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Abstract 
 

Design and Fabrication of MEMS Electrostatic Actuators 
by Antonio Mofese 

 
 

The research presented in this thesis is focused on the design and 
development of MEMS (Micro Electro Mechanical System) 
electrostatic actuators. Different kinds of electrostatic actuators are 
analyzed and presented .  

The study of torsional electrostatic actuator is carried out and the 
design of an micromirrors array for beam steering optical switching in 
a thick polysilicon technology is presented. The main advantage of 
these devices is that they are realized in a commercial surface 
micromachining technology (THELMA by STMicrolectronics) hence 
they are less expensive than other solutions present in literature.  

For the torsional actuators, a novel semi-analytical model which 
allows prediction of the behaviour of the structures and takes into 
account the flexural deformation of the structure is presented. A very 
good agreement between the model, FEM simulation and 
experimental results has been obtained.  

The possibility of using another competitive surface 
micromachining technology (developed at IMEC) which uses poly 
silicon germanium as structural layer to realize the micromirrors is 
also investigated. Poly Silicon Germanium has the advantage that can 
be integrated on top of commercial CMOS. The development of 
optimized (low stressed) layers of poly silicon germanium has been 
addressed and some test micromirrors using this technology have been 
designed. 

Moreover an analysis of the levitation effect in electrostatic comb 
fingers actuators is presented. The use of this actuation for vertical or 
torsional motion of micromachined structures is exploited. Two 
different levitational mechanical resonators have been designed and 
fabricated in THELMA. Because of the high thickness of the structural 
layer, classic springs shows  several limitation, so specifically 
designed suspension springs (rotated serpentines), with better 
performance for high thickness, have been used. A full analysis of this 
kind of spring and a comparison with other springs are also presented. 
Finally a study of the dependence of the levitation force intensity on 
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the geometric parameters of the actuators is performed using  FEM 
simulations, and information about critical geometrical parameters in 
the design of operative levitational actuators is obtained. The devices 
are characterized and the obtained results are compared with FEM 
simulations. 
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Chapter 1 - Introduction 

Chapter 1 

Introduction 
 
 

In the last two decades, great strides in the development of 
high precision lithography and microfabrication techniques for the 
manufacture of high speed and low noise electronic circuitry have 
created a new branch of research that uses these fabrication tools to 
manufacture a new class of micro-scale devices. This area of research, 
MicroElectroMechanical systems (MEMS), creates mechanical 
devices that are controlled by various actuation mechanisms including 
electrostatic, magnetic and acoustic, for use in a variety of 
applications. MEMS devices offer the advantage of compactness, 
lithographic precision, high speed, low power consumption and ready 
integration with standard circuitry.  

There are numerous MEMS devices hat have been successfully 
used in diverse areas of engineering and science. Inkjet printer heads, 
micropumps, projection display arrays, and airbag acceloremeters ar 
just few examples, where MEMS devices have replaced more 
conventional devices in their class for fractions of the cost. 

Electrostatic actuation, which is impractical at normal size 
scales because of the large voltages involved, became competitive 
with other actuation methods at the MEMS scale. For this reason, 
electrostatic actuators are one of the most important subjects in 
MEMS research, and also the main focus of this thesis.  

In Chapter 2 an overview of the state of art of all kinds of 
MEMS technologies is presented and the difference between surface 
and bulk micromachining is addressed. Then comparison between the 
different MEMS actuators is presented and, after the explanation of 
the advantages of electrostatic actuators, some examples of one of the 
most interesting applications are listed: the micromirrors.  
The micromirrors are the most widely used optical element with the 
ability to mechanically steer incident optical beams over a large range 
of deflection angles relatively fast. Typical applications include beam 
steering of optical signals within an optical cross-connect (OXC) 
switch in telecommunication network and scanning optical beams for 
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high resolution micro displays. The small size of these micromirrors 
makes them suitable as individual elements in large scale mirror array 
assemblies for the manipulation of incident optical beams to create a 
desired far-field pattern. Unfortunately most of the presented 
micromirrors are not cost effective for the complicated process flow 
used to realize them. 
 In Chapter 3 two single thick structural layer technologies are 
presented. The former is polysilicon based (THELMA by 
STMicrolectronics) and is a commercial process used mainly for 
inestial sensors. The latter is Poly Silicon Germanium based (by 
IMEC) and has the advantage that can be integrated on top of 
commercial CMOS. Both are surface micromachining, allow the 
realization of several MEMS structures and are used in this thesis. 
 In Chapter 4 the design, fabrication and measurements of 
MEMS micromirrors for optical switching is presented. Innovative 
models which allows prototyping  and prediction of the behaviour of 
the micromirrors and, in general, of the torsional actuators are 
described.  
The micromirrors are realized in THELMA technology so they have 
the great advantage of being cost effective as this process is already 
industrialized for other applications. Moreover the design of 
micromirrors in Poly Silicon Germanium is also presented, as the 
possibility of the integration directly on top of standard CMOS is a 
further improvements. 
 In Chapter 5 an interesting analysis of MEMS flexure design 
is presented. Elastic components are another important elements of 
MEMS so an effort is made to derive analytic models: expressions are 
given for spring constants of two kinds of serpentine geometries. One 
of the geometries is also an innovation in MEMS design. 

In Chapter 6 an in-depth study and models of the electrostatic 
levitation effect in comb finger actuators is presented. Moreover the 
possibility of using this parasitic phenomenon as actuation is exploited 
and resonators using it are presented. 
In the final chapter, we form conclusions about the designed and 
fabricated devices and the presented models. We then outline a path 
for future research in modelling, simulations and realization of surface 
micromachined electrostatic actuators.  
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Chapter 2 

MEMS Devices and Electrostatic 
Actuators 
 
 
2.1 Introduction 

Microelectromechanical systems (MEMS) are small integrated 
devices or systems that combine electrical and mechanical 
components. They range in size from the sub micrometer (or sub 
micron) level to the millimeter level, and there can be any number, 
from a few to millions, in a particular system. MEMS extend the 
fabrication techniques developed for the integrated circuit industry to 
add mechanical elements such as beams, gears, diaphragms, and 
springs to integrated systems 

MEMS are a new frontier in miniaturization. MEMS 
reasearchers have taken technology traditionally restricted to the 
manufacture of electronic integrated circuits and developed methods 
to makes machines on a chip. Not only is MEMS technology able to 
produce devices that operate on the scale of 100 micron diameter 
gears and micron-thick hinges, but the machines can be interfaced 
with electronic drives, control mechanism and other MEMS on the 
same chip. This implementation gives a new meaning to the phrase 
“integrated circuit”. 

The electronics and mechanical aspects of MEMS are well 
known, being part of the acronym. However, MEMS can also include 
magnetic, thermal, fluidic and electromagnetic mechanism. The 
general terms Microsystems can be used, but we will continue to 
employ MEMS for its brevity and because of widespread acceptance. 
In keeping with common usage, we take the term MEMS to include 
micromachined structures, even if they don not have moving parts.  

Examples of MEMS device applications include inkjet-printer 
cartridges, accelerometers, miniature robots, microengines, locks, 
inertial sensors, microtransmissions, micromirrors, micro actuators, 
optical scanners, fluid pumps, transducers, and chemical, pressure and 
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flow sensors. New applications are emerging as the existing 
technology is applied to the miniaturization and integration of 
conventional devices. 

These systems can sense, control, and activate mechanical 
processes on the micro scale, and function individually or in arrays to 
generate effects on the macro scale. The micro fabrication technology 
enables fabrication of large arrays of devices, which individually 
perform simple tasks, but in combination can accomplish complicated 
functions. 

MEMS are not about any one application or device, nor are they 
defined by a single fabrication process or limited to a few materials. 
They are a fabrication approach that conveys the advantages of 
miniaturization, multiple components, and microelectronics to the 
design and construction of integrated electromechanical systems. 
MEMS are not only about miniaturization of mechanical systems; 
they are also a new paradigm for designing mechanical devices and 
systems 

During the past decade, several new fabrication techniques have 
evolved which helped popularize microelectromechanical systems 
(MEMS), and numerous novel devices have been reported in diverse 
areas of engineering and science.  

MEMS can be divided into two classes: MEMS actuators and 
MEMS sensors. The first one is a kind of moving mechanism 
activated by an electrical signal like micromotor. Micro sensors are 
currently available for a large number of applications. Historically, 
owing to their ease of fabrication, these were the earliest 
microsystems. Another reason for the actuators not becoming popular 
is that the amount of energy generated by such tiny systems does not 
cause much impact in the associated systems. The electromotive force 
used to move the structures on the wafer surface is typically 
electrostatic attraction, although magnetic, thermal or even gas-based 
microactuator structures have been developed. 

2.2 MEMS 
The term MEMS refers to a collection of microsensors and actuators 
which can sense its environment and have the ability to react to 
changes in that environment with the use of a microcircuit control. 
They include, in addition to the conventional microelectronics 
packaging, structures for command signals into micro 
electromechanical structures for desired sensing and actuating 
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functions. The system also may need micropower supply, micro relay 
and microsignal processing units. Microcomponents make the system 
faster, more reliable, cheaper and capable of incorporating more 
complex functions. 

In the beginning of the 1990s, MEMS emerged with the aid of 
the development of integrated circuit (IC) fabrication processes, where 
sensors, actuators and control functions are co-fabricated in silicon. 
Since then, remarkable research progresses have been achieved in 
MEMS under strong capital promotions from both government and 
industry. In addition to the commercialization of some less-integrated 
MEMS devices, such as microaccelerometers, inkjet printer heads, 
micro mirrors for projection, etc., the concepts and feasibility of more 
complex MEMS devices have been proposed and demonstrated for the 
applications in such varied fields as microfluidics, aerospace, 
biomedicine, chemical analysis, wireless communications, data 
storage, display, optics, etc.[1-2].  

Some branches of MEMS, such as micro-opto-
electromechanical systems (MOEMS), micro total analysis systems 
(μTAS), etc., have attracted a great deal of research interest since their 
potential application market. As of the end of the 1990s, most MEMS 
devices with various sensing or actuating mechanisms were fabricated 
using silicon bulk micromachining, surface micromachining and 
LIGA11 processes [3-5]. Three dimensional microfabrication 
processes incorporating more materials were presented for MEMS 
recently when some specific application requirements (e.g. biomedical 
devices) and microactuators with higher output power were called for 
in MEMS [1,5-11]. 

Micromachining has become the fundamental technology for the 
fabrication of microelectromechanical devices and, in particular, 
miniaturized sensors and actuators. Silicon micromachining is the 
most mature of the micromachining technologies and it allows for the 
fabrication of MEMS that have dimensions in the submillimeter range. 
It refers to fashioning microscopic mechanical parts out of silicon 
substrate or on a silicon substrate, making the structures three 
dimensional and bringing new principles to the designers. Employing 
materials such as crystalline silicon, polycrystalline silicon and silicon 
                                                 

1 LIGA is a German acronym, for Lithographie, 
Galvanoformung, Abformung (lithography, galvanoforming, 
moulding) 
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nitride, etc., a variety of mechanical microstructures including beams, 
diaphragms, grooves, orifices, springs, gears, suspensions and a great 
diversity of other complex mechanical structures has been conceived 
[12-16]. 

The integration of micromachining and microelectronics on one 
chip results in so-called smart sensors. In smart sensors, small sensor 
signals are amplified, conditioned and transformed into a standard 
output format. They may include microcontroller, digital signal 
processor, application-specific integrated circuit (ASIC), self-test, 
self-calibration and bus interface circuits, simplifying their use and 
making them more accurate and reliable. 

Microsensors and actuators are fabricated using the well-known 
micromachining techniques in the microelectronics industry. Silicon 
micromachining has been a key factor for the vast progress of MEMS 
in the past decade. This refers to the fashioning of microscopic 
mechanical parts out of silicon substrates and more recently other 
materials. It is used to fabricate such features as clamped beams, 
membranes, cantilevers, grooves, orifices, springs, gears, suspensions, 
etc. These can be assembled to create a variety of sensors. Bulk 
micromachining is the commonly used method but it is being replaced 
by surface micromachining which offers the attractive possibility of 
integrating the machined device with microelectronics which can be 
patterned and assembled on the same wafer. Thus power supply 
circuitry, signal processing using ASICs can be incorporated. It is the 
efficiency of creating several such complete packages using existing 
technology that makes this an attractive approach. 

2.3 Microfabrications for MEMS 
 
Silicon micromachining has been a key factor for the vast 

progress of MEMS. Silicon micromachining refers to fashioning 
microscopic mechanical parts out of a silicon substrate or on a silicon 
substrate. Silicon micromachining comprises of two technologies: 
bulk micromachining, in which structures are etched into silicon 
substrate, and surface micromachining, in which the micromechanical 
layers are formed from layers and films deposited on the surface. Bulk 
micromachining and surface micromachining are the two major 
micromachining processes of silicon; silicon wafer bonding is usually 
necessary for silicon microfabrication. LIGA and three-dimensional 
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(3D) microfabrications have been used for high-aspect ratio and 3D 
microstructures fabrication for MEMS. 

2.3.1 Bulk micromachining of silicon 
Bulk micromachining is the most mature of the two silicon 

micromachining technologies. It emerged in the early 1960s and has 
been used since then in the fabrication of different microstructures. It 
is utilized in the manufacturing of the majority of commercial devices 
– almost all pressure sensors and silicon valves and 90% of silicon 
accelerometers.  

The term bulk micromachining comes from the fact that this 
type of micromachining is used to realize micromechanical structures 
within the bulk of a single-crystal silicon wafer by selectively 
removing (‘etching’) wafer material. The microstructures fabricated 
using bulk micromachining may cover the thickness range from 
submicron to full wafer thickness (200 to 500 μm) and the lateral size 
range from submicron to the lateral dimensions of a full wafer. 

Bulk micromachining of Si uses wet- and dry-etching techniques 
in conjunction with etch masks and etch stops to sculpt 
micromechanical devices from the Si substrate. 

For etching such thick silicon substrate, anisotropic wet etchants 
such as solutions of potassium hydroxide (KOH), ethylenediamine 
pyrocatechol (EDP), tetramethylammonium hydroxide (TMAH) and 
hydrazine-water are used. These etchants have different etch rates in 
different crystal orientations of the silicon[15,17]. Wet etching in most 
case is done from the back side of the wafer while the plasma-etching 
is being applied to the front side.  

In recent years, a vertical-walled bulk micromachining 
technique known as SCREAM (single-crystal reactive etching and 
metallization), which is a combination of anisotropic and isotropic 
plasma etching, is used [18]. The etch process can be made selective 
by the use of dopants (heavily doped regions etch slowly), or may 
even be halted electrochemically (e.g. etching stops upon 
encountering a region of different polarity in a biased p–n junction). A 
region at which wet etching tends to slow down or diminish is called 
an ‘etch-stop’. There are several ways in which an etch-stop region 
can be created; doping-selective etching (DSE) and bias-dependent 
DSE [15,17-18] 

Wet etching can either be isotropic etching or anisotropic 
etching depending on the structure of the materials or the etchants 
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used. If the material is amorphous or polycrystalline, wet etching is 
always isotropic etching. During isotropic etching, resist is always 
undercut, meaning the deep etching is not practical for MEMS. 
Single-crystal silicon can be anisotropically etched. The etching 
features are determined by the etching speed, which is dependent on 
the crystal’s orientation. The etching slows down significantly at the 
(111) planes of silicon, relative to other planes. With the chosen 
wafers with different crystal orientation, different buck machined 
features can be achieved. By combining anisotropic etching with 
boron implantation (P+ etch-stop), and electrochemical etch-stop 
technique, varied silicon microstructures can be bulk machined 
(Figure 2.1). 

 
Figure 2.1: Catilever realized by anisotropic etching with buried etch-stop layer 

Dry etching occurs through chemical or physical interaction 
between the ions in the gas and the atoms of the substrate. The most 
common dry etching of bulk silicon are plasma etching and reactive 
ion etching (RIE) etching, where the external energy in the form of RF 
powder drives chemical reactions in low-pressure reaction chambers. 
A wide variety of chlorofluorocarbon gases, sulfur hexafluoride, 
bromine compounds and oxygen are commonly used as reactants. The 
anisotropic dry etching processes are widely used in MEMS because 
of the geometry flexibility and less chemical contamination than in 
wet etching sometimes. Arbitrarily oriented features can be etched 
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deep into silicon using anisotropic dry etching. Very deep silicon 
microstructures can be obtained by the deep RIE (DRIE) dry 
etching[12]. 

With bulk-micromachined silicon microstructures, the wafer-
bonding technique is necessary for the assembled MEMS devices. 

2.3.2 Surface micromachining of silicon 
Surface micromachining enables the fabrication of complex 

multicomponent integrated micromechanical structures that would not 
be possible with traditional bulk micromachining. This technique 
encases specific structural parts of a device in layers of a sacrificial 
material during the fabrication process. The substrate wafer is used 
primarily as a mechanical support on which multiple alternating layers 
of structural and sacrificial material are deposited and patterned to 
realize micromechanical structures. The sacrificial material is then 
dissolved in a chemical etchant that does not attack the structural 
parts. The most widely used surface micromachining technique, 
polysilicon surface micromachining, uses SiO2 as the sacrificial 
material and polysilicon as the structural material(Figure 2.2) 

 
Figure 2.2 Processing steps of typical surface micromachining[21]. 
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The dimensions of these surface micromachined structures can 
be several orders of magnitude smaller than bulk-micromachined 
structures. The prime advantage of surface-micromachined structures 
is their possibiblity to be integrated with IC components. It should be 
noted that as miniaturization in immensely increased by surface 
micromachining, the small mass structure involved may be 
insufficient for a number of mechanical sensing and actuation 
applications. 

