographic process. Photolithographic masks determine the regions to be etched
[9, 103, 240]. Complex photolithographic mask geometries require intensive time
commitments in MEMS CAD designing.  Photolithography is the most expensive,
complex, and critical process in commercial microsystem fabrication. In addition to
mask cost, each of these masks needs to be carefully aligned to prior layers, which is a
very complex and time consuming process with feature sizes that are around 0.15um

[58].
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MEMS designs, in general, are fabricated for high volume applications such as
automotive accelerometers, gyroscopes and pressure sensors, or consumer ink-jet print
heads. The batch microfabrication process and the large final application domain help to
offset the initial costs involved in the mask design. Smaller markets for specific types of
MEMS devices, and those requiring customized mask designs will drive development
cost prohibitively high and are in large part abandoned. Such high start-up design costs
are virtually non-recoverable in small market applications. Hence, MEMS applications

continue to be dominated by high volume markets [155].

Shown in Figure Al.l are two examples of intricate geometries generated using
conventional IC CAD design tools. These structures, although they appear symmetric,
upon closer inspection show variations both in shaping and positioning of the perimeter
geometries. Not only will these design errors limit the functionality of these devices, the
intensive design-time requirements needed to achieve these types of complicated designs
will undoubtedly result in higher than normal mask layout design costs, and the errors
may not be apparent until the devices are rigorously tested. An important consideration
before undertaking time intensive design projects is that the design costs incurred are in
general not recoverable. Therefore it would be of great benefit to be able to draw a
MEMS chip layout in a simple, accurate, straightforward way, and where complex

geometry shaping and structure positioning can be precisely identified and established.
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Figure Al1l. Two examples of complex geometries generated using
conventional CAD drawing tools.

For many academic institutions, for example, current MEMS design softwares are
prohibitively expensive and usually require some form of agreement with industrial
partners for sofiware licensing and other considerations. Hence, a MEMS design and
analysis tool that is both functional and economical and readily available at university
level engineering and science programs will allow academic researchers to fill a void by

using in-house design and analysis tools.

This work proposes using MATLAB programming language as a way of designing
MEMS and complex MEMS geometries. One of the main advantages of using
MATLAB is that it is readily available at universities and research centers throughout the
world, and is a systematic method based on mathematical formulae and equations. The
mathematical formulae are used to generate and define the MEMS geometries, and then

to generate the photolithographic mask layouts that can be used for a single device design
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or for multiple structure designs. By using MATLAB as the microsystem data generator

it is possible to draw and configure an entire MEMS design layout.

AlL.2, PROCESS FLOW

The MATLAB based design flow proposed herein is only one of the possible simpler
techniques for mask layout designs. It is used here because of the simplicity of the
MATLAB coding and also because of the readily available MATLAB software in most

university science and engineering programs.

There are three essential steps involved in the design of microsystem structures with the
method presented in this paper. After the MATLAB data generation process, the
individual MEMS structural layers can be assembled in any conventional MEMS mask
layout software such as MEMSPro [49], for example. The ease of this method allows for
the design of complex geometries. The process steps are outlined in general form in

Figure AL.2.

MATLAB: Create precise geometry such as complex curved structures.

1 B

AutoCAD: Generate the MATLAB geometry and save in DXF format.

1 |

LINKCAD: Convert DXF files into GDS2 format.

1 I

Assemble all the GDS2 files. Select the appropriate layer to import.

Figure Al.2. Four step process flow for the design of
microstructures presented in this work.
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AL2.1. MATLAB

The MATLAB programming language is gaining much importance and recognition in
science and engineering applications. Many university undergraduate engineering
programs incorporate at least the fundamentals of MATLAB into their curriculum.
MATLAB manipulates and generates data matrices, and is a programming tool that is
both functional and relatively simple to use with many built-in features and toolboxes
that allow for graphical analysis, simulation and interpretation, for example. It is not the
intent of this work to provide an in depth introduction to MATLAB programming,
however, suffice it to say that the importance of using MATLAB for the MEMS mask
design is that data can be generated that defines the geometry or shape of the intended
device, and that these data pairs can be uploaded into AutoCAD [12] in a relatively

seamless manner as is discussed below.