Surface micromachining requires a compatible set of structural 
materials, sacrificial materials and chemical etchants. The structural 
materials must possess the physical and chemical properties that are 
suitable for the desired application. In addition, they must have 
satisfactory mechanical properties; e.g. high yield and fracture 
stresses, minimal creep and fatigue and good wear resistance. The 
sacrificial materials must have good mechanical properties to avoid 
device failure during fabrication. These properties include good 
adhesion and low residual stresses in order to eliminate device failure 
by delamination and/or cracking. The etchants to remove the 
sacrificial materials must have excellent etch selectivity and they must 
be able to etch off the sacrificial materials without affecting the 
structural ones. In addition the etchants must have proper viscosity 
and surface tension characteristics.  

The common IC compatible materials used in surface 
micromachining are[19]: 

(1) polysilicon/Silicon dioxide; low-pressure chemical vapor 
deposition (LPCVD) deposited polysilicon as the structural 
material and LPCVD deposited oxide as the sacrificial 
material. The oxide is readily dissolved in HF solution 
without the polysilicon being affected. Together with this 
material system, silicon nitride is often used for electrical 
insulation.  

(2) Polyimide/aluminium; in this case polyimide is the 
structural material and aluminium is the sacrificial material. 
Acid-based etchants are used to dissolve the aluminium 
sacrificial layer.  

(3) Silicon nitride/polysilicon; silicon nitride is used as the 
structural material, whereas polysilicon is the sacrificial 
material. For this material system, silicon anisotropic 
etchants such as KOH and EDP are used to dissolve 
polysilicon. 
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(4) Tungsten/silicon dioxide; CVD deposited tungsten is used 
as the structural material with oxide as the sacrificial 
material. HF solution is used to remove the sacrificial oxide. 

In this work Poly-SiGe is also presented as a material suitable as 
structural layer for MEMS applications. For its low processing 
temperature enables post-processing MEMS on top of CMOS without 
introducing significant changes in the existing CMOS foundry 
processes[20]. 

Surface micromachining could also be performed using dry 
etching methods. Plasma etching of the silicon substrate with SF6/O2-
based and CF4/H2-based gas mixtures is advantageous since high 
selectivities for photoresist, silicon dioxide and aluminum masks can 
be achieved. In contrast, reactive ion etching of poly-Si using a 
chlorine/fluorine gas combination produces virtually no undercut and 
almost vertical etch profiles when using photoresist as a masking 
material. Thus, rectangular silicon patterns which are up to 30μm deep 
can be formed using chlorine/fluorine plasmas out of polysilicon films 
and the silicon wafer surface. 

Silicon microstructures fabricated by surface micromachining 
are usually planar structures (or are two dimensional). Other 
techniques involving the use of thin-film structural materials released 
by the removal of an underlying sacrificial layer have helped to extend 
conventional surface micromachining into the third dimension. By 
connecting polysilicon plates to the substrate and to each other with 
hinges, 3D micromechanical structures can be assembled after release. 
Another approach to 3D structures used the conformal deposition of 
polysilicon and sacrificial oxide films to fill deep trenches previously 
etched in the silicon substrate. 

2.3.3 Wafer bonding for MEMS 
Silicon micromachining has limitations in forming complex 3D 

microstructures in a monolithic format; multichip structures are then 
proposed for advanced MEMS, where wafer-to-wafer bonding is 
critical in the formation [21]. The wafer bonding for MEMS can be 
categorized into three major types: anodic bonding, intermediate-layer 
assisted bonding and direct bonding. 
1 Anodic bonding is also called field-assisted thermal bonding, 

electrostatic bonding, etc. Anodic bonding is usually established 
between a sodium glass and silicon for MEMS. For the anodic 
bonding, a cathode and an anode are attached to the glass (or 
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silicon with glass thin coating) and silicon wafer, respectively; 
voltages applied range from 200V to 1000 V. At the same time, 
the anode is put on a heater providing the bonding temperature 
around 180 to 500 ◦C .The advantage of anodic bonding for 
MEMS is that the low temperature used can ensure the 
metallization layer (aluminium) could withstand this temperature 
without degradation. 

2 Intermediate-layer assisted bonding. This type of bonding for 
MEMS requires an intermediate layer, which can be metal, 
polymer, solders, glasses, etc., to fulfil the bonding between 
wafers [21].  

3 Direct bonding is also called silicon fusion bonding, which is 
used for silicon–silicon bonding. Direct bonding is based on a 
chemical reaction between OH groups present at the surface of 
native silicon or grown oxides covering the wafers [19] 

2.3.4 LIGA process 
MEMS generally require complex microstructures that are thick 

and three-dimensional[22]. Therefore, many microfabrication 
technologies have been developed to achieve high-aspect-ratio 
(height-to-width) and 3D devices. The LIGA process is one of those 
microfabrications. LIGA is a German acronym for Lithographie, 
Galvanoformung, Abformung (lithography, galvanoforming, 
moulding). It was developed by the research Center Karlsruhe in the 
early 1980s in Germany using X-ray lithography for mask exposure, 
galvanoforming to form the metallic parts and moulding to produce 
microparts with plastic, metal, ceramics, or their combinations [1].  

With the LIGA process, microstructures height can be up to 
hundreds of microns to millimeter scale, while the lateral resolution is 
kept at the submicron scale because of the advanced X-ray 
lithography. Various materials can be incorporated into the LIGA 
process, allowing electric, magnetic, piezoelectric, optic and 
insulating properties in sensors and actuators with a high-aspect ratio, 
which are not possible to make with the silicon-based processes. 
Besides, by combining the sacrificial layer technique and LIGA 
process, advanced MEMS with moveable microstructures can be built 
[23]. However, the high production cost of LIGA process due to the 
fact that it is not easy to access X-ray sources limits the application of 
LIGA. Another disadvantage of the LIGA process relies on that fact 
that structures fabricated using LIGA are not truly three-dimensional, 
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because the third dimension is always in a straight feature. As we 
know, complex thick 3D structures are necessary for some advanced 
MEMS, which means other 3D microfabrication processes need to be 
developed for MEMS.  

2.3.5 Three-dimensional microfabrications 
To fabricate 3D structures for MEMS, many novel 3D 
microfabrication techniques have been developed. Among them, 
microscale freeform fabrications are very impressive to achieve 3D 
MEMS devices. Most of the freeform fabrications build 3D 
microstructures in an additive layer-by layer fashion[6-9].  

Another approach to build 3D MEMS devices is to combine 
the current micromachining processes, such as silicon 
micromachining, LIGA, precision mechanical machining, etc., or 
combining the new 3D microfabrication processes with the silicon 
micromachining and LIGA processes[24-25]. The AMANDA process 
is one of these combined microfabrication processes, which combines 
the LIGA process (or precision machining) with silicon 
micromachining. 
It is known that 3D MEMS devices are usually with multiple layers 
fabricated from many different structural and functional materials, 
hence they are  expensive and it is difficult their industrialization. 

2.4 Electromechanical Transducers 
Mechanical filters and their micromechanical counterparts rely on the 
transformation of electrical energy to a mechanical form and vice 
versa, through a frequency-dependent transducer, for their operation. 
In this section basic principles of some of these common 
electromechanical transducers are discussed briefly. The energy 
conversion schemes presented here include electrostatic (the focus of 
the work) piezoelectric, electromagnetic electrothermal and other 
transducers.  
One important step in the design of these mechanical systems is to 
obtain their electrical equivalent circuit from their analytical model. 
This often involves first obtaining mechanical equivalent circuits 
using springs and masses, and then using the electromechanical 
analogies to reach the electrical equivalent circuits. Such conversions 
need not always be exact but would serve as an easily understood tool 
in their design. The use of these electrical equivalent circuits would 
also facilitate the use of vast resources available for modern 
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optimization programs for electrical circuits. A list of useful 
electromechanical analogies is given in Table 2.1[26]. 
These are known as mobility analogies. These analogies become 
useful when one needs to replace mechanical components with 
electrical components which behave similarly, forming the equivalent 
circuit.  

Table 2.1: Electromechanical mobility analogies[26] 
 Mechanical 

Parameter 
Electrical Parmeter 

Variable Velocity, angular 
velocity 

Voltage 

 Force, torque Current 
Lumped network 
elements 

Damping Conductance 

 Compliance Inductance 
 Mass, mass moment 

of inertia 
Capacitance 

Transmission lines Compliance per unit 
length 

Inductance per unit 
length 

 Mass per unit length Capacitance per unit 
length 

 Characteristic 
mobility 

Characteristic 
impedance 

Immitances Mobility Impedance 
 Impedance Admittance 
 Clamped point Short circuit 
 Free point Open circuit 
Source immitances Force Current 
 Velocity Voltage 
 
As a simple example, the development of an electrical equivalent 
circuit of a mechanical transmission line component is discussed here 
(Johnson, 1983). The variables in such a system are force and 
velocity. The input and output variables of a section of a lossless 
transmission line can be conveniently related by 
ABCD matrix form as: 

0
1 2

1 2
0

cos sin

sin cos

x jZ x
x x

j x xF F
Z

β β

β β

⎡ ⎤
⎡ ⎤ ⎡ ⎤⎢=⎢ ⎥ ⎢ ⎥⎢⎣ ⎦ ⎣ ⎦⎢ ⎥⎣ ⎦

⎥
⎥  (2.1) 
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Where 

0
1 l

l

CZ
MA Eρ

=  (2.2) 

pv
ωβ =  (2.3) 

1
p

l l

Ev
C Mρ

= =  (2.4) 

In these equations 1j = − , ˙x1 and ˙x2 are velocities, F1 and F2 forces 
at two ends of a transmission line, Z0, β and vp are the characteristics 
impedance, propagation constant and phase velocity of the 
transmission line, A is the cross-sectional area of the mechanical 
transmission line, E its Young’s modulus, and ρ the density. 
Quantities Cl and Ml are compliance and mass per unit length of the 
line, respectively. Now, looking at the electromechanical analogies in 
Johnson (1983), the expressions for an equivalent electrical circuit can 
be obtained in the same form as Equation  

Table 2.2: Direct analogy of electrical and mechanicaldomains 
Mechanical quantity Electrical quantity 
Force  Voltage 
Velocity Current 
Displacement Charge 
Momentum Magnetic flux 
Mass Inductance 
Compliance Capacitance 
Viscous damping Resistance 

 

0
1 2

1 2
0

cos sin

sin cos

x jZ x
V V

j x xI I
Z

β β

β β

⎡ ⎤
⎡ ⎤ ⎡ ⎤⎢=⎢ ⎥ ⎢ ⎥⎢⎣ ⎦ ⎣ ⎦⎢ ⎥⎣ ⎦

⎥
⎥  (2.5) 

In Equation (2.5) V and I are the voltage and current on the 
transmission line (with subscripts representing its ports). The other 
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quantities in the matrix are also represented by equivalent electrical 
parameters as: 

0
l

l

LZ
C

μ
ε

= =  (2.6) 

1 1
p

l l

v
L Cμε

= =  (2.7) 

In Equations (2.6) and (2.7) Ll and Cl represent the inductance and 
capacitance per unit length of the line, and ε and μ are the permittivity 
and permeability of the transmission medium. 
Apart from the above mobility analogy a direct analogy is also 
followed at times to obtain the equivalence between electrical and 
mechanical circuits. These result from the similarity of 
integrodifferential equations governing electrical and mechanical 
components [27]. A brief list of these analogies are presented in Table 
2.2. 
An understanding of the underlying operational principle is essential 
in obtaining the equivalent circuit of these transducers. A brief 
description of the operational principles of some of these common 
transduction mechanisms used in electromechanical systems is 
provided below. 

2.4.1 Electrostatic actuators 
Electrostatic actuation is the most common type of electromechanical 
energy conversion scheme in micromechanical systems. This is a 
typical example of an energy-storage transducer. Such transducers 
store energy when either mechanical or electrical work is done on 
them. Assuming that the device is lossless, this stored energy is 
conserved and later converted to the other form of energy. The 
structure of this type of transducer commonly consists of a capacitor 
arrangement, where one of the plates is movable by the application of 
a bias voltage. This produces displacement, a mechanical form of 
energy. 

Tesi di Dottorato – A. Molfese 16 



Chapter 2 - MEMS Devices and Electrostatic Actuators 

x

d0

 
Figure 2.3 Schematic of an electrostatic transducer. 

2.4.1.1 Parallel plate actuators 
To derive an expression for the electromechanical coupling 
coefficient, let us first consider a parallel plate capacitor. In Figure 
2.3, the bottom plate is fixed, and the top one is movable. The 
constitutive relations of this structure for voltage (V ) and force (F) are 
given in terms of displacement (x) and charge (Q). These relations can 
be obtained either analytically from electrostatics, or experimentally 
when a complicated system with various losses has to be modeled. 
Assuming that there are no fringing fields, the capacitance of this 
configuration at rest is widely known to be: 

0
0

AC
d
ε

=  (2.8) 

However, when a voltage is applied across this system, the top plate 
moves towards the other, resulting in a net gap 

0d d x= −  (2.9) 
The capacitance with the plates at this new position is 

1 1

0 0
0 0

1 1A A x xC A d C
d d x d d

ε ε ε
−

0

−⎡ ⎤⎛ ⎞ ⎛ ⎞
= = = − = −⎢ ⎥⎜ ⎟ ⎜− ⎝ ⎠ ⎝ ⎠⎣ ⎦

⎟ (2.10) 

Since charge is conserved, the instantaneous voltage across these 
plates is given in terms of the charge (electrical quantity) and 
displacement (mechanical quantity) as: 

( ) ( ) ( ) ( ) ( ) ( )
0 0 0 0 0

1
Q t x t Q t Q t x t

V t
C d C C d

⎡ ⎤
= − = −⎢ ⎥

⎣ ⎦
 (2.11) 
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Next we endeavour to derive the association between force with 
charge. The electrostatic force between the plates can be obtained 
from Coulomb’s law. By the principle of conservation of energy, the 
mechanical work done in moving the plate should balance with an 
equal variation in electrical energy. Thus the net work done is 

0electrical CoulombdW dW F dx= + ≡  (2.12) 
Therefore, 

electrical
Coulomb

WF
x

∂
= −

∂
 (2.13) 

where 
21

2electricalW = CV  (2.14) 

 
Substituting Equations (2.9)–(2.11) in Equation (2.14), and then back 
in Equation (2.13), the electrostatic force becomes: 

( )2

0 0

1
2Coulomb

Q t
F

C d
= −  (2.15) 

The nonlinearities in these electromechanical coupling equations , 
Equations (2.11) and (2.15), are quite apparent. Such nonlinearities 
are significant in the realization of microswitches. However, for 
applications in tunable capacitors, filters and resonators this may not 
be a desirable feature. However, for small variations about the rest 
position, these relationships can be assumed to be linear, as shown in 
the following simplification. Equation (2.11) for the voltage across the 
plates can be expressed in terms of a static charge Q0, and a dynamic 
component as: 

( ) 0 0

0 0 0 0 0 0

dQ Q Q QV t x x
C C C d C d

= + − − d  (2.16) 

( ) 0 dQ t Q Q= +  (2.17) 
Considering only the dynamic component of voltage, and using the 
assumptions Qd<<Q0 and x<<d0, we get: 

( ) 0

0 0

d
d

Q VV t x
C d

−  (2.18) 

This electromechanical relation is obviously linear. A similar 
procedure would lead to the linearization of the other 
electromechanical coupling equation between the force and charge as: 
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( ) 0

0
Coulomb dd

VF Q
d

=  (2.19) 

It may, however, be reiterated that these linearized expressions are 
valid for a very small range of displacements around the rest position. 
The electrostatic coupling equations in the sinusoidal state are written 
in the form (Rossi, 1988): 

0

0 0
ca

VIV v
j C j dω ω

= −  (2.20) 

0

0
ca

VF I
j dω

=  (2.21) 

The coefficient on the right-hand side of Equation (2.21) is the 
electrostatic coupling coefficient. This being pure imaginary number 
the energy conversion is purely reactive. One of the equivalent circuits 
used to represent an electrostatic actuator is shown in Figure 2.4. The 
parameters appearing there are: 

2

0 0
2

00
0

0

1

m
em

m

C V CC
dVC C

d

⎛ ⎞
′ = ⎜

⎛ ⎞ ⎝ ⎠
− ⎜ ⎟

⎝ ⎠

⎟  (2.22) 

1
em m

m

Z Z
j Cω

′ ′= +
′′

 (2.23) 

where 

2

0
0

0

1

m
m

m

CC
VC C
d

′ =
⎛ ⎞

− ⎜ ⎟
⎝ ⎠

 (2.24) 

and Cm and Zm are the compliance of the moving plate and its 
mechanical impedance, respectively. 
Fabrication of microsized devices with an electrostatic actuation 
scheme is relatively easy as it is independent of the properties of 
material systems. Therefore an electrostatic actuation scheme is the 
most preferred for microactuators. In addition to the parallel plates 
scheme described above, comb drives are also popular in these 
devices.  
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Figure 2.4: Equivalent circuit for electrostatic actuator. 

2.4.1.2 Electrostatic comb drive 
An electrostatically driven parallel plate actuator has a clamped-
clamped beam configuration. Although this is amenable for micro 
fabrication, as derived previously, this configuration has nonlinear 
response characteristics. Hence another electrostatically actuated 
structure is preferred at the microscale. The layout of such a laterally 
driven electrostatic resonant structure is shown in Figure 2.5. Two 
resonator configurations are possible with this structure [28]. In the 
first, a two-port configuration, the structure is driven on one of the 
comb structures and sensed at the other, for capacitance variations. In 
the second configuration, both comb structures are used to drive 
differentially, while sensing is achieved by monitoring shift in 
impedance at resonance. The folded beam truss suspension has large 
compliance and is capable of reducing the residual strain in the 
structural film. In the two-port configuration, the driving force and the 
sensitivity of the output are both proportional to the variation of 
capacitance with lateral displacement ∂C/∂x. The static displacement 
at the drive port, for an applied drive voltage vD, is [28]: 

21
2

x
D

s s

F Cx v
k k x

∂
= =

∂
 (2.25) 
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Figure 2.5: Lateral electrostatic comb actuator[28]. 

where Fx is the x component of the electrostatic force and ks is the 
spring constant of the system.  
To ensure stability, the drive voltage consists of an ac voltage of 
amplitude vd superimposed on a dc bias VP such that 

D P dv  = V  + v  sin t ω  (2.26) 
It may be mentioned at this point that realization of a small 
interelectrode gap is essential to reduce the drive voltage requirements 
of this actuation mechanism.  
Substituting Equation (2.25) in Equation (2.26) and taking the time 
derivative, we get 

( )
2

21 1 2 cos sin 2
2 2

D
P D D

s s

vx C C V v t v t
t k x t k x

ω ω∂∂ ∂ ∂
= = +

∂ ∂ ∂ ∂
(2.27) 

For ac voltages much smaller than the dc bias, the second harmonic 
term on the right-hand side can be neglected. At resonance, the 
magnitude is multiplied by the quality factor, to get the magnitude of 
the electromechanical transfer function which relates the phasor 
displacement X to the phasor drive voltage Vd: 

P

D S

V QX C
V k

ω
x

∂
=

∂
 (2.28) 

This shows that since ∂C/∂x is independent of displacement x, the 
comb drive has a linear electromechanical transfer function between 
the displacement and the drive voltage. It may, however, be recalled 
that this analysis assumes that the amplitude of the ac component of 
the drive voltage is smaller than the dc bias. 
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The sensed current is at the output port is 

S S
C xi V
x t

∂ ∂
=

∂ ∂
 (2.29) 

where Vs is the bias voltage between the structure and the sense 
electrode and Q the quality factor for thid structure. Substituting 
Equation (2.27) in Equation (2.29), the magnitude of the 
transconductance of the resonant structure is given by: 

2
S P S

D s

I V V Q C
V k x

ω ∂⎛ ⎞= ⎜ ⎟∂⎝ ⎠
 (2.30) 

The parasitic capacitive coupling between the input and output ports is 
minimized 
by including a grounded planar electrode, which also helps suppress 
excitation of undesired modes. Unfortunately this ground plane 
produces also a parasitic effect which will be widely analyzed on 
Chapter 6. 

2.4.2 Piezoelectric transducers 
When subjected to mechanical stress, certain anisotropic crystalline 
materials generate charge. This phenomenon, discovered in 1880 by 
Jaques and Pierre Curie, is known as piezoelectricity. This effect is 
widely used in ultrasonic transducers. Lead zirconate titanates (PZTs) 
are the most common ceramic materials used as piezoelectric 
transducers. These crystals contain several randomly oriented domains 
if no electric potential is applied during the fabrication process of the 
material. This results in little changes in the dipole moment of such a 
material when a mechanical stress is applied. However, if the material 
is subjected to an electric field during the cooling down process of its 
fabrication, these domains will be aligned in the direction of the field. 
When external stress is applied to such a material, the crystal lattices 
get distorted, causing changes in the domains and a variation in the 
charge distribution within the material. The converse effect of 
producing strain is caused when these domains change shape by the 
application of an electric field. 
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Figure 2.6 Development of equivalent circuit of a piezoelectric transducer[26]. 

The development of the equivalent circuit for a piezoelectric bar is 
illustrated in Figure 2.6[26]. The bar vibrates in the direction (with 
force F and velocity x) shown in the figure, by the application of an 
applied voltage (V). The reactance (jX) curve in (2.50)Figure 2.1(b) 
can be obtained by ignoring higher order modes of vibration, and the 
losses. One circuit configuration that results in similar reactance 
characteristics is shown Figure 2.6(c). The electromechanical 
equivalent circuit can be constructed from this, incorporates a gyrator 
with a resistance A and an inverter of reactance jκ in addition to the 
corresponding spring constant K and mass M. The gyrator represents 
the nonreciprocal nature of the piezoelectric transducer. The inverter 
is required here since the gyrator converts the parallel resonant circuit 
to a series circuit [26]. The series combination of inverter and gyrator 
functions as a transformer with an imaginary turns ratio jκ/A. 
In general the piezoelectric transduction phenomenon is quadratic in 
nature, but may be assumed to be linear for small deformations. The 
electromechanical coupling can then be written as 

1Q d F=  (2.31) 

2x d V=  (2.32) 
In these equations, d1 and d2 represent the piezoelectric charge 
modulus d in units 1 and 2, respectively. However, when both voltage 
and force are present, the following piezoelectric coupling equations 
are used: 
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1 0Q d F C V= +  (2.33) 

2 mx d V C F= +  (2.34) 
where C0 is the free capacitance and Cm the short-circuit compliance 
of the transducer. The electromechanical coupling coefficient is 
another important nondimensional quantity representing the 
performance of piezoelectric transducers. This is the ratio of 
mechanical work available to the electrical energy stored in the 
transducer [29]. The coupling coefficient depends on the type of 
material, mode of stress and the polarization of electric field. For a 
linear piezoelectric material, this is 

d
S

η
ε

=  (2.35) 

where d is a constant for piezoelectric material, S is the elastic 
compliance and ε is the permittivity of the material. 
PZT thin films have been developed using standard thin-film 
deposition techniques such as sputtering, and physical or chemical 
vapor deposition. Their use in sensors and actuators is inherently 
limited by the quality and repeatability of thin films obtained by these 
techniques.  

2.4.3 Electromagnetic transducers 
The magnetic counterpart of a moving plate capacitor is a moving coil 
inductor. This is yet another energy-storing transducer, the difference 
in this case being the forms of energy are magnetic and mechanical. A 
simplified sketch of such a transducer is shown in Figure 2.7. When a 
current i flows through the coil, the magnetic flux is ϕ. Neglecting 
nonidealities, such as electrical capacitance and resistance, and 
mechanical mass and friction, the constitutive relations for this device 
can be derived for the current (i) and force (F), in terms of 
displacement (x) and flux linkage. The conversion of energy takes 
place as a result of the interaction between these electrical and 
mechanical quantities in such a circuit. 
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Figure 2.7 Schematic of an electromagnetic transducer. 

In the transducer shown in Figure 2.7, the fixed armature has N turns 
of winding, and both this and the moving part are made of 
ferromagnetic materials. Assuming infinite permeability for the 
ferromagnetic parts, the reluctance is confined only to the gap 
between them. Considering both the gaps, the total reluctance  is 
approximately given by 

ℜ

( )
0

2d t
Sμ

ℜ  (2.36) 

where μ0 is the permeability of air (medium in the gap) and S is its 
cross-sectional area. The reluctance at the rest position is 

0
0

0

2d
Sμ

ℜ =  (2.37) 

The position of the fixed element can, however, be expressed in terms 
of its rest position and the displacement as: 

( ) ( )0d t d x t= −  (2.38) 
Substituting Equations (2.37) and (2.38) into Equation (2.36), we get 

0
0

1 x
d

⎡ ⎤
ℜ = ℜ −⎢ ⎥

⎣ ⎦
 (2.39) 

The inductance of the coil is expressed in terms of its reluctance as: 
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12

0
0

1NL L
d
x

−
⎡ ⎤

= = −⎢ ⎥ℜ ⎣ ⎦
 (2.40) 

This may, however, be simplified for very small displacements using 
Taylor series expansions. 
Ignoring higher-order terms, the inductance of this coil becomes  

0
0

1 xL L
d

⎛ ⎞
+⎜

⎝ ⎠
⎟  (2.41) 

The voltage induced on the coil is 
( )d Li

V
dt

= −  (2.42) 

Substituting Equation (2.41) into Equation (2.42), the induced voltage 
is given as: 

0 0
0

di vV L L i
dt d

− −  (2.43) 

where v is the velocity of the moving plate. This leads to a nonlinear 
relationship for theelectromechanical coupling. The stored magnetic 
energy is 

2
21

2 2mW Li
L

ϕ
= =  (2.44) 

Assuming the principle of conservation of energy, this balances with 
the mechanical energy spent on the displacement. At any instant of 
time dt , the magnetic force used up for generating the displacement is 
given by 

m
magnetic

WF
x

∂
=

∂
 (2.45) 

As done with the electrostatic case, the nonlinearities of these 
expressions for electromechanical coupling can be linearized, by 
defining the components of the flux as: 

0 dϕ ϕ ϕ= +  (2.46) 

Assuming that the dynamic component ϕd << ϕ0, the relation 
between induced magnetic voltage and the dynamic component of 
current becomes [from Equation (2.43)] 

0
0 0 0 0

0 0

d
d

di divV L L I L
dt d dt d

d vϕ
= − − = − −  (2.47) 

The dynamic component of the magnetic force can be approximated 
as ( 
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( )
2

0 0
2

0 0 0
mag dd

F i
d L d
ϕ ϕ

= + x  (2.48) 

Miniaturization of an electromagnetic actuator requires fabrication of 
magnetic thin films and current-carrying coils. Although few attempts 
have been made in this direction, the overall size of devices developed 
so far are not very small. Coupled with this is the difficulty in 
isolating magnetic field between adjacent devices, which makes 
fabrication of integrated microdevices challenging. 

2.4.4 Electrothermal actuators 
In electrothermal actuators, heat is applied to a bimorph beam the 
expansion of which is used to generate the mechanical moment 
required for the actuation. Large deflections and greater energy 
density are achievable with this scheme. But electrothermal 
transducers are too slow to be of any use at the frequencies of interest 
to us. However, for the sake of completion a brief discussion of their 
principles is given here. Several configurations are reported in the 
literature for this kind of actuator.  
Several other configurations of micromachined thermal actuators are 
also reported in literature, for example, the difference in electrical 
resistance of a wide and a narrow arm in a bimorph structure (see 
Figure 2.8; [30]) is used to generate the necessary deflection. This 
difference causes variation in the heat produced and hence thermal 
expansion of the two arms. Based on the dimensions of the structure 
shown in Figure 2.8(a), an equivalent model of the cantilever can be 
obtained in (b). The cross sectional view of the structure is shown in 
Figure 2.8(c) to indicate various layers of materials. It is possible to 
obtain a second-order differential equation to represent its model [30]: 

2
2

2
s

p
T

T Td T Sk J
dx h R

ρ −
+ =  (2.49) 

where kp is the thermal conductivity of polysilicon, T is the operating 
temperature, Ts is the substrate temperature, J is the current density, ρ 
is the resistivity of polysilicon, S is the shape factor, RT is the thermal 
resistance between the polysilicon microbeam and the substrate, and h 
is the thickness of the beam. 
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Figure 2.8 Bimorph electrothermal transducer. 

2.4.5 Other Transducers 
Other transducers which will not be  described into details are listed. 

 Electrodynamic transducers. This is one of the very common 
types of electromechanical actuation scheme. The primary 
component is a current-carrying moving coil such as the one 
commonly used in loud speakers. When a current flows 
through the coil it is deflected in the direction shown with a 
force F and velocity v.  
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 Electrostrictive transducers. Electrostriction is the 
phenomenon of mechanical deformation of materials due to an 
applied electric field. This is a fundamental phenomenon 
present to varying degrees in all materials, and occurs as a 
result of the presence of polarizable atoms and molecules. An 
applied electric field can distort the charge distribution within 
the material, resulting in modifications to bond length, bond 
angle or electron distribution functions, which in turn affects 
the macroscopic dimensions of the material. The phenomenon 
of electrostriction is very similar to piezoelectricity. One of the 
fundamental difference between the two is the closeness of 
transition temperature of the material to the operating 
temperatures. This accounts for the improved strain and 
hysteresis properties for electrostrictive materials.  

 Magnetostrictive transducers. Certain ferromagnetic materials 
show deformation when subjected to a magnetic field. This 
phenomenon, commonly known as magnetostriction, is 
reversible and is also called the Joule and Villari effect. 

2.4.6 Comparison of electromechanical actuation schemes 
A brief comparison of some of the electromechanical transducers 
discussed above is presented in Table 1.4. Owing to its simplicity, 
electrostatic actuation is the most preferred, especially in 
microdevices. The control signal here is voltage, which is easy to 
manipulate in electrical circuits. However, these devices require 
greater environmental protection as electrostatic fields are prone to 
attract dust, which could affect the performance of associated CMOS 
circuits. Electromagnetic and electrodynamic actuators are based on 
Lorentz force effects. The current-carrying coil is stationary in the 
former case, whereas in the latter it is moving. These are ideally suited 
when large currents are possible, even with lower voltages. However, 
they are prone to problems with power dissipation, but are tolerant to 
dust and humidity. 
Actuators based on piezoelectricity, magnetostriction and 
electrostriction depend on changes in strain produced by an applied 
electric or magnetic field in some special materials used 
Most of these transduction schemes are nonlinear. That is, the transfer 
function between electrical (voltage or current) and mechanical (force 
or displacement) terms is not linear. Such nonlinearities distort the 
filtered signal and may cause loss of fidelity. One approach to 
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overcome this difficulty is to restrict the signal to very small 
variations about a dc bias. It is fairly reasonable to assume that the 
response to these small signal variations is linear. 
 
Table 2.3: Comparison of electromechanical transducers 

Actuator Fractional 
stroke (%) 

 

Maximum 
energy 
density 
(J cm−3) 

Efficiency Speed 

Electrostatic 32 0.004 High Fast 
Electromagnetic 50 0.025 Low Fast 

Piezoelectric 0.2 0.035 High Fast 
Magnetorestrictive 0.2 0.07 Low Fast 

Electrostrictive 4 0.032 High Fast 
Thermal 50 25.5 Low Slow 

2.5 Microsensing for MEMS 
Various microsensing and microactuation mechanisms have been 
developed for MEMS for diverse applications. Some of the commonly 
used sensing and actuating principles are introduced in this section. 
Many microsensors based on different sensing principles for MEMS 
have been developed [31-32], including chemical sensors, gas sensors, 
optical sensors, biosensors, thermal sensors and mechanical sensors. 
Some of the major sensing mechanisms for mechanical microsensors 
are introduced in the following sections. 

2.5.1 Capacitive sensing 
Capacitive sensing utilizes the diaphragm-deformation-induced 
capacitance change to convert the information of pressure, force, etc., 
into electrical signals such as changes of oscillation frequency, time, 
charge, and voltage. The structure of a typical capacitive microsensor 
is shown in Figure 2.9; an electrode on the flexible diaphragm and the 
other one on the substrate construct the sensing capacitor. The 
capacitive microsensors can be used for pressure, force, acceleration, 
flow rate, displacement, position and orientation measurement, etc. 
For capacitive microsensors, the capacitance change is not linear with 
respect to the diaphragm deformation, and, also, the small capacitance 
(generally 1 to 3 pF) requires the measurement circuit to be integrated 
on the chip. But the capacitive sensing was found to have potential for 
higher performance than piezoresistive sensing in applications 
requiring high sensitivity, low pressure range and high stability [32]. 
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Figure 2.9: Capacitive sensing structure 

2.5.2 Piezoresistive sensing 
Piezoresistive sensing utilizes resistors where the resistance is varied 
through external pressure, to measure such physical parameters as 
pressure, force and flow rate or to be used as accelerometer. 

 
Figure 2.10: A piezoresistive sensing structure. 

A typical structure for piezoresistive microsensors is shown in Figure 
2.10. The resistors are usually built on a silicon diaphragm. The 
deflection of the diaphragm leads to the dimension change of the 
resistors, resulting in the resistance changing as a result of the 
piezoresistive effect in silicon: 

( )1 2R l
R l

ρν
ρ

Δ Δ
= + +

Δ  (2.50) 

where ΔR is the change of the resistance, R is the original resistance, v 
is the Poisson ratio, Δl is the length change of the resistor, l is the 
original length of the resistor, and ρ and ρ represent the resistivity 
change and resistivity of the resistor, respectively. It is easily found 
that the resistance of the resistors used for this type of piezoresistive 
microsensor is proportional to the external pressure when the 
resistivity change is ignored, since the dimension change is 
proportional to the applied pressure. 
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2.5.3 Piezoelectric sensing 
Piezoelectric sensing is based on the piezoelectric effect of 
piezoelectric materials. The electrical charge change is generated 
when a force is applied across the face of a piezoelectric film. For a 
piezoelectric disc of a given thickness t , the voltage (V) generated 
across the electrode disc when subjected to a stress (T) would be 

V gtT=  (2.51) 
where g is the piezoelectric voltage coefficient. Piezoelectric sensing 
is mostly used in sensors such as pressure sensors, force sensors, 
speedometers and accelerometers, hydrophones and microphones. 

2.5.4 Other sensing systems 
Other sensing systems which will not be  described into details are 
listed. 

 Resonant sensing. Resonant sensing is easily understood as the 
natural frequency of a string changing as aresult of tensile 
force. In the developed resonant microsensor, strain caused by 
pressureon the diaphragm leads to the natural frequency of a 
resonator varying. By picking upthe natural frequency 
variation of the resonator, the physical information that caused 
the strain will be sensed[33]. 

 Surface acoustic wave sensors. Surface acoustic wave (SAW) 
based sensors form an important part of the sensor family and 
in recent years have seen diverse applications ranging from gas 
and vapor detection to strain measurement [34]. A new breed 
of SAW-based actuator modelled on MEMS-based 
microactuators have also been recently announced [34]. 
Iinterdigital transducer (IDT) electrodes. and SAW devices 
recently were found to be attractive sensors for various 
physical variables such as temperature, pressure, force, electric 
field, magnetic field, and chemical compounds. A SAW device 
usually is a piezoelectric wafer with IDT and reflectors on its 
surface. The IDT provides for the cornerstone of SAW 
technology. Its function is to convert the electrical energy into 
mechanical energy, and vice versa, for generating as well as 
detecting the SAW. The type of acoustic wave generated in a 
piezoelectric material depends mainly on the substrate material 
properties, the crystal cut and the structure of the electrodes 
utilized to transform the electrical energy into mechanical 
energy. The sensing action of such transducers involves any 
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influences that will alter the acoustic wave velocity and 
consequently the associated properties of the wave. 