By using MATLAB for microsystem mask layout designing, complex and intricate
geometries can be defined by relatively simple numerical expressions. Also, this simple
approach increases the design flexibility by allowing multiple iterations of the design at
various sizes and dimensions, for example, which can be scaled down to micron or
submicron levels as is the case for MEMS structures. Another important feature that is
not available in conventional microsystem design tools is that MATLAB allows the
MEMS designer to carry out parallel performance analysis of the proposed
microstructure. Mechanical, electrical, thermal and optical properties, for example, can

be specified and evaluated simultaneously within the MATLAB program defining a
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specific MEMS device. Similarly, the design iterations discussed above are difficult in
conventional MEMS layout editors as resizing of a structure leads to changes in
performance and hence must be re-evaluated separately. With MATLAB re-
dimensioning of a microstucture can be achieved and the performance evaluation
obtained simultaneously for a given set of input criteria (mechanical, electrical, thermal,
etc.), therefore a specific MEMS geometry can be optimized for a specific application
such as capacitive sensing, for example, where the sensing component is a function of
both the device geometry and the inter-electrode spacing. Additionally, other important
performance characteristics can be analyzed in a similar fashion by using the toolboxes
available in MATLAB. These steps have the advantage over other analysis tools sﬁch as
ANSYS [10], or FEMLAB for example where the sizing of meshes and other factors add

complexity to the analysis.

Hence, MATLAB offers several important features for the university environment or
graduate level MEMS designing and analysis, it is readily available, it offers a simple
method to generate complex geometries, it offers the possibility of parallel performance
simulation and analysis of the multi-disciplined MEMS environment, and it offers the
flexibility of resizing and varying the mechanical properties (Young’s modulus, material
properties, etc.) of the structure in a single step process that does not result in added
complexity in the analysis process. Shown in Figure AL 3 is a flow chart illustrating the

multi-disciplinary nature of microscale devices.
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Shown in Figure Al4 are examples of several complex geometries generated using
MATLARB that are not readily designable using conventional microsystem CAD mask

layout tools.

|

Microfabrication ] -

VR S
[ Microfabrication ]

v

[ Microsystem ]
A

A 4

Output: Static, Dynamic, Optical,
Electrical

MATLAB microsystem specifications: input

1

Microfabrication

Simulation and analysis: output

Microsystem
|

Figure Al.3. A flow chart showing an example of the multi-
disciplinary nature of microscale devices. Top: Conventional
flow-chart. The double arrow indicates the inverse design dream
of MEMS engineers. Bottom: The parallel design-and-analysis
capability possible through MATLAB.

Another reason for using MATLAB as the basis for microsystem design is that it can be

used to generate multiple overlapped designs simultaneously, and hence, can be used to
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completely fill the design space allocation for a particular microsystem chip. This allows
for a great deal of precision in the mask layout especially for intricate structures and
especially for overlapping layers. An example of multiple structures in one MATLAB

layout is shown in Figure ALS.
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Figure Al.4. Several geometry types generated using MATLAB.
Such shapes are often impossible to draw using standard design
tools only.
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Figure AILS. Examples of multiple overlapping
geometries generated and coordinated using
MATLAB. Top: Micro-gear train.
Bottom: Whimsical micro-mouse.

AlL2.2. AutoCAD

The next step in the flow process is to convert the MATLAB data files into a DXF file

format. This is achieved by using AutoCAD. The mask data generated in MATLAB is
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saved by invoking the save as CSV file format in MATLAB. This step ensures that the
data pairs generated are saved and separated by a comma and not simply stored as two
column vectors. A text editor is used to open the MATLAB stored CSV file and the data
is copied into AutoCAD. This will generate the geometry in the AutoCAD window. An

example of a converted MATLAB design into AutoCAD is illustrated in Figure AI.6.

Figure AIL.6. The converted MATLAB micro-gear train
structures of Figure A.5 as they appear in the AutoCAD
environment.

The incorporation of AutoCAD in the layout design steps, as defined in this work, is

needed in order to have the mask layout data in DXF format. Among the save options

244



AutoCAD allows for file storage in DXF format which may then be converted to GDS2

format.

AL2.3. LinkCAD

At the current time, most if not all, MEMS type design software can only import/export
mask layout data in a GDS or GDS2 format, hence data conversion software is necessary
in order to convert the AutoCAD DXF type files into a GDS or GDS2 format. The
MEMS device mask layers are individually defined by GDS2 numbers. Each layer is
allocated a GDS number representing that particular layer such as poly 0 or metal 2, for
example. This is true of cutouts or via holes as well. The GDS2 mask data is then used

to generate the eventual photolithographic mask used for the MEMS chip layout.

For the work presented herein LinkCAD [135] software was adopted for the conversion
of AutoCAD DXF files into GDS2 format. It should be noted that there exist other
conversion software such as ARTWORK [11] that can be employed for DXF-GDS?2 file
format conversion. The choice between one or the other is a matter of personal
preference. The actual layer definition is left to the last step and is presented below.
After this step the final assembly of all the mask layers has to be carried out using a

MEMS layout editor.
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AL2.4. MEMSPro

The final step is to import the GDS?2 file into the microsystem mask layout design editor.
MEMSPro was used to generate the masks. It is at this step that the various structural
layers of the MEMS device can be defined. For single structures this is simply a matter
of choosing the particular layer to import the GDS2 file to. However, for a multiple
component structure layout all the structures will be imported to the same mask layer. In
order to change the various layers in multiple structure layouts, the designer must first
ungroup the structures. Then select the structure whose layer allocation needs to be
redefined and select the layer editor to change the layer. Several structures and various

layers are shown in Figure Al.7 and Figure AL8.

Figure AL7. The complex geometries of Figure 4
.in the MEMSPro layout editor. Each color
indicates a distinct layer.
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Figure ALS8. Examples of complex geometries in the
MEMSPro layout editor. Top: microcantilever type
waveguides. Bottom left: Single micro-gear. Bottom right:
micro-gear train.

Al.3. MICROSYSTEM MASK LAYOUT

The possibility of designing an entire microsystem in MATLAB is very appealing as it
allows for precision in shaping, dimensioning, positioning, and theoretical analysis of the
microstructures. Whether or not an individual designer would follow these steps is of
course a personal choice. Some of the structures presented here are undoubtedly easier to

design and implement using a conventional MEMS layout design tool, however this step
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is included in order to demonstrate the possibility of using MATLAB to generate an

entire MEMS layout within a single MATLAB program.

The example presented here is an illustration of an entire chip layout design following the
MATLAB based design method described in this work. Shown in Figures AI.9-Al.11 are
the MATLAB, AutoCAD and MEMSPro design layouts respectively. All the geometries
are allocated precise shapes and positions on the layout. The dimensions are 5000 x 5000

microns, as specified by the CMC and are typical for microsystem die size allocation.

vin?

m ™ T-----E~“‘ﬁ‘-*““ L‘***‘r—"‘*'—"“*‘*':‘l

]
){ < >
L]

)
| )

L L] L]
1 a 1 1 [}

1] 1 2 3 4 5
Length w10

Figure AL9. A typical microchip layout. The over all
die size is 5000 x 5000 microns. The different colors
define the various layers involved in the particular
microfabrication process.

248



-
S

T L X
AN

N4 oL L

Figure AI.10. AutoCAD design window. The

geometries were created from the MATLAB generated
data.

. [] n
Figure Al.11. The final mask layout in MEMSPro. This
mask will be used in the photolithographic process used

to fabricate the structures. The various colors correspond
to different silicon and metal layers.
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Shown in Figure AI.12 is a microcantilever array designed using the process steps
described in this work. Given in Figure AI.13 is an SEM image of the microcantilever
array as fabricated through the MicraGeM microfabrication process. The structural
layers in the final design layout in the example presented here are single crystal silicon,
etched pyrex cavity of 10um in the pyrex slide, metal 1 on pyrex and metal 2 on silicon.
The metal layers are insulated from each other and have been wire bonded to the
appropriate layer defined bonding post. Hence, in this manner the individual
microcantilevers can be activated through the application of an electrostatic potential

input, for example.

Figure AIL12. An overview of a non-conventional
microcantilever array designed using the processes
described in this work.
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Figure AIL.13. An SEM image of the non-conventional
microcantilever array fabricated using the MicraGeM
foundry process.
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AlL4. SUMMARY

The designing of complex MEMS mechanical structures, often with submicron features,
is a challenging task for the design engineer. Many CAD MEMS design tools in mask
layout editors either do not support the complex geometries or offer only limited design
tools to draw to such features. Presented in this paper was a simple, systematic method
based on mathematical equations and formulae to define microsystem layout geometries
using MATLAB programming language. This approach can be used to generate complex
photolithographic mask geometries commonly encountered in microsytem design and
microfabrication processes. It was shown that this method may be used for single device
design, for multiple and overlapped designs, and for entire microchip layouts. Also, the
advantages of using MATLAB include cost effectiveness especially in academic
environments where MATLAB is readily available in science and engineering programs,
and the possibility to carry out parallel design-and-analysis in a single step process. This
relatively simple approach enables the microsystem designer to draw the entire microchip
layout using MATLAB and to use the incorporated toolboxes to simulate and analyze
both the input an output environments of the microsystem. Of course all microsystem
simulation should be followed up with rigorous testing in order to obtain a

comprehensive performance profile of the microsystem.
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Appendix II