2.6 Applications of MEMS electrostic actuators: 
Micromirrors 

One of the most interesting applications of MEMS electrostatic 
actuators is the realization of thousands of movable reflective plates 
on the same chip:  micromirrors arrays. 
Micromirror arrays are spatial light modulators (SLM) that can 
modulate the phase or amplitude of incident light [35]. The main 
application areas of micromirror arrays are projection display 
systems[36], pattern generators in maskless lithography systems[37], 
optical scanners[38], printers, optical spectroscopy, aberration 
correction, adaptive optical systems [39] and switches and cross 
connectors in optical communication systems[40-41].  
In the following subsections some of the most important applications 
of the micromirror arrays are described together with a small 
description of the existing devices in order to understand for what can 
be used the micromirrors we will analyze in this work. Larges space is 
dedicated to the description of micromirrors for optical switching as 
they are the main focus of the devices designed, fabricated and 
measured in this work (Chapter 4)  

2.6.1 Digital Light Processing 
The first demonstration of a miniature (~2 × 2 mm) torsional mirror 
was by Kurt Petersen, while at IBM [15]. Quoting from this paper, 
Peterson predicts that “. . . silicon micromechanics may eventually 
find a practical implementation for displays (especially if silicon-
driving circuitry can be integrated on the same chip, matrix addressing 
the two-dimensional array of mirrors-all electronically).” This 
statement proved to be truly prophetic, given the current success of 
MEMS 
display products such as Texas Instruments’ Digital. Micromirror 
Device (DMD) [36] for Digital Light Processing. 
Digital Light Processing (DLP) is a data projection technology from 
Texas Instruments that produces clear, readable images on screens in 
lit rooms. DLP is used in all ends of the projection spectrum, from 
data projectors that weigh only a few pounds to 60" rear-projection 
TVs to electronic cinema projectors for movie theaters. The 
technology uses a Digital Micromirror Device 
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(DMD), a chip with 400,000 to more than two million light switches 
that cancel or reflect light. Microelectromechanical mirrors, each 16 
μm square, are built on top of a CMOS memory chip. 
A DMD chip has on its surface several hundred thousand microscopic 
mirrors arranged in a rectangular array that corresponds to the pixels 
in the image to be displayed. The mirrors can be individually rotated 
plus or minus , to an on or off state. In the on state, light from the bulb 
is reflected onto the lens making the pixel appear bright on the screen. 
In the off state, the light is directed somewhere else (usually onto a 
heatsink), making the pixel appear dark (Figure 2.11). 
The mirrors themselves are made out of aluminum and are around 16 
micrometres across. Each one is mounted on a yoke which in turn is 
connected to two support posts by compliant torsion hinges. In this 
type of hinge, the axle is fixed at both ends and literally twists in the 
middle. Because of the small scale, hinge fatigue is not a problem and 
tests have shown that even 1 trillion operations does not cause 
noticeable damage. Two pairs of electrodes on either side of the hinge 
control the position of the mirror by electrostatic attraction. One pair 
acts on the yoke and 
the other acts on the mirror directly. The majority of the time, equal 
bias charges are applied to both sides simultaneously. Instead of 
flipping to a central position as one might expect, this actually holds 
the mirror in its current position. This is because attraction force on 
the side the mirror is already tilted towards is greater, since that side is 
closer to the electrodes. To move the mirror, the required state is first 
loaded into an SRAM celllocated beneath the pixel, which is also 
connected to the electrodes. The bias voltage is then removed, 
allowing the charges from the SRAM cell to prevail, moving the 
mirror. When the bias is restored, the mirror is once again held in 
position, and the next required movement can be loaded into the 
memory cell. 
The bias system is used because it reduces the voltage levels required 
to address the pixels such that they can be driven directly from the 
SRAM cell, and also because the bias voltage can be removed at the 
same time for the whole chip, meaning every mirror moves at the 
same instant. The advantages of the latter are more accurate timing 
and a more filmic moving image. 
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Figure 2.11: Schematic of two micromirrors. Mirrors pivot on a central post, 

and switching is achieved by electrostatic attraction; Scanning Electron 
Microscope image of 9 DMD mirrors. Top: Mirrors on posts. Bottom: Pivoting 

Structures. 
(Source: Texas Instruments Literature) 

2.6.2 Maskless Lithography 
In order to reduce the cost for the realization of electronic devices the 
idea of maskless lithography has been investigated. Maskless 
lithography using a micromirror array has the merits as photomasks 
and mask alignment are not required. Instead of using a photomask, a 
simple driving circuit is used for mirror operations. The requirements 
of micromirrors for maskless photolithography devices include good 
reflectivity in the 365 nm UV region, uniform properties with respect 
to the driving characteristics and the optical reflectance of mirror 
plate, and a relative large (some degrees) deflection angle to avoid 
interference between reflected lights by neighboring mirrors. In this 
type of application, analog addressing and low hysteresis of the 
mirrors are very important features, whereas the fill factor of the 
mirrors is not as critical as for digital micromirror devices in 
projection display systems. 
The mirror-like surface of the SLM is actually composed of thousands 
of tiny moveable mirrors, each with their own storage cell within the 
integrated circuit. As the design of the photomask is feed to the SLM, 
individual mirrors are either flexed or remain flat. Light reflected off 
the flexed mirrors is scattered — it cannot pass through and expose 
the photoresist on the photomask blank. Light reflected off the flat 
mirrors does pass through to expose the resist, creating the pattern of 
the photomask. The closest analogy to stepper lithography is that of a 
chromeless phase shifting mask, which creates dark areas by 
scattering light away from the surface of the quartz mask substrate. 
[42] 
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2.6.3 Optical Switching 
As optical telecommunications networks become more complex, there 
is a need to be able to manipulate an increasingly larger number of 
optical signals in faster and more cost-effective ways. A large fraction 
of such manipulation is currently performed in an “electrical domain,” 
which involves converting the optical signals into electrical, 
performing required operations on the electrical signals, and then 
reconverting them into optical. However, for many of these 
operations, it is more cost effective to manipulate the optical signals 
directly in the “optical domain.” This is especially true for 
wavelength-division-multiplexed (WDM) transmission, 
where multiple optical wavelengths are used to transmit multiple 
independent signals through an optical fiber. 
The most common and widely adopted example of such an all-optical 
operation is optical amplification for long-haul transmission. Optical 
switching is quickly becoming another case in which operating in the 
optical domain is more efficient. 
Potential applications also include variable attenuators, gain-
equalizing filters, and dispersion compensators, among others [43-45]. 
With constantly improving transmission systems and evergreater 
demand for flexibility and more effective bandwidth utilization in the 
WDM optical networks, there is a clear demand for cost-effective 
ways of switching multiple individual optical signals. The two most 
common switching applications are WDM add–drop multiplexers and 
large cross-connects. 
Very often, no operation is necessary, other than redirecting the 
wavelength channels from multiple inputs to any of the multiple 
outputs. Such operation can be performed at a fraction of the cost by 
dealing with individual optical signals directly, in the optical, rather 
than electrical, domain. 
For such switching solutions to be viable, they should introduce very 
little optical degradation, such as optical power loss (insertion loss), 
polarization-dependent loss (PDL), or dispersion. 
The signals should be switched with high contrast and low optical 
crosstalk—very little optical power should be allowed to leak into 
undesired outputs. 
Microelectromechanical systems (MEMS) technology allows the 
construction of microscopic equivalents of macroscopic 
optomechanical elements. Many micromechanical optical elements 
have been demonstrated, including mirrors, shutters, filters, lenses, 
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and polarizers. Such elements maintain the superior optical 
performance characteristics of their macro counterparts but are much 
smaller, faster, and often less expensive. Optical components and 
subsystems based on such individual elements constitute one portion 
of the optical MEMS application space, enabling improved 
components and subsystems. 
More important, such optical MEMS can easily incorporate thousands 
of batch-fabricated individual elements in a single compact package, 
perfectly suitable for the demanding high complexity optical 
networking applications. These can be key 
enablers of high-complexity subsystems, opening a different portion 
of the application space by providing new functions, ones that are 
impossible to achieve any other way. 
It is possible to construct a strictly nonblocking single-stage optical 
cross-connect (OXC) using MEMS tilt mirrors. Such an OXC, or 
photonic switch, connects any of the input signals (ports) to any of the 
output ports and can be arbitrarily reconfigured without disturbing any 
of the other connections through the switch, a basic requirement for 
optical networking where live traffic paths cannot be interrupted 
during provisioning or restoration of other paths. The number of 
distinct configurations connecting all inputs individually to outputs, 
and thus the number of different states that the system can be in, is , 
which qualifies it as a high-complexity system. 

 
Figure 2.12: Scheme of2D and 3D Optical Cross Connect (OXC) 

When optical switching using MEMS is considered, two general 
approaches have been used. In one, the individual switching elements 
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(such as mirrors) are binary, capable of being in only two discrete 
states [46]. The total number of elements in such systems is equal to 
the number of cross-connections possible and therefore proportional to 
. It is commonly referred to as a “two-dimensional” (2-D) or digital 
architecture, since the binary mirrors and light paths are all located in 
one plane. In a different approach, called “three-dimensional” (3-D) or 
beam steering, each element is capable of being in at least distinct 
states, and then the total number of elements required is proportional 
to the number of ports [47](Figure 2.12). Here, part of the complexity 
is pushed down into the individual MEMS element, while the whole 
system is simplified. 
In the 2-D architectures, the optical performance penalties (e.g., 
insertion loss) are often directly proportional to the number of 
elements acting on, or that may act upon, an individual optical signal, 
that is, proportional to . This penalty increases as the number of 
elements grows and thus limits the practical size of such fabrics to 
32x32 or below. On the other hand, for 3-D, the total number of 
elements scales as , and each optical signal is only going through a 
fixed number of elements, independent of the number of ports. Thus, 
the optical performance does not deteriorate when the number of ports 
is increased, as long as the internal complexity performance of 
individual MEMS elements can keep up with the increasing  
This dictated the choice of the 3-D OXC architecture schematically 
shown in Fig. 2. In 3-D architecture, the light signals from input ports 
are directed onto beam-steering micromirrors on the “input” MEMS 
chip. Each of the micromirrors steers the beam toward a micromirror 
on the “output” chip associated with the required 
output port. The state of the output micromirror chip is complimentary 
to the input chip so that the light coming from the input chip is 
directed toward an output port. In this architecture, micromirror 
elements are used to accomplish an cross-connect function. 
The key requirement of such mirrors is that they be able to tilt and 
individually address the mirrors on the other chip (the complexity 
requirement). Not only does this mean more mirrors per chip, but also 
larger tilt angles or larger reflectors 
for each individual mirror are necessary for increasing the port count. 
Although, in operation, the micromirrors only have to tilt to fixed 
angular positions to address the other chip, when is large, it is easier to 
build continuously tiltable analog mirrors and set them into the desired 
positions by supplying the 
correct control signals. 
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Micromirrors for use in such systems have to satisfy a complex set of 
requirements. First, they have to be able to address the number of 
ports required with the light of a specified wavelength. The mirrors 
that can tilt in two directions are clearly advantageous in this regard. 
The diffraction-limited number of ports that can be independently 
addressed with low insertion loss and low crosstalk using such mirrors 
is proportional to the second power of the linear mirror size and the 
maximum tilt angle. Correspondingly, the main requirement is that 
these 
mirrors must be capable of achieving and maintaining large tilt angles 
while, at the same time, having large reflector sizes. 
It is desirable that the mirrors have high mechanical resonance 
frequencies for high speed and isolation from ambient vibrations, high 
stability and no hysteresis. The control scheme should be simple and 
voltages should preferably be moderate to simplify the drive 
electronics and decrease the number of electrical input–output to the 
large mirror arrays. Finally, devices should be fully manufacturable 
and reliable, maintaining their characteristics over long times, wide 
temperature range, large numbers of switching cycles, and while being 
tilted at high angles for prolonged periods. 

 
Figure 2.13: Surface-micromachined beam-steering 
micromirror[Lucent]. 
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2.6.4 Examples of micromirrors for Optical Switching 

2.6.4.1 Surface-Micromachined Mirrors 
A representative example of surface-micromachined mirror 
construction is shown in a scanning electron microscope (SEM) 
micrograph in Figure 2.13. The basic elements are a 500 μm-diameter 
round reflector suspended from a fixed frame via a gimbal mount-a 
gimbal ring and four torsional springs, two for each axis. A gimbal 
ring is elastically attached to the fixed frame by a set of two spring 
assemblies, and is capable of rotation around a single axis. The 
reflector is attached to the ring by a second set of assemblies and can 
rotate with respect to the ring around a second orthogonal axis, thus 
achieving two degrees of freedom of tilt. The frame is held by the two 
hinged sidewalls rotated 90 out of the substrate plane and four curved 
assembly arms [13]. Below the device, one can partly see the 
electrodes and electrical interconnects fixed on the silicon nitride 
dielectric surface covering the Si substrate. 
Neighboring mirrors located 1 mm away on each side are partly 
visible on the micrograph as well. The later generation of the surface-
micromachined mirrors has similar basic elements, with the reflector 
size increased to further lower the insertion loss. 
The mirror moves with respect to the gimbal ring and the frame by 
elastically deforming the attaching torsional springs. The springs are 
designed to be sufficiently stiff to enable fast mechanical switching 
times—below 5 ms—and to decouple the structure from gravity 
effects, mechanical vibrations, and low-frequency mechanical noise. 
Several polysilicon beams in a folded serpentine configuration form a 
spring. This design does not rely on very fine critical dimension (CD) 
control, decreasing variations and increasing the yield. It also 
minimizes the spring footprint and keeps the elastic stress in a 
deformed spring small and evenly distributed, thus ensuring high 
reliability. Such springs also make the whole structure strain-
relieved—insensitive to possible small variations in residual and 
thermally induced stress of the structural polysilicon— ensuring high 
uniformity and thermal stability of the device.The springs of the 
device shown in Figure 2.13 incorporate an extra feature, a 
microfabricated bearing, to further stiffen the suspension in the 
vertical and lateral directions. This allows one to achieve a slight 
increase in the angular range. However, the bearings are not used in 
any of our more recent mirrors. The lateral and vertical translational 
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stiffness of these springs remains high, offering the angular range 
required for a 256-port cross-connect, while operating in a pure-
flexure mode, without any moving parts in direct mechanical surface 
contact. This eliminates even the remote possibility of mechanical 
wear in these devices. 

2.6.4.2 Bulk Micromachined mirrors 
As deep reactive ion etching (DRIE) and other comparably new and 
more advanced Si processing technologies become more mature and 
available, new possibilities for building the OXC-type micromirrors 
open up. Such alternative fabrication processes typically contain a 
smaller number of steps and may be less complex and less expensive 
than surface micromachining. 
In such approaches deep Si-etching and wafer-bonding techniques are 
used to enable the large-amplitude rotation. Eliminating the need for 
self-assembly reduces the optically dead space between the mirrors, 
allowing an increase in the fill factor, which can lead to an increase in 
the number of ports or decrease in the required tilt angle. 
In addition, when a combination of bonded wafers is used, wider 
possibilities are opened up for the electrical interconnect design, 
which becomes less constrained by the mechanical moving structures.  
This process allows more flexibility in choosing the thickness of the 
single-crystal silicon layer comprising the micromirror reflector. The 
choices for the distance between the mirror and the electrodes are also 
wider. This allows a greater range of design possibilities and better 
optimization in the trade off between the reflector curvature, reflector 
size, switching speed, angular range, and actuation voltage. Finally, 
since electrodes and electrical interconnect wires can be done 
separately from the mirrors, higher wiring density can be achieved and 
more mirrors can be put on a single chip. This makes this process 
especially well suited to building larger switch fabrics.  
An example is described in [47]. The device consists of a monolithic 
layer of SCS anodically bonded to a glass substrate with metallic 
electrodes. 
Ground shields are patterned on the areas under the mirror to 
minimize actuator drift caused by substrate charging effects. 
The silicon layer is bulk micromachined to define the actuator gap, 
mirror plate, gimbal, and suspension springs all from the same single-
crystal layer. Electrical connection to the top silicon is made through a 
silicon-to-metal lead transfer established by overlapping some of the 

Tesi di Dottorato – A. Molfese 41 



Chapter 2 - MEMS Devices and Electrostatic Actuators 

glass metal to the bonding area. The monolithic construction is 
advantageous since it minimizes stresses in the structure(Figure 2.14). 
The dimensions of the mirror are generally in the 0.5–1 mm diameter 
range. Several types of torsional flexures have been used including 
straight and folded beams. Thick and narrow straight flexures have the 
highest ratio of vertical to angular stiffness; however they tend to be 
susceptible to bonding stresses as the torsional spring constant is a 

 
Figure 2.14: Simplified fabrication process for the bulk micromachined 
mirror array. (a) 4 inch SOI wafer; (b) after KOH etch 1 and 2; (c) after 
KOH etch 3; (d) deposit and pattern Al DRIE etch stop; (e) deposit and 
pattern Ti/Ptelectrodes on glass; (f) anodic bond and dissolve handle wafer; 
(g) deposit and pattern Ti/Au mirrors; (h) etch the mirror silicon; (i) etch Al 
layer and release. Sem Micrograph of the device [47]
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function of the tension, and their resistance to shock is limited by the 
small elongation necessary to reach the fracture strain. Compared to 
straight beam flexures, folded beam flexures have a lower stiffness 
ratio, but their resistance to shock is much improved as it is possible to 
design the folds 
such that fracture strain is not reached even in the case of a hard stop 
at the substrate.  