MICRAGEM: SILICON-ON-INSULATOR
BASED MICROMACHINING PROCESS

An overview of the MicraGeM microfabrication process is given here.
AIL1l. INTRODUCTION

MicraGeM (Micralyne Generalized MEMS) [49] is a MEMS prototyping process under
development at Micralyne Inc. in conjunction with the Canadian Microelectronics
Corporation (CMC). This technology is different from traditional MEMS processes by
the materials used in the process, and by its variable geometry. This process enables
users to develop fully-suspended MEMS devices with metal electrodes (rather than
silicon). Users of the process can select two fabrication options during each production
run. This makes the MicraGeM process more versatile and flexible than other MEMS
prototyping technologies, enabling designers to develop MEMS devices with varying
thickness of layers and gap sizes between layers. Silicon-on-insulator MEMS are found

in many microphotonic waveguide [105, 121, 241, 256] applications today, for example.
AIL2. OVERVIEW OF THE MICRAGEM PROCESS

For each fabrication run MEMS designers are given the following process choices

regarding the thickness of the silicon layer and etch depth. Option A: A 10pum thick,
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single crystal silicon (SCSi) membrane over a 10um gap. Option B: A 2um thick, SCSi
over a 2um gap, or a 10um thick SCSi layer over a 12um gap. Each design is allocated a
run space of 10mm x Smm for each option and designers receive 10 MicraGeM chips for
their submitted designs. Figure AIL1 illustrates the main steps in the fabrication process.
In the first step a 525um thick pyrex wafer is patterned with Mask 1, or Mask_2 for etch
depths of 2um or 10um, respectively. Both masks can be applied concurrently if an etch
depth of 12pm is required by the designer. Through a /ifi-off method using the Mask 3
step, Metal_1 (50nm titanium, 50nm platinum, 200nm gold) is applied to the etched
pyrex surface, Figure AIl.1. 1.

Pyrex Metal 1 on Pyrex
Wafer\ - Py

Silicon

Handle
Single Crystal Buried
Silicon Oxide Layer
Metal 2 on

Silicon S

Figure AllL.1. The main steps in the MicraGeM micromachining process.

In step two, an SOI wafer consisting of a 525um thick silicon handle, oxide layer, and

SCSi is anodically bonded, SCSi side down, to the pyrex layer, Figure AIL.1. 2. Anodic
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bonding is an electrostatic process in which a high voltage (~1000V) is applied. The
applied potential induces a migration of ions across the pyrex-silicon interface and
creates an irreversible chemical bond at the boundary [88, 127, 263]. The next process
step completely removes the silicon handle and oxide layer leaving only 10um thick
SCSi layer on pyrex. Metal 2 consisting of a 100A chrome and 750A gold layer is then
deposited onto the SCSi layer, Figure AIl.1. 3. Mask 4 is used to pattern the Metal 2
layer. The Metal 2 layer is used mainly for its light reflection properties for applications
in micromirrors, for example. In the final process step, Mask 5 is used to pattern the
structures on the SCSi as specified by the designers and a plasma etch process is used to
release the final structures. The finished wafers are then diced and packaged and sent out
to the respective designers. Although not discussed in detail here, there are other design
parameters such as minimum separation and sizing of structures, for example, that will
require careful consideration during the design process. Shown in Figure AIL.2 is an

overview of a MicraGeM layout.

/
Limit of pyrex A3
wafer

+ L] B8 I ] — B
Figure AIL2. An overview of a MicraGeM chip design with SCSi
structures. The features enclosed by black boxes are highlighted below.
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Shown in Figure AIL3 are close up images of several features of Figure AIIL2.

| Metal 1 on
pyrex

pyrex layer

for etchant and contact pads

SCSi

Meta2 onrsilicon

Metal 2 contact
pads

Figure AIL3. Top: Pyrex etch layer with Metal 1. The
electrification is provided through the Metal 1 contact pads. All
pyrex etch surfaces must be connected by a channel for passage
of the etchant. Bottom: SCSi layer with Metal 2 contact pads and
wiring scheme.
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AIL3. SUMMARY

The MicraGeM microfabrication process consisting of 5 mask steps has been presented.
It is based on a silicon-on-insulator platform where a silicon wafer is anodically bonded
to an etch patterned pyrex glass wafer consisting of a Metal_1 layer. Sequential
lithography mask steps are used to pattern and release the SCSi structure. A Metal 2
layer can be applied to the SCSi layer for either electrical conductivity or optical
reflection, for example. This technology is especially suited for structures requiring
overhanging portions such as microcantilevers, or moveable mirrors for beam steering

applications, for example.
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