2.6.4.3 Drawbacks  
Both described structures presents several drawbacks. The 

surface micromachined micromirror by Lucent is realized through a 
very complicated process so the possibility of this device to be 
competitive is quite low 

On the other side the bulk micromachined mirror has less 
fabrication steps but it is also not cost effective expensive as it 
requires a SOI wafer (10 times more expensive) and a critical wafer 
bonding is present in the process flow. 
One of the goals of this thesis is to find an alternative way to realize 
cost-effective surface micromachined micromirrors for optical 
switching. We will describe in chapter 4 a micromirrors array realized 
in a commercial single structural layer technology.  

 
 
 

Tesi di Dottorato – A. Molfese 43 



Chapter 3 - Surface Micromachining: Polysilicon and Polysilicon germanium 

Chapter 3 

Surface Micromachining: Polysilicon 
and Polysilicon germanium 
 
 
In Chapter 2 it has been shown that surface micromachining 
represents a totally different process from bulk micromachining. 
Instead of forming mechanical structures in the silicon substrates, 
these devices are fabricated in thin films deposited on the surface.  

Early surface micromachined structures used metal mechanical 
layers but polysilicon became dominant in the 1980s and today still 
represents the most important material for surface micromachining.  

In this chapter we will present a thick polysilicon technology 
produced by STMicroelectronics: THELMA. This process has been 
used to fabricate all the devices presented in this thesis.  

Hence an alternative technology under development at IMEC 
(Interuniversitary Microlectronic Center) which uses PolySilicon 
Germanium as structural layer is presented. Specifically is presented a 
study of stress gradient optimization of this layer. This challenging 
technology has the great advantage that the structural layer (for the 
low deposition temperature) can be deposited on top of CMOS.[49] 

3.1 Thick PolySilicon Technology 

3.1.1 THELMA by STMicrolectronics 
The thick-film epitaxial polysilicon technology, called THELMA, was 
developed in STMicroelectronics for serial manufacturing of high-
volume low-frequency devices (accelerometers)[50]. The availability 
of this technology in the industrial environment was one of the main 
reasons for using it for our work on electrostatic actuators. Also, the 
high thickness of the structural layer offers several advantages for 
mechanical filter design. These advantages are  

a. a strong stiffness along the vertical axis, which allows to 
release large-area structures without sticking occurrence;  

b.  the possibility to implement capacitive transducers with large 
electrode surface.  
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The structure of a complete device fabricated in the technology is 
presented in Figure 3.1. The device is constituted of two polysilicon 
layers. One is the structural layer 15 μm thick, the second is a buried 
layer (0.45 μm thick), used for biasing. As shown in Figure 3.1, these 
layers are separated by two oxide layers, and contact is possible 
between the structural layer and buried layer and between the 
structural layer and the substrate.  

The manufacture of the device is done in the following way. First 
an oxide layer is deposited on the substrate (2.5 μm thick) in a 
uniform way, then buried polysilicon is deposited and doped 
(0.45μmthick). A sacrificial oxide is subsequently deposited (1.6 μm 
thick). These steps are shown in Figure 3.1(a). 

Then opening in the oxide layer is realized by sacrificial etching, 
defining future contacts to the substrate and to the buried layer (Figure 
3.1(b)).  

The next steps are the epitaxial growth of the structural layer 
polysilicon (15 μm), its p-doping and a definition of trenches by dry 
anisotropic etching (Figure 3.1(c) and (d)).  

The last step is a time-controlled removal of the sacrificial oxide 
Figure 3.1(e) and the release. Thanks to a time-controlled releasing, 
the removed oxide width from trench edges is 3 μm. From the 
releasing method, it is clear that the maximal width of a structure (or 
part) that can be released is 6 μm. 
Trenches are realized by dry anisotropic etching. Because of the high 
thickness of the structural layer, only relatively large trenches can be 
achieved. The minimal authorized trench width defined on the mask 
level is1.6 μm.  

Actual trench width is increased because of overetching. The 
overetching width is 0.5 ± 0.1 μm from each side, therefore the actual 
minimal achievable trench width is about 2.6 ± 0.2 μm. this value is 
too high to achieve an efficient capacitive transducer. The 
impossibility to realize narrow gap values constitutes the main 
disadvantage of the THELMA technology for micro-mechanical filter 
design. 
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(a) (b)

(c) (d)

(e)

Substrate

First oxideSacrificial oxide Buried poly Contact to substrate Contact  to buried poly

Epi Poly 

Trench

 
Figure 3.1: Fabrication of the device: (a) deposition of the first oxide, buried 
layer and sacrificial oxide; (b) definition of contacts to ground and to buried 
layer by sacrificial etching; (c) structural epitaxial polysilicon layer growth; (d) 
etching of the epitaxial layer (e) etching of sacrificial oxide. 

3.2 Poly Silicon Germanium as structural 
material 
Poly-SiGe has recently been promoted as a material suitable as 

structural layer for several MEMS applications [20,51-52]. This can 
be attributed to the fact that good electrical and mechanical properties 
can be obtained at much lower temperatures (down to 400 ◦C) [53-54] 
as compared to poly-silicon (above 800 ◦C), which has been the most 
widely used material for MEMS structural layers so far [15]. This low 
processing temperature enables post-processing MEMS on top of 
CMOS without introducing significant changes in the existing CMOS 
foundry processes . Such monolithic integration will result in much 
smaller system sizes and is expected to offer improved MEMS 
performance at the same time [20, 51-52]. 

Much of the low temperature poly-SiGe reported, uses the low 
pressure chemical vapour deposition (LPCVD) technique [55-56]. The 
main setback of the LPCVD method is its low deposition rate (2–30 
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nm/min). Growth rates can be considerably increased by the use of 
plasma. Plasma enhanced chemical vapour deposition (PECVD) of 
poly-SiGe at temperature of 520–590 ◦C with a growth rate of 100–
200 nm/min has been described before [57]. Unlike for LPCVD, the 
PECVD, growth rate does not change much with the temperature [57]. 
However, because of the high growth rate, the PECVD layers 
deposited at CMOS compatible temperatures are normally amorphous 
[57]. 
The poly-SiGe films used in this work are deposited by a multilayer 
process that combines the use of LPCVD for low temperature 
crystallisation and PECVD for high growth rates [53]. The LPCVD 
layer serves as a crystallization seedlayer for the PECVD layer, 
making it possible to obtain a crystalline film with a high growth rate 
at a CMOS-compatible temperature. The deposition process must be 
optimised to obtain a low residual stress and stress gradient, since high 
values for these are detrimental to the device performance. 
The knowledge of the stress variation across the film can help in 
understanding which parameters are important, so that they can be 
adjusted to obtain the best results. 
Several ways to determine the stress profile over thickness have 
already been reported in the literature [58-61]. Some of these methods 
require complex, expensive equipment and complex data analysis. 
Others are simple but not very reliable as will be shown later in this 
article. In this work, we present a new method to obtain the stress 
profile. The stress gradient values measured at different thicknesses 
are fitted to the best possible function. A relative stress profile is 
deduced from this function. Finally, the stress profile is completely 
determined using the measured average residual stress. This method is 
applied to two thick poly-SiGe films with somewhat different stack-
build up. The results are also compared with those from other methods 
described in literature. Also, based on the model, a prediction is made 
for the top layer thickness that would ensure a zero stress gradient for 
the complete film stack. 
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3.3 Determination of stress profile and 
optimization of stress gradient in PECVD 
poly-SiGe films 

3.3.1 Measurements principles and fitting model 
Large stress variations in the vertical direction can cause free-standing 
structures to have unfavourable out-of-plane bending. This might 
cause anomalous behaviour of designed structures upon release. Thus, 
it is extremely important to control the stress profile through the 
thickness of a film.  

A cantilever beam exhibiting a concave shape, i.e. a bending away 
from the substrate, is associated with a positive stress gradient (bottom 
layers more compressive than top layers); and a cantilever beam 
bending towards the substrate, i.e. a convex beam, is associated with a 
negative stress gradient (bottom layers more tensile than top layers) .  

The first order expression for the stress σ  in a micromachined 
beam is given as a combination of a constant stress σ0 (stress at zero 
thickness) and a linear contribution,  

( ) 0z zσ σ= + Γ⋅  (3.1) 
where Γ  is the linear stress gradient (figure 1). 

As a result of a linear stress variation with thickness, a bending 
moment M  is produced: 

( )
2A

TM z z dσ⎛ ⎛ ⎞= ⋅ −⎜ ⎟⎜
⎝ ⎠⎝ ⎠

∫ A⎞
⎟  (3.2)

3

0
02 2 2

T

A

T T TM z z z dA w z z dzσ⎛ ⎞⎛ ⎞ ⎛ ⎞ ⎛ ⎞= ⋅ − + Γ ⋅ ⋅ − = ⋅Γ ⋅ ⋅ − =Γ ⋅⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟
⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎝ ⎠

∫ ∫ 12
wT

(3.3)  
where A is the cross-sectional area of the beam, w is the width and t is 
the thickness. 

Throughout the article, the coordinates described in Figure 3.2 are 
used, except for the description of Yang’s method. Sometimes t is 
used instead of z to discriminate between the integration variable and 
primitive variable.  
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Figure 3.2: Deflection of a cantilever (a); cross section (b); linear stress profile 

(c). 

The equation relating the deflection of the cantilever ν(x) and the 
bending moment M is [62]: 

( )
EI
M

dx
xd

=2

2ν  (3.4) 

3

12
w TI ⋅

=where E is the Young’s modulus and  is moment of inertia 

of the section. Solving this differential equation with the boundary 

conditions 00 =⇒=
dx
dx ν00 =⇒= νx  and , the following relation 

is obtained: 
2 3 2

2( )
2 12 2 2
Mx T wx 2x x a x

EI EI E
ν Γ Γ

= = = ⋅ = ⋅  (3.5) 
2a Lδ = ⋅After measuring the deflection of the free-end (or the 

constant a) of a cantilever of length L, the linear stress gradient can 
be calculated from: 

Γ

aE
L

E ⋅⋅=⋅=Γ 22
2

δ  (3.6) 

To determine the exact stress profile in the layers, a differential 
technique can be used. Layers are thinned to different thicknesses and 
the linear stress gradient is measured. The problem is now reduced to 
rebuilding the stress profile from the stress gradient values thus 
obtained. A lot of methods have been proposed to achieve this [58-
61]. A brief description of a few of them is given below. 

3.3.1.1 Yang’s method 
In this method, the stress profile is assumed to be a polynomial 

function of Z, the coordinate perpendicular to the neutral surface 
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(Z=0) of the cantilever [59] (Figure 3.3). The neutral surface is the 
plane in a beam under transverse pressure, at which the fibres are 
neither stretched nor compressed, or where the longitudinal stress is 
zero. 

( )
0

n
k

k
k

Z a Zσ
=

= ∑  (3.7) 

where  are coefficients to be determined. ka

 
Figure 3.3: The system of reference and the parameters described in the paper of 
Yang [59]: cantilever (a); cross section (b).  

 
The amount of vertical deflection of free-end of cantilevers varies 

with removal of its surface layers. If the surface layer is removed by 
, the neutral axis shifts down by d . The shifted coordinate 

is
d2
z Z d= + . The stress profile in this new coordinate is:  

0
( ) ( )

n
k

k
k

z a z dσ
=

= −∑  (3.8) 

The end point deflection δ can be derived from equation (3.2), and 
(3.8) [59].  

2
2 2 2 3 2

1 2 3

4 2 2 4 5 2 3 4
5 6

1 3 3 32
2 2 40 10

5 3 3 3 93 ...
2 4 224 2 112

L a t d a d t a d t d a
E

d t d t a d t d t d a

δ ⎧ ⎛ ⎞ ⎛ ⎞= − ⋅ − ⋅ + + ⋅ − + ⋅ +⎨ ⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠⎩

⎫⎛ ⎞ ⎛ ⎞+ + + ⋅ − + + ⋅ + ⎬⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠ ⎭

4

 

2t T d= − δSince , where T  is the original film thickness,  is a 
function of  only. Knowing the end-deflections of cantilevers for 
different layer thicknesses, the unknown coefficients  (except ) 
can be obtained by curve fitting. After measuring the average stress 
(σ

d
ka 0a

M), the stress value at the neutral surface ( ), can be calculated 
from: 

0a
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/ 2

0
1/ 2

1 T n
k

M k
kT

a
T

σ
=−

= − ∑∫ a Z dY  (3.9) 

3.3.1.2 Van Der Donck’s method 
In another method, the stress profile was considered as a linear 

function between two measured thicknesses [60]. This method was 
applied to a 2 μm thick LPCVD poly-Si Ge layer. The value of the 
stress 1σ  at the thickness  is given by the following relation: 1t

1101 t⋅Γ+= σσ  (3.10) 
where 0σ  is the stress value at lower surface of the layer and  is 
stress gradient measured at the thickness . At thickness  a stress 
gradient 

1Γ

1t 2t

2Γ  is measured, from which a stress 2σ  can be determined 
by ensuring that the bending moment of the obtained stress profile is 
the same as that  calculated from 2Γ (Figure 3.4). 

 
Figure 3.4: Graphical description of Van Der Donk’s method [60]. 

 
Similarly, the stress at the thickness  with it ni ,..,3= can be deduced 
so that the relative profile is obtained [60]. If the mean stress value 

Mσ  is known,  can be deduced from the following expression: 0σ

( )0
0

1 T

M z dz
T

σ σ σ= − ⋅ Δ ⋅∫  (3.11) 

where  is the thickness of the poly-SiGe layer and T
( ) ( ) 0z zσ σΔ = −σ  is the relative profile. 
This approach gives a profile without a continuous derivative, and 

is most suitable when a very few data points are available.  
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3.3.1.3 Furtsch’s method 
 In the method  presented by M. W. Furtsch [61], it is assumed that 

for a given stress profile, the linear stress gradient is the slope of the 
least squares fitted line to the stress data points (Figure 3.5). To 
simplify the calculus, it is first  assumed that  and 00 =σ

( ) ( ) 0z zσ σΔ = −σ  is calculated, because the stress profile is 
invariant to translations. It is easy to deduce 

101101 σσσσ Δ+=⋅Γ+= t .  To find the value of the stress 2σ  in , 
we consider that 

2t

2Γ  is the slope of the best linear fit to the data points, 
that is, it is the value that minimizes the following expression: 

( ) ( ) ( )2
222

2
1212 ttF ⋅Γ−Δ+⋅Γ−Δ=Γ σσ  (3.12) 

 

 
Figure 3.5: Graphical description of Furtsch’s method [61]. 

 

0
2

=
Γd

dFThen we must find the value that verifies the relation : 

2
2

2
1

2211
2 tt

tt
+

⋅Δ+⋅Δ
=Γ

σσ  (3.13) 

2ΓIn this way, if we know , it is possible to deduce 2σ  after a simple 
step: 

( )
2

11
2
2

2
12

2 t
ttt ⋅Δ−+⋅Γ

=Δ
σσ  (3.14) 
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With an analogue procedure, it is possible to obtain the other values of 
the stress at the thickness  withit ni ,..,3= : 

( )2 2 2
3 1 2 3 1 1 2 2

3
3

t t t t t

t

σ σ
σ

Γ ⋅ + + − Δ ⋅ − Δ ⋅
Δ =  

  ….      (3.15)  

n

n

i
ii

n

i
in

n t

tt ∑∑
−

==

⋅Δ−⎟
⎠

⎞
⎜
⎝

⎛⋅Γ
=Δ

1

00

2 σ
σ  

( ) ( ) 0z zσ σ σΔ = −In this way, the relative stress profile can be 
obtained.  is again deduced from the mean stress value Mσ0σ  
(equation (3.11)). 

This method is just a mathematical method, not based on physical 
considerations or relations. It is therefore difficult to evaluate if the 
obtained results are correct.  

3.3.1.4 Proposed method 
The method proposed here differs from the methods described 

previously in that the other methods directly rebuild the stress profile 
from the stress gradient values. Whereas, in this method, first linear 
stress gradients at different thicknesses are measured, and then a best 
fit approximation of the data is done to obtain the function ( )zΓ . 

Then the stress profile is deduced from ( )zΓ . To perform this 

operation, an analytical relation between ( )zΓ  and ( )zσ must be 
found. The bending moment has the following expression: 

( ) ( ) ( )
3

012 2

tt w t tM t w z zσ
Γ ⋅ ⋅ ⎛ ⎞= = ⋅ ⋅ −⎜ ⎟

⎝ ⎠∫ dz⋅  (3.16)  

Dividing each term by w and differentiating with respect to t, the 
following expression is obtained: 

( ) ( ) ( ) ( ) ( ) ( )
dt

tdtt
dt

tdtttt
dt
d

dt
tMd

w
σσσσ

222212
1 3

2

2

2

2

=−+=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ⋅Γ
=  

 (3.17) 
From this a differential equation relating  and )(tσ )(tΓ  can be 
deduced: 
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( ) ( )
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ⋅Γ
=

12
2 3

2

2 tt
dt
d

tdt
tdσ   (3.18) 

This relation is then integrated: 
( ) ( ) 32

2
0

2
12

z z

o

d t t tddt dt
dt t dt

σ ⎛ ⎞Γ ⋅
= ⋅⎜ ⎟⎜ ⎟

⎝ ⎠
∫ ∫  (3.19) 

Thus the relative stress profile can be deduced when a good 
approximation of the function ( )tΓ  is obtained: 

( ) 32

0 2

2( ) ( )
12

z

o

t tdz z
t dt

σ σ σ
⎛ ⎞Γ ⋅

Δ = − = ⋅⎜ ⎟⎜ ⎟
⎝ ⎠

∫ dt   (3.20) 

Finally it is possible to find 0σ  from the relative stress profile and 
residual stress using equation (3.11). 

Several methods can be used to obtain a good approximation of 
. However, the function must be ( )tΓ ( )TC ,02  (continuous with first 

and second continuous derivatives in the measurement interval). In 
this work we use two possible different fits for ( )tΓ : 

1. Polynomial:  ( ) ∑
=

⋅=Γ
n

k

k
k tat

0

2. Exponential:  ( ) ∑
=

⋅⋅=Γ
m

i

tb
i

ieAt
1

With the polynomial fit, the formula for the relative stress profile is as 
follows: 

( ) 2 3
1 2 3

5 6 7
4 5 6

10 5
9 4

7 14 12 .
5 9 7

oz a z a z a z a z

a z a z a z

σΔ = ⋅ + ⋅ + ⋅ ⋅ + ⋅ ⋅ +

+ ⋅ ⋅ + ⋅ ⋅ + ⋅ ⋅ +

4

  (3.21) 

With the exponential fit, the following expression for the relative 
stress profile is obtained: 

( ) 2

1

1 2
3 3 6 3

i

m
b z i

i
i i i

bz A e z z
b b

σ ⋅

=

⎛ ⎞
Δ = ⋅ ⋅ + + −⎜

⎝ ⎠
∑ iA

⎟   (3.22) 

Both methods are used and the errors are compared in order to 
choose the best approximation. It is also possible to use other fitting 
functions; the choice can be made after an analysis of the data with the 
objective of reducing the error.  
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3.3.2 Experimental details 
The stress profile of a 10 μm  thick poly Si-Ge layer is derived. 

The layer is deposited in three steps (figure 5) [52]:  
1. deposition of a very thin PECVD seedlayer (94 nm) as a 

nucleation layer for the CVD layer; 
2. deposition of a CVD layer (370 nm) to help in crystallizing 

the top PECVD layer; 
3. deposition of a PECVD layer until 10 μm. 

 
Figure 3.6: Cross section of a PECVD poly silicon germanium layer. 

 
The whole process is done with the same mixture of silane, 

germane, diborane and hydrogen at a process temperature of .  Co450
The films deposited with this process have a tensile stress of 72 

MPa and a positive linear stress gradient of 6.5 MPa/μm. The overall 
stress and stress gradient can be reduced by depositing a top 
compressive layer. Using a 1.6 μm thick PECVD poly-SiGe  layer 
with a higher  percentage in the gas mixture as the top layer 
results in a lower residual stress of 57 MPa and a lower linear stress 
gradient of 1.6 MPa/μm [53]. 

4SiH

As each of the described films has a concentration of Germanium 
between 62% and 65%, the Young’s modulus is assumed to be E=147 
MPa [63]. The films are deposited on the top of a 250 nm layer of 

Tesi di Dottorato – A. Molfese 55 



Chapter 3 - Surface Micromachining: Polysilicon and Polysilicon germanium 

silicon dioxide, which is used as sacrificial layer and the substrate is a 
6” Si <100> wafer.  

A RIE-ICP (Reactive Ion Etching with Inductive Coupled Plasma) 
etcher with  and  (Oxford Plasmalab System 100) is used to 
thin down the Poly-SiGe films. A very low RF power and rather low 
inductive power is used to avoid physical sputtering and damage 
during the etching process.  

2O6SF

HF vapour etching is used to remove the silicon dioxide 
(sacrificial layer) and to release the structure without stiction [64].  

After releasing the structures, the deflection of the cantilever is 
measured using both an optical microscope and a laser profilometer. 

With the optical microscope the deflection of the free-end of the 
cantilever is measured by focusing the optical beam first on the top of 
the anchored structures and then on the top of the free end of the 
cantilever. With the laser profilometer a linear scan of the profile of 
the cantilever is made in order to obtain a measurement of its 
deflection ( )(xν ). The deflection of the cantilever is described by 
equation (3.4). A fit of the data with this parabolic function 
( ) was done after measuring the profile. 2)( xaxv ⋅=

As the results obtained with these two methods are consistent, 
only the results obtained with laser profilometer are presented. When 
it is not possible to use laser profilometer, the measurements from the 
optical microscope are reported.  

3.3.3 Results and discussion 
To investigate whether the RF power used for thinning damages 

the layer and thus causes variations in the stress profile or not, a 1.5 
times higher power setting than normal was tried. The layer was 
thinned down to 6.2 μm and with this power setting a stress gradient 
of 17.5 MPa/μm was measured. This value is consistent with the 
values obtained with lower power (see  

 
 
Table 3.1). Thus, it can be assumed that th ere is no variation of 

stress caused by atomic peening. 
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Table 3.1: Mean Residual Stress = 72 MPa; Thickness = 10 micrometers. 
Coefficient of parabolic fit a and deflection of the free end of cantilever for 1 

mm long beam. 
Deflection Thickness Coefficient Γ 

a (μm) δ (MPa/μm) 
( ) 1510 −− mμ (μm) 

10 2.26 22.6 6.6 
9.5 2.85 28.5 8.4 
8.4 3.38 33.8 9.9 
7.6 3.79 37.9 11.1 
7.2 4.24 42.4 12.5 
6.6 4.49 44.9 13.2 
6.5 4.7 47.0 13.8 

5.45 6.46 64.6 19 
5.3 7.52 75.2 22.1 
4.0 11.29 112.9 33.2 
3.9 11.38 113.8 33.5 
1.6 46.94 469.4 138 

0.95 59.1 591 174 

 

 
Figure 3.7: Exponential and polynomial fit of the linear stress gradient for 10 

μm poly SiGe layer. 
  

 
 
Table 3.1 shows the experimental results for the 10 μm thick layer. The 
values of the coefficient a of the parabolic fit for the deflection of the 
cantilevers, the deflection δ of the free-end of the cantilevers, and the 
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respective stress gradient values at different film thicknesses are 
reported. These stress gradient values are fitted with two different 
functions: a polynomial and an exponential function. The coefficients 
for the seven-degree polynomial fit and the exponential function are 
reported in Table 3.2. The fitted functions are shown in Figure 3.7.  

The calculated stress profile for the 10 μm poly-SiGe (Figure 3.8) 
layers shows that the largest variation in stress can be found in the 
initial part of the film consisting of two compressive layers: the 
PECVD seedlayer, which is amorphous and the LPCVD layer, which 
is polycrystalline with V-shaped grains. This microstructure often 
leads to a positive stress gradient. The stress in the rest of the layer is 
tensile and almost constant. This tensile stress is partly caused by the 
difference in thermal expansion between the SiGe layer and the Si 
substrate. The little oscillations of the stress in this part of the layer are 
due to the polynomial approximation. By using the exponential fit, 
these oscillations can be avoided. 

 
Table 3.2: Coefficients of polynomial and exponential fit for 10 μm thick layer. 

Polynomial Exponential 
 

0a =116.3; 
1A  = 295.1; 

1a = 205.9; 
1b =-0.531; 

2a =-219.5; 
2A =1.109; 

3a  = 84.74 
2b = 0.1849 

4a =-16.85; 

5a  = 1.841; 

6a  = -0.1051; 

7a = 0.002451 
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Figure 3.8: Stress profile for 10 μm layer with the polynomial and exponential 

fit. 
 

A stress profile was also derived using the other methods 
described above (Figure 3.9), and different problems were 
encountered in each case. By using Yang’s method, we found a 
problem of conditioning in the solution of the system. Van Der 
Donck’s method does not work well with a large number of data 
points and gives unreasonable results. Furtsch’s method is only a 
mathematical method and doesn’t take experimental results into 
account. 

 
Figure 3.9: Stress profile for 10 μm layer with the other three different 
methods: (a) Yang, (b) Van der Donck (This profile appears initially flat 

ause of the scale), and (c) Furtsch.  bec     
The measurements of the linear stress gradient for the 11.6 μm 

PECVD poly-SiGe layer with Si-rich layer on top (Table 3.3) were 
fitted with a polynomial function of the fifth degree. Because there are 

Tesi di Dottorato – A. Molfese 59 



Chapter 3 - Surface Micromachining: Polysilicon and Polysilicon germanium 

only 10 measurement points, a fit with a higher degree polynomial 
leads to too much oscillations.  

Table 3.3: Mean Residual Stress = 57 MPa; Thickness = 11.6 
micrometers. Coefficient of parabolic fit a and deflection of the free 

end of cantilever for 1 mm long beam. 

Deflection Thickness Coefficient Γ 
a (μm) δ (MPa/μm) 

In order to improve the fit of the linear stress gradient for the 11.6 
μm layer, the measurement points of the 11.6 μm thick film are 
combined with the values for the 10 μm layer. In Figure 3.10 both 
these fits are shown and in table 4 thecoefficients are reported. 

 
Figure 3.10: Polynomial fit of the linear stress gradient in 11.6 μm poly silicon 
germanium layer considering also the measurements obtained from 10 μm 
layer 

From these two graphs it is possible to deduce the stress 
profiles of the 11.6 μm thick film (Figure 3.11). The top compressive 

(10 ) 15 −− mμ (μm) 

11.77 0.55 5.5 1.6 
11.2 1.19 11.9 3.5 
10.8 1.35 13.5 4 
9.9 2.48 24.8 7.3 
8.6 3.66 36.6 10.75 
7.8 4.65 46.5 13.7 
5.2 7.8 78.0 23.2 
3.7 17.66 176.6 51.9 
2.6 24.8 248 72.9 
1.9 46 460 135 
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layer causes the stress to drop at the top of the film, which leads to a 
reduction in the linear stress gradient. 

 
Figure 3.11: Stress profiles for 11.6 μm layer with only measurements from it  

 

One of the objectives of this work was to try to obtain the top layer 
thickness value for which the linear stress gradient is equal to zero. 
Using the data measured (both for the 11.6 μm layer and for the 10 
μm layer), a function for the linear stress gradient as a function of 
thickness was obtained. Using this function, the thickness of the top 
layer where the stress gradient equals zero can be obtained by 
extrapolation. 

Table 3.4: Coefficient of polynomial fit for the 11.6 μm thick layer points) 
and with also measurements from 10 μm layer. 

 11.6 μm data 10 μm + 11.6 μm data 

 
0a 0a=487.4 =196.3 ; 

Calculated 
value for the 

variables 
1a 1a= -312.4; = 14.9; 

2a 2a=85.23; =-52.86; 
 

3a 3a = -11.53;  = 16.9; 

4a 4a=0.7598; =-2.319; 

5a 5a = -0.01944;  = 0.1495; 
 

6a = -0.003713 
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This top layer thickness value was determined for different fits. 
The calculated value of the thickness for a zero stress gradient lies 
between 11.7 μm and 11.9 μm (Figure 3.12). It is not possible to give 
a better approximation because this value depends on the fit used. 
Since this value is obtained through extrapolation, it can only be 
regarded as a guide for the development work and experimental 
verification will still be needed. 

 
Figure 3.12: Thickness of zero stress gradient calculated with different fits. 
 

 
 

Tesi di Dottorato – A. Molfese 62 



Chapter 4 - Micromirrors for Optical Switching: Models and Fabrication 

Chapter 4 

Micromirrors for Optical Switching: 
Models and Fabrications 
 

 
Several MEMS torsional micromirrors for optical switching 

have been presented [65-67], most of them fabricated by using bulk 
micromachining, others with surface micromachining, but requiring 
delicate assemblage steps after releasing [66]. As it is important to 
balance device performance and scalability with the maturity, 
reliability, and manufacturability of the process, a big effort is made in 
the direction of avoiding these steps and some solutions, like self-
assembly [68-69] have been proposed. A robust solution should also 
avoid multi-wafer assemblies without limiting the angular dynamics 
of the micromirror. This is not readily obtainable in thin-film surface 
micromachining technologies because of the small gaps between 
moving and fixed parts. In the mirror proposed in this work, this 
problem is overcome by substituting a single micromirror with an 
array of smaller phased micromirrors, a structure resembling a 
Venetian blind (Figure 4.1). 
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Figure 4.1: Simplified structure of the array of phased micro-mirrors 

and underlying actuation.
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The characteristics of torsional micromirrors have been studied 
extensively [69-71]. Like most electromechanical Microsystems, 
micromirrors show an instable behaviour (the pull-in) above a critical 
deflection angle, when the electrostatic force/torque overcomes the 
mechanical force/torque and the movable plate of the micromirror 
snaps abruptly to the fixed electrode plate. The pull-in parameters, 
namely, pull-in angle, pull-in voltage, and pull-in displacement, define 
the maximum performances of the micromirror. The pull-in 
parameters are determined by the geometrical design of the 
micromirror and actuating electrodes. In order to design these 
structures, a accurate model of the expected characteristics as a 
function of the design parameter is necessary. 

If a voltage is applied on the electrodes under the mirror, an 
electrostatic force is produced. The force pushes down the mirror and 
produces a torque, which tilts it. After a certain angle the electrostatic 
torque is always larger than the restoring elastic force, hence there is 
the pull-in. 

LmW m

tW s h

Ls

a

bxy

z

 
Figure 4.2: Scheme of the mirror with all geometrical parameters. 

In this chapter we will carry out a theoretical study on the 
electromechanical characteristics of the micromirrors. All the mirrors 
we will analyze have the structure described in Figure 4.2. The 
dimension of the mirrors are Lm x Wm x t, the hinges are Ls x Ws x t.  In 
the first part of this chapter we will calculate the force and the torque 
produced by a voltage V as function of the rotation angle θ. Later, an 
analytical expression for the pull-in angle (and then voltage) will be 
deduced. Then a brief description of the torsional mechanical problem 
will be shown, in order to calculate the elastic torsional constant and 
the expected characteristics will be drawn. A small signal equivalent 
circuit of the micromirror will be presented.  
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Hence the design flow of some micromirrors arrays in THELMA 
technology by STMicrolectronics is presented. Successively the 
problem of the bending of the micromirror will be introduced and an 
original model taking into account this phenomenon will be described. 
Coupled electro-mechanical FEM simulation with ANSYS and 
COMSOL are used as validation of the presented models[72]. 
Four arrays have been fabricated and some measurements which 
confirm expected characteristic are shown.  
Finally a new test die with several structures which will be fabricated 
by using PolySilicon Germanium technology (on top  of standard 
CMOS) by IMEC is presented.  

4.1  Torsional electrostatic actuators 
Let’ consider a cross section of the mirror, the origin of the coordinate 
system is placed in O (Figure 4.3), so the electrode on the substrate is 
extended by the abscissa a to b, h0 is the initial gap between the 
electrode and the mirror (i.e. for rotation angle θ = 0). The gap as 
function of the angle and of the abscissa can be expressed as h(y, θ) = 
h0−y tan(θ). As the rotation angles will be small, the approximate 
expression tan(θ) ≈θ  will be used.  

d
a

b

x

z

V
θ

 
Figure 4.3:Cross section of amicromirror 

 
An analytical expression for the capacitance between the mirror and 
the electrode can be deduced by supposing that it can be considered as 
a series of capacitors of area Lmdy: 

 ( ) 0

0

2, m
m

Lc y dy
h y

εθ
θ

=
−

 (4.1) 

( ) 0 0

0

( , ) ln
b

m m m
a

h aC c y L
h b

ε θθ θ
θ θ

⎛ ⎞− ⋅
= = ⋅ ⋅ ⎜ ⎟− ⋅⎝ ⎠

∫  (4.2) 

Tesi di Dottorato – A. Molfese 65 



Chapter 4 - Micromirrors for Optical Switching: Models and Fabrication 

If a voltage V0 is applied the electrostatic energy stored in this 
capacitor is: 

( ) 2
0

1( )
2E mU Cθ θ= ⋅ ⋅V  (4.3) 

From the equation (4.3) it is possible to calculate the total torque 
acting on the mirror as a function of θ by using the principle of virtual 
works: 

2
0 0 0 0 0

2
0 0 0

( ) ln
2

m
E

L V h b h hM
h a h b h a

ε θθ
θ θ θ

⎛ ⎞⎛ ⎞⋅ ⋅ − ⋅
= ⋅ + −⎜ ⎟⎜ ⎟⎜ ⎟θ⋅ − ⋅ − ⋅ − ⋅⎝ ⎠⎝ ⎠

(4.4) 

 
As regard the electrostatic force for unit of x-length, it can be 
calculated from eq. (4.1) by considering that z = h(y): 

2
2 0

0 2
0

1( , )
2 (

m o m
E

dc L Vf y V
dz h y

εθ
)θ

= =
−

 (4.5) 

From eq. (4.5), the total force acting on the mirror is deduced: 
2

0 0 1 1( ) ( , )
2

b
m

E E
a

L VF f y dy
d b d a

εθ θ
θ θ θ

⋅ ⋅ ⎛ ⎞= = ⋅ −⎜ ⎟⋅ − ⋅ − ⋅⎝ ⎠∫  (4.6) 

If we want to find a voltage-angle relation, by defining Kθ the total 
torsional elastic constant, the following equilibrium relation is written 
for the mirror: 

( )EM Kθθ θ=  (4.7) 
By substituting ME with the formula in (4.4) and solving for V0 , the 
following expression is deduced: 

( )
3

0
0

0
0 0 0

2

lnm

KV
h b b aL
h a h b h a

θθθ
θ θ θε
θ θ θ

=
⎛ ⎞⎛ ⎞− ⋅ ⋅ ⋅

+ −⎜ ⎟⎜ ⎟− ⋅ − ⋅ − ⋅⎝ ⎠⎝ ⎠

 (4.8) 

4.2 Pull-in Voltage 
A very important parameter in the realization of electrostatic actuated 
micromirrors is the pull-in voltage, and it should be useful to find an 
analytical expression for it. In this section we will deduce the pull-in 
voltage for the specific case of micromirrors described in this work. It 
is important to consider that the results cannot be generalized because 
this parameter strongly depends on the size and on the position of the 
electrodes. 
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The mirror is long Lm, hence the maximum rotation angle is given by 
the expression: 

02 2arcsinmax
m m

h
W W

θ
⎛ ⎞

= ⎜ ⎟
⎝ ⎠

0h
≈  (4.9) 

The equation (4.4) can be rewritten by introducing the parameter θmax 

and defining the parameters α=2a/Wm and  β=2b/Wm : 

( )
( )
( ) ( ) ( )

2 2
max0 0

22
max max 0 max0 max

1 / 1 1( ) ln
1 / 1 / /4 /

m m
E

W L VM
hh

β θ θεθ
α θ θ β θ θ α θ θθ θ

⎛ ⎞⎛ ⎞−⋅
= ⋅ + −⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟− − −⎝ ⎠⎝ ⎠

 (4.10) 
 
Introducing θΝ=θ/θmax and supposing α ≈0: 

( )
2

0 0
2 2

max

( ) ln 1
2 1

m N
E N N

N N

L VM ε βθ βθ θ
θ θ β

⎛ ⎞⋅
= ⋅ − +⎜ ⎟−⎝ ⎠θ

 (4.11) 

At the equilibrium the following equation is verified: 
( ) maxE NM K Kθ θθ θ θ θ= =  (4.12) 

At the pull-in angle, the equality of the derivative is also valid: 

( ) maxPINE N
N

d M K
d θθ θ

θ
=  (4.13) 

Calculating the derivative, we obtain: 

( )
( )

2
0 0

max22 2
max

3
2 ln 1

2 1 1
PIN PIN

PIN

PIN PIN
PIN

N Nm
N

N N N

L V Kθ

βθ βθε βθ θ
θ θ βθ βθ

⎛ ⎞
⎜ ⎟− + − =
⎜ ⎟−⎜ ⎟−⎝ ⎠

 (4.14) 
Multiplying both the terms of eq. (4.12) by 

PINNθ  and substrating the 
result to the eq. (4.13), the following equation is obtained: 

( )
( )

2
0 0

22 2
max

4
3ln 1 0

2 1 1
PIN PIN

PIN

PIN PIN
PIN

N Nm
N

N N N

L V βθ βθε βθ
θ θ βθ βθ

⎛ ⎞
⎜ ⎟− + −
⎜ ⎟−⎜ ⎟−⎝ ⎠

=  (4.15) 

( ) ( )
( )

2

2

3 4
3ln 1 0

1
PIN PIN

PIN

PIN

N N
N

N

βθ βθ
βθ

βθ

−
− +

−
=  (4.16) 

 
Numerically solving this equation, the normalized pull-in angle is 
deduced: 
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0.44042
PINNβθ =  (4.17) 

Hence the pull-in angle is equal to: 
00.4404

PINN
h
b

θ =  (4.18) 

From eq.(4.8), the pull-in voltage is deduced: 
3

0

0.827PIN
m

KdV
b L

θ

ε
⎛ ⎞= ⎜ ⎟
⎝ ⎠

 (4.19) 

It is important to underline that the described analysis is valid if a pure 
torsional model (the mirror rotates without deflection in z-direction) is 
supposed. This hypothesis is not true in general: the electrostatic force 
in z-direction also causes a vertical bending of the mirror. This effect 
can be taken in account by considering that gap h0 is not constant but 
is a function of FE, so of the applied voltage V0. This means that is not 
possible to solve the preceding equations. Successively we will 
present a model which takes in account also this effect. 

4.3  Torsional Elastic constants of the hinges 
As it has been said in the previous section, the mirror is subtained 
from two torsional hinges. It is interesting to have a closed form for 
the elastic constant of this springs. Each of them can be schematized 
like a beam to which is applied a torque Tx, so the elastic torsional 
constant is defined as: Kθ = Tx/θ. 
From the torsion beam theory, we can write the elastic line equation: 

2

2
0

1 xdTd
dx GJ dx

θ
=  (4.20) 

J0 is a constant depending on the section of the beam. For rectangular 
beam with t t > w: 

3
0 5 5

1,3...

1 11 192 tanh
3 2

s
s

n s

W t nJ t W
t n W

π
π

∞

=

⎡ ⎤⎛ ⎞⎛ ⎞⋅ ⋅
= ⋅ −⎢ ⎥⎜ ⎟⎜ ⎟⎜ ⎟⋅ ⋅⎢ ⎥⎝ ⎠⎝ ⎠⎣ ⎦

∑  (4.21) 

G is the shear modulus and it is equal to 

( )2 1
EG

ν
=

⋅ +
 (4.22) 

In this case Tx is constant in all the section of the beam, so: 

0

xTd
dx GJ
θ

=  (4.23) 
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By integrating this equation on the beam with condition θx=0 = 0, the 
following 
relation is obtained: 

0

s
x

L T
GJ

θ =  (4.24) 

Then the expression for the elastic torsional constant is: 
0x

s

T GJk
Lθ θ

= =  (4.25) 

Considering that there are two springs, the total torsional elastic 
constants for the considered mirror is: 

02 2
s

GJK k
Lθ θ= =  (4.26) 

Substituting in eq. (4.19), an expression which relates angle and 
voltage is deduced (under the hypothesis that the bending of the 
mirror caused by the applied force FE is negligible). 

( )
3

0
0

0
0

0 0 0

4

lns m

GJV
h b b aL L
h a h b h a

θθ
θ θ θε
θ θ θ

=
⎛ ⎞⎛ ⎞− ⋅ ⋅ ⋅

+ −⎜ ⎟⎜ ⎟− ⋅ − ⋅ − ⋅⎝ ⎠⎝ ⎠

 (4.27) 

It is possible to make a graph of this equation by varying, for example, 
the length the width of the hinges (Figure 4.4) 

 

 
Figure 4.4: Three angle-voltage curve with different width and length of the 
hinges. Other parameter: t=15μm;E1=145GPa; ν=0.3; Lm=500μm; 
Wm=40mm;a=2μm; b=15μm;h0=1.6 μm.
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At this point it should be interesting to verify the hypothesis of pure 
torsional model h0=cost.. If we call δmax the maximum displacements 
of the central x-axis of the mirror of the mirror caused by FE, to verify 
the hypothesis δmax << h0. The mirror and the hinges are schematized 
as beams (Figure 4.5.a) with an applied load on the mirror. For more 
simplicity only an half of the mirror is considered (Figure 4.5.b ).  

 

 
Figure 4.5: Schematization of the mirror and the hinges as beam(top); 

schematization of an half of the structure to simplify calculations (bottom). 

The load for unit of length applied on the mirror is derived by equ. ##. 
2

0 0
0

0 0

1 1( , )
2E
VV

h b h a
εσ θ

θ θ θ
⎛ ⎞

= −⎜ ⎟− ⋅ −⎝ ⎠
 (4.28) 

 
The differential equation systems which has to be solved is: 

( )

( ) ( )
1

2
2

0

,

IV

EIV

u x

V
u x

EI
σ θ

⎧ =
⎪
⎨

=⎪
⎩

  (4.29) 

The boundary conditions for this system are: 
 
u1(0) = u1

I(0) = 0  clamp condition 
u1(Ls) = u2(Ls)  continuity of the displacement 
u1

I(Ls) = u2
I(Ls)  continuity of the first derivative 

I1u1
II(Ls) = I2u2

II(Ls) continuity of the bending moment 
u2

I(Ls+Lm/2)=0  non rotation condition 
u2

III(Ls+Lm/2)=0 shear moment null 
I1u1

III(Ls)= I2u2
III(Ls) continuity of the shear moment 

 
This systems can be solved, but we will not show all the mathematical 
steps:   
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4
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σ ⎡= − −⎣

⎤− − − + + − ⎦
⎡+ + − − + +⎣

⎤− + + − + − ⎦

  

(4.30) 
The maximum vertical displacement is given by the value of the 
function u2(x) in Ls+Lm/2 which corresponds to the middle of the 
mirror. 

( )
( )

2 4 4 2 2
2 1 1 2

1 2 2 1

32 2 32 16 3

384 2
E m s m s m s s m s

z
s m

L I L I L I I L L L L L L

EI I I L I L

σ
δ

⎡ ⎤+ + + +⎣ ⎦=
+

(4.31) 

 
Hence by substituting the voltage obtained by relation (4.27) in (4.28), 
a set of curves which relates the maximum vertical displacement to 
the rotation angle is derived (Figure 4.6). By analyzing the obtained 
data, we can notice that the hypothesis δmax << h0 is not verified for 
all the rotation angle. Hence the pure torsional model cannot be 
considered valid and the pull-in angle will be less than the calculated 
value in equ. (4.19) . 

 
Figure 4.6: Three δz-voltage curve with different width and length of the hinges. 

Other parameter: t=15 μm;E1=145GPa; ν=0.3; Lm=500 μm; Wm=40μm;a=2 
μm; b=15μm;h0=1.6 μm which shows that the vertical displacement is not 

negligible. 
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4.4  Dynamic characterization: small-signal 
equivalent circuit 

 
To deduce a small-signal equivalent circuit it is necessary to find the 
transfer function of the mirror, so we start from the motion equation: 

21
2

mCI b K Vθ θ θ
θ

∂
+ + =

∂
 (4.32) 

We suppose that the mirror is at equilibrium, that the rotation angle is 
θ0 with an applied voltage V0 and a charge Q0 = Cm(θ0) ·V0, so the 
following relation is verified: 

0

2
0 0 0

1
2

mCK
θ θ

θ
θ =

∂
=

∂
V  (4.33) 

The under analysis system in nonlinear, but we will linearize it by 
supposing a small variation of the voltage δV , which corresponds one 
of the angle δθ and one of the charge δQ. We want to calculate cm(s) 
= δQ(s)/δV (s) and to this we start form the expression of δQ: 

( )mQ C Vθ=  (4.34) 
Then 

( ) ( ) ( )0
0 0 0 0

m
m m m

C
Q C V C V V C

V
δ θ δθ Vδ δ θ δ θ

δθ δ
δ

⎡ ⎤
= + = +⎢ ⎥

⎣ ⎦
(4.35) 

The expression of δθ/δV in the relation (4.35) is unknown. We can 
deduce it from (4.32). 

( ) (
0

2
0 0

1
2

mC )I b K V Vθ
θ θ δθ

δθ δθ δθ θ δ
θ = +

∂
+ + + = +

∂
(4.36) 

As we want to linearize, we change the right term of (4.36) in: 

( ) (
0 0

2
2 2

0 02

1 1
2 2

m mC CV V V V
θ θ θ θ

δ δθ
θ θ= =

∂ ∂
+ + +

∂ ∂
)δ (4.37) 

After expanding the two terms and neglecting the elements depending 
on δV2, we obtain: 

0 0 0 0

2 2
2 2

0 0 0 02 2

1 1
2 2

m m m mC C C CV V V V V
θ θ θ θ θ θ θ θ

Vδ δθ δ δθ
θ θ θ θ= = = =

∂ ∂ ∂ ∂
+ + +

∂ ∂ ∂ ∂

(4.38) 
By neglecting the last term with respect the second last and by 
verifying that the first term is equal to Kθθ0, the equation (4.36) 
becomes: 
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θ θ = +=
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⎢ ⎥+ + − =

∂ ∂⎢ ⎥⎣ ⎦
(4.39) 

Passing from the time domain to the the domain of the complex 
variable s by Laplace-transform: 
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2

m
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s C V
CV Is bs k Vθ θ

θ θ

δθ
δ θ

θ
=

=

∂
=

∂∂ + + −
∂

(4.40) 

At this point it is possible to write the expression for the small-signal 
transfer capacitance by combining (4.35) and (4.40): 

( ) ( ) ( ) ( )
0

0 0
m

m m

Q s sCc s V C
V Vθ θ

δ δθ
θ

δ θ δ=

∂
= = +

∂
(4.41) 

After carried out all the calculation, the following expressions is 
deduced: 
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In the expression (4.42) we can use the equilibrium relation 
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 (4.43) 
Finally we can write (4.43) in Bode’s form:  
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where  m
K
I

θω = , I is the pulsation of mechanical resonance and 

s

K I
Q

b
θ= the quality factor. Probably from experiments we will 

measure the impedance of the mirror at different frequency, then from 
eq. (4.44) we deduce the following expression for it (by passing in the 
Fourier domain): 
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 (4.45) 
 
In the equivalent circuit, we must included a parasitic capacitance in 
parallel to the mirror. This capacitance will always be present and will 
change the frequency response of the mirrors. In the equation (4.45) it 
has to be added to Cm(θ). 
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Figure 4.7: Small signal Equivalent circuit 
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From eq.(4.46) a small-signal equivalent circuit can be deduced 
(Figure 4.7), with the following components: 
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Figure 4.8: Examples of bode diagrams of a micromirrors with different 

parasitic capacitance. 

If the parasitic capacitance is to high, in some cases it will be not 
possible to have measurements of the device. This problem can be 
verified in Figure 4.8 where the Bode diagrams of the admittance of a 
mirror at a given rotation angle with different parasitic capacitances 
are drawn. 
The value of the parasitic capacitance also depends on the setup used 
tomeasure, hence it is difficult to predict a value for it. 

4.5 Design Flow of the micromirrors arrays 
In this subsection the complete design flow followed to realize a 
arrays of micromirrors for optival switching in THELMA technology 
is presented. It has been constituted by two steps: 

1. A preliminary test chip with some test structures to verify the 
optical performances of the micromirrors have been designed 

2. Final test pattern where four arrays of micromirrors have 
been designed. 
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4.5.1 Firt test pattern: Not movable micromirrors 
A preliminary test pattern with test structures has been designed and 
fabricated by using THELMA techonology by STMicroelectronics. 
This die contains 9 “venetian blind” micromirrors of size 400x400μm, 
different for width of the single elelement of the micromirror, number 
of elements and holes density. 
These micromirrors have not been released because holes density in 
some cases was very low so conventional sacrificial oxide etching did 
not allow complete oxide removal .On the top of some micromirrors, 
gold or aluminium have been deposited. 
The Optoelectronic Group at University of Pavia have measured these 
structures. On the micromirrors without metallization, optical 
measurements by using HeNe laser emitting at λ=633 nm have been 
carried out. By using a digital camera the diffraction patterns have 
been obtained with 45o degree tilt angle. 
Moreover reflectivity measurements have been carried out. On the 
metallized structures a DFB laser emitting at λ=1550nm (typical for 
optical communications) have been used   
Similar value of reflectivity gave been found for both kinds of 
metallization, hence aluminium have been chosen as reflecting layer 
because of its easy deposition and better adhesion to silicon. 
The comparison between diffraction patterns obtained by this not 
movable structures show that an high holes density produces larger 
scattering of the optical power, so larger loss. 
Moreover larger elements of the venetian blind produce closer 
diffraction orders, hence the optical power commutation from one 
order to the next one requires smaller tilt angle. 

4.5.2 Final test Pattern: description of the designed array 
Long longitudinal holes in the mirror are required for proper release 

of the moving parts(Errore. L'origine riferimento non è stata 
trovata.). This can be done without excessive degradation of the 
optical characteristics. The Venetian blind is constituted by a variable 
number of micromirrors depending on the size, each suspended by 
two torsional springs. The springs are 50 μm long; the full 
micromirror arrays are about 490 μm x 490 μm in size.  

The main problem which has been already identified of using 
THELMA technology is constituted by the low full/empty ratioof the 
elements which constitutes the venetian blind, due to the rule on the 
maximum width of the poly which can be released. 
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To improve this aspect, an increase of sacrificial oxide etching time 
has been requested: the value of 10 μm is reached. 

It has been verified that the size of the electrode of poly1 is relevant 
on the micromirrors angular dynamics. This width should be low so 
values of 10-15 μm  are required. This is in contrast with the process 
rule which prescribe a minimum width of 40 μm in order to avoid 
etching of the oxide under the electrode, fabricated in the first 
polysilicon layer and  used for actuation. Hence their width was 
chosen non-uniform as a compromise between angular dynamics 
(which is reduced by pull-in for wider electrodes and technological 
constraints which required a specific minimum width(Figure 4.9). 

 

Ls

Ws
Wf

Wh

Lm/2

Wm

Figure 4.9: Scheme of an half of micromirror with longitudinal etch holes. 

On the basis of the preceding considerations a die with 4 micromirrors 
arrays has been designed (Figure 4.11): 
 

A. Array constituted by micromirrors with Wf =8 μm and holes width 
Wh=2 μm. 

 
Figure 4.10: Particular of the underlying electrodes. 
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B. Array constituted by micromirrors with Wf =10 μm and holes 
width Wh=2 μm. 

C. Array constituted by micromirrors with Wf =10 μm and holes 
width Wh=3 μm. 

D. Array constituted by micromirrors with Wf =12 μm and holes 
width Wh=3 μm. 

 
Figure 4.11: Layout of the final die containing 4  venetian blind micromirrors. 
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Table 4.1: Geometrical and electromechanical characteristic of the 
designed micromirrors. 

Micromirrors  
Parameter A B C D 

Ls [μm] 50 50 50 50 
Ws [μm] 1.3 1.3 1.3 1.3 
Lm [μm] 490 490 490 490 
Wm [μm] 38 46 49 57 

a [μm] 2 2 2 2 
b [μm] 12 12 12 12 
b1[μm]     

Wf (μm) 8 10 10 12 
Wh [μm] 2 2 3 3 
θ pull-in 
[degree] 2 1.77 1.72 1.45 

V pull-in 
[V] 73 63 58.7 50 

F1 (KHz) 59.7 53.2 53 48.2 
F2 (KHz) 94.5 71.5 66.5 52.8 
F3 (KHz) 115.3 102.7 101.8 92.5 
F4 (KHz) 187.1 180.3 179.7 173.3 

Figure 4.12: SEM Micrograph of designed micromirrors 
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4.6 Modal Analysis by FEM simulations 
In general to better understand the dynamic behavior of the 
micromirrors, it is important to know which is the mechanical 
resonance frequencies of them. We performed a FEM modal analysis 
by using COMSOL® of the micromirrors and the results that we 
obtained are listed in the Table 3.1, while the the shapes of the this 
first six resonance modes of the micromirrors  are plotted in Figure 
4.27. 

 

 

 

Figure 4.13: First six Mode Shapes of the micromirrors. 
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4.7 Reduced-Order Modelling of the bending of 
an array of torsional micromirrors 

FEM Full coupled-field analysis of such structures is CPU-
intensive and limited by convergence problems. Analytical prediction 
of the voltage/tilt relationship for such structures is therefore of great 
aid to the designer. Common simplifying assumptions to make the 
problem tractable are supposing a rigid vertical translation [69-71] or 
neglecting vertical present here a self-consistent, computationally fast 
approach to the problem, which also takes into account the vertical 
deflection and bending of the mirror strip, allowing the calculation of 
its deformed shape. The obtained results are then compared with FEM 
simulations. 

Finally the applicability of the method to micromirrors of different 
size is exploited. 

4.7.1 Computational approach 
If a voltage V is applied between the mirror and one of the 

underlying electrodes, the distributed electrostatic force yields a 
torque which rotates the mirror, but also produces a deformation as the 
structure bends under the load. For ease of description, we suppose 
here a constant width electrode (Figure 4.14), even if the actual 
computation was performed with the variable width geometry. Let x 
be the coordinate along the mirror (Figure 4.14), w(x) the electrostatic 
force per unit length and uz(x) the vertical displacement of the central 
axis of the mirror. The capacitance cm per unit length between the 
mirror and the electrode can be written by using a parallel-plate 
approximation, and is a function of the tilt angle θ and of z. 

 
Figure 4.14: Transversal section of a micromirror 

. 
Our approach is based on the hypothesis that, for small bending, the 

distributed load w(x) can be considered equivalent to a uniform load 
weq. This is clearly much less stringent than supposing a uniform uz. 
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Elementary beam theory gives a closed expression (a polynomial in x) 
for uz(x; weq) under a uniform load. Hence, a closed expression for the 
capacitance cm(θ, z(weq)) exists.  

To compute the angle-voltage curve the following algorithm is 
used: 

1. Choose rotation angle θ 
2. At the first step impose weq,0=0 
3. At each step i, calculate Vi(θ) from the static torsional 
equilibrium equation: 

( )

,

2 , ( )
2

eq i

mi

mirror w w

c z wV dx kθ
ϕ θ

ϕ
θ

ϕ =
=

∂
= ⋅
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4. Compute the equivalent distributed load weq,i+1 from: 
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5. Go to step 3 until |weq,i+1-weq,i| is less than the chosen 
tolerance. 
In eq. (1) kθ  is the elastic torsional constant of the springs[73]: 

2 p

s

GJ
k

Lθ =  (4.52) 

G is the shear modulus of the polysilicon, Ls is the spring length, Jp is 
the torsion constant of the rectangular cross-section [10]: 
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The expression of the first derivatives of the capacitance can be 
analytically derived from the parallel-plate formula, giving: 
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 (4.55) 

The closed expression for uz(x; weq) under a uniform load is 
obtained by solving the classic Euler beam equation system with the 
appropriate boundary conditions[73]: 
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where E is the Young’s Modulus of polysilicon and I2 is the moment 
of inertia of the mirror section. An implicit assumption of our 
mechanical model is that every section rotates rigidly around the x 
axis. This is certainly reasonable if the mirror width is much smaller 
than its length. 

The algorithm returns, for each θ, the value of the voltage V(θ) and 
the equivalent uniform distributed load weq(θ). From these values the 
vertical deformation uz(x) is deduced.  

4.7.2 Results and Discussion 
The computed θ(V) is shown in Figure 4.15. In Figure 4.16, the 

maximum vertical displacement uz,max (in the central section of the 
micromirror) is also plotted (bottom). The computation of the full 
curves requires less than 3 seconds on a PC. 

For comparison, the rigid mirror model [69-70] and a full FEM 
analysis have been performed, and the obtained results are shown in 
Figure 4.15 and in Figure 4.16 as well. The selected FEM approach 
(Figure 4.17) (the “essolv” ANSYS® macro) required 30 minutes or 
more for each point in the θ(V) curve on the same PC. 

 
Figure 4.15: Angular rotation vs. applied voltage of one of the designed 

micromirrors. 
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The proposed approach clearly represents a large improvement with 

respect to the commonly reduced-order models, with a similar 
computational burden, but also shows a very good agreement with 
FEM results. This last result, however, depends on a few assumptions, 
which are easily verified for the studied geometry, but can fail in more 
general cases. 

Specifically, a first important condition is that the bending of the 
beam is small enough to ensure that the distributed electrostatic force 
along the beam can be approximated with the equivalent uniform load. 
As the electrostatic force is a non-linear function of the distance 
between the beam and the fixed electrode, it is required the maximum 
deflection of the beam (i.e. at its center) is much smaller than the gap 
between it and the fixed electrode. In our case, the maximum 
deflection is about 0.1 μm at pull-in (see Figure 4.16), while the gap is 
1.6 μm, so that this condition is certainly verified. 

 
Figure 4.16: Maximum vertical displacement vs. applied voltage of one of the 

designed micromirrors. 
 

A more compelling evidence that the uniform and non-uniform load 
can be considered equivalent is given in Figure 4.18. In the graph, the 
deformed shape of the central axis of the beam due to the distributed 
load (as calculated by ANSYS) and the same shape as computed by 
our method are compared. Three different deflected shapes, for 30, 40, 
and 50 V of bias (corresponding to rotation of 0.23, 0.44 and 0.78 
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degrees, respectively) are shown. The error is less than 2% in the 
worst case. 

 
Figure 4.17: Example of the deformed shape obtained from ANSYS  

simulations 

 
Figure 4.18: Comparison between the deformed shape of the central axis 
obtained from the analytical model (solid line) and from ANSYS simulations 
(circles). 

 
Another already mentioned assumption is that every section of the 

mirror is not deformed (i.e. remains rectangular) under the applied 
load. In our case, the mirror is about 10 times longer than it is wide, 

Tesi di Dottorato – A. Molfese 86 



Chapter 4 - Micromirrors for Optical Switching: Models and Fabrication 

and thus has a much larger flexural rigidity along x than along y, so 
that this assumption looks reasonable. 

4.8 Design of an driving circuit for 
micromirrors. 
In order to drive the described micromirror, it is necessari the 

realization of a dedicated circuit. First of all, we introduce the 
specification which this driving circuit requires. 

As we would like to study static and dynamic behaviour of the 
micromirrors, the output of the circuit must be composed by a costant 
voltage V0 and varying signal vin
From Table 4.1 we deduce that the constant voltage V0 must be at 
least 70 V. In order to drive the micromirror at frequency larger than 
the first resonance mode, the bandwidth of the circuit should be at 
least 100 KHZ. 

Hence these considerations produce the following 
specifications: 

1) V0>70 V 
2) 1ov V<  
3) Bandwith>100KHz 
4) Low harmonic distortion 

The schematic of the designed circuit is shown in Figure 4.19. 
The first stage sums the constant and varying input voltages (Vin and 
Vac), then there is an amplifier stage. 
On the output there is a BJT which allow to substain high output 
voltage.  
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Figure 4.19:Schematic of the driving circuit for micromirror 

 

 
Figure 4.20: AC PSPICE simulations of the driving circuit for the 
micromirrors. 

Tesi di Dottorato – A. Molfese 88 



Chapter 4 - Micromirrors for Optical Switching: Models and Fabrication 

The total gain is 10 for the DC voltage. To make the circuit stable, on 
the output it is present a capacitor and resistor to compensate the 
circuit, to avoid oscillations. 
In order to design and verify the specifications, AC PSPICE 
simulations have been carried out (Figure 4.20). The specifications on 
the bandwidth is satisfied: more than 5MHz. It is also been verified 
that V0 is linear till 70 V. 

4.9 Experimental Results 

4.9.1 Preliminary Static measurements 
In order to verify the characteristic of the micromirrors, some 

static measurements have been carried out in the “Laboratorio Di 
Tecnologie e Microsistemi”at Department of Information 
Enginnerring of University of Pisa.  

Using the described circuit to drive the micromirrors and the 
experimental setup in Figure 4.21, the curve in Figure 4.22 has been 
deduced for the micromirror C. 

The obtained results are in good agreement with the expected 
behaviour. 

LA
SE

R

MICROMIRROR

TARGET

 
Figure 4.21: Scheme of the optical static measuremets. 
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Figure 4.22: Static Optical measuremets on micromirror C (Figure 4.11) 

compared to our model and ANSYS simulations.  

4.9.2 Resonant mode measurements 
The Optoelectronics Group at University of Pavia have 

developed an optical method to obtain vibration measurements by 
means of semiconductor laser feedback interferometry [74]. Hence 
they measured the described devices[75-76]. 

Table 4.2: Maesured frequency resonancies by Optoelectronic Group at 
University of Pavia.[75] 

Micromirror Mode Measured 
[KHz] 

Simulated 
[KHz] 

Torsional f1 80-84 94.5 A 
Out of plane f4 180 187.5 

Torsional f1 59-63 71.5 B 
Out of plane f4 175 180 

Torsional f1 53-58 66.5 C 
Out of plane f4 171 179.7 

Torsional f1 55 59.7 D 
Out of plane f3 109 115.3 
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Using a setup in which the laser beam is shined orthogonally 
onto the device we can monitor the fundamental torsional mode and 
the out-of planeflexional mode, which are characterized by mass 
displacements with vertical components . If the optical radiation is 
impinging on the device at a small angle with respect to the substrate, 
vibrations in the horizontal plane can also be detected. The 
measurement can be performed using the interferometric scheme with 
the external optical-path in singlemode fiber or in free space. The 

Torsional Mode f1

Out of plane mode f4

Torsional Mode f1

Out of plane mode f4

 
Figure 4.23: Experimental data on the spectral response of the torsional 
mode and the vertical flexional-modee on Micromirrors C[75] 
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dynamic response can be obtained by driving the device with 
electrical white noise superimposedto a dc voltage and by analyzing 
the photodetected signal with a spectrum analyzer[74]. 

In Table 4.4 the resonance modes measured for all the 
structures are reported compared to the simulated values. In Figure 
4.23 the experimental data on the spectral response on micromirrors C 
are reported. A very good agreement has been found. 

4.10 Test structures on Poly Silicon Germanium 
technology by IMEC 
As already specified in Chapter 2, Poly-SiGe has recently been 

promoted as a material suitable as structural layer for several MEMS 
applications because of its low processing temperature, which enables 
post-processing on top of CMOS without introducing significant 
changes in the existing CMOS foundry processes. 

In order to verify the possibility to realize micromirrors  in Poly 
Si-Ge, a test chip with several test structures has been designed. 
Unfornutately we do not have experimental results on this test chip as 
it has to be fabricated. 

In this subsection some of the structures designed in the layout 
in Figure 4.24 are briefly described. Specifically the structures in the 
box A, B and C will be described.  

Tesi di Dottorato – A. Molfese 92 

A

B C

A

B C

 
Figure 4.24: Layout of the complete die.



Chapter 4 - Micromirrors for Optical Switching: Models and Fabrication 

4.10.1 Structures A 
The red box A (Figure 4.24) contains three kinds of structures which 
can be divided by rows: A.1x, A.2x, A.3x.These structures are 
characterized by the substitution of a single micromirror with an array 
of smaller phased micromirrors, a structure resembling a Venetian 
blind. 
 

 A.1x: array of micromirrrors  with electrodes divided in 
three parts 

These arrays are constituted by 10 micromirrors 200 x 20 μm, 
each of them can be driven by  6 electrodes, three for side (Figure 
4.25). For each side, the two lateral electrodes are shorted as shown 
inFigure 4.26, where a cross section of a micromirror is drawn.  

In previous analysis, it has been noticed that in a mirror with only 
two electrodes for side, by applying a voltage,  the mirror rotates and 
there is a vertical deformation which reduces the maximum angular 
deflection before pull-in. 

These structures have been designed with the idea of reducing the 
vertical deflection of the micromirrors. In fact by applying a lower 
voltage to the central electrode with respect to the voltage applied to 
the lateral electrodes, we expect that the vertical deflection of the 
centre of the micromirror will be lower with respect to the case where 
the electrode is along the whole mirror (structures A.3x). 

 

 
Figure 4.25: Layout of structures A.1x 

 

Tesi di Dottorato – A. Molfese 93 



Chapter 4 - Micromirrors for Optical Switching: Models and Fabrication 

2 3

1

 
Figure 4.26: Cross section of  a side of a micromirror. 

 
This micromirror will be polarized by applying a voltage V3 on the 
pad 3 and a voltage V2 on the pad 2 while the mirror (pad 1) will be 
grounded. At the present we do not have a valid model to predict the 
behaviour of the micromirror but it will be soon available. 

In Table 4.3 we report the mechanichal resonance frequencies 
of the micromirrors of the structure A.11, while the mode shapes are 
reported in Figure 4.27.  

 
Table 4.3: Mechanical resonance frequencies of micromirror A.11 

Resonance frequencies KHz 
1st mode 45.619 
2nd mode 92.330 
3rd mode 99.894 
4th mode 165 
5th mode 4.76 
6th mode 9.59 
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Figure 4.27: First six mode shape of a micromirror in the array A.11. 

 
 A.2x: array of  micromirrrors  with four electrodes 

These arrays are constituted by 10 micromirrors 200 x 20 μm, 
each of them can be driven by  4 electrodes, two for side (Figure 
4.28). In a previous analysis it has been noticed that the width of the 
electrodes reduces the maximum angular rotation before pull-in but 
also reduce the necessary voltage to reach a specified rotation.    

These structures have been designed with  by dividing in two 
the electrodes for each side of the mirrors (Figure 4.29).  In this way  
by applying a different voltage to the more external electrode with 
respect to the more internal, we can obtain better performance whether 
in term of angular dynamic or in term of applied voltage. 
  

 
Figure 4.28: Layout of structures A.2x 
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Figure 4.29: Schematic plant of a micromirror A.2x 

1 3 

5 4 

2 

 
We consider that the pad 2 is grounded and two different 

voltages V1 and V3 are applied on the pad 1 and on the pad 3 (In the 
same way the voltages can be applied on the pads 5 and 4). 
In Figure 4.30 and Figure 4.31 the expected angle versus voltage V1 
with different V3 for the structure A.31 is plotted. Two characteristics 
are plotted because the thickness of the sacrificial oxide (which 
represent the distance between the underneath electrodes and mirror) 
can be 0.4 μm or 1 μm. The mechanical resonance frequencies of the 
structures A.21 are the same as A.11. 
 

V3 

 
Figure 4.30: Voltage V1 vs Angle if the thickness of the sacrificial layer is 0.4 
μm. 
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V3 

 
Figure 4.31: Voltage V1 vs Angle if the thickness of the sacrificial layer is 0.4 
μm 
 

 A.3x: array of  micromirrrors  with two electrodes 
These arrays are constituted by 10 micromirrors 200 x 20 μm, each of 
them can be driven by  2 electrodes, one for side (Figure 4.32). The 
micromirrors are conctated by pad 2, while the electrodes are 
contacted by pads 1 and 3. These are the simplest structures and they 
have been designed in order to compare the performance of them with 
the other two variation (A.1x -A.2x) 

 
Figure 4.32: Layout of structures A.3x 

We consider that the pad 2 is grounded and a voltage V is applied on 
the pad 1 (or on the pad 3). In Figure 4.33 and Figure 4.34 the 
expected angle-voltage characteristic for the structure A.31 is plotted. 
The mechanical resonance frequencies of the structures A.31 are the 
same as A.11.  
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Figure 4.33: Angle-Voltage characteristic if the thickness of the sacrificial layer 

is 0.4 μm 

 
Figure 4.34: Angle-Voltage characteristic if the thickness of the sacrificial layer 

is 1 μm 

4.10.2 Structures B 
The structures B are schematized as a 7x4 matrix  of single 
micromirrors. All the mirrors we will analyze have the structure 
described in Figure 4.35. The dimension of the mirrors are 2L x 2L x 
t, the hinges are lh x w x t.   
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Figure 4.35: Scheme of a micromirrors for DLP. 

Some of the mirrors had been designed with serpentine 
springs, but during a revision of the layout, some mistakes were found 
so the structures with serpentine springs cannot be measured. The 
micromirrors of the first three rows have L=20 μm, those of the rows 
3-6 have L=16 μm. For all of them different size of hinges were 
designed (Figure 4.36). 
 

1 2 3 

 
Figure 4.36: Layout of the structures B.xy. 

In Figure 4.37 the expected angle-voltage characteristic for the 
structure B.14 is plotted. 
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Figure 4.37: Angle-Voltage characteristic if the thickness of the sacrificial layer 

is 0.4 μm 
In the Table 4.4 we report the mechanical resonance frequencies of the 
micromirrors of the structure B.14. The mode shapes associated to this 
frequencies are reported in Figure 4.38. All the others are reported in 
the design_mirror.xls. 
 

Table 4.4: First six modes frequencies of structure B.14 
Resonance frequencies KHz 

1st mode 236 
2nd mode 377 
3rd mode 666 
4th mode 1420 
5th mode 5430 
6th mode 5690 

 

 
Figure 4.38: First six mode shape of the structure B.14. 
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4.10.3  Structures C 
The green box A (Figure 4.24) contains three kinds of 

structures which can be divided by rows: C.1x, C.2x, C.3x.This 
structures are characterized by the substitution of a single micromirror 
with an array of smaller phased micromirrors, a structure resembling a 
Venetian blind. 

 C.1x: array of micromirrrors  with electrodes divided in 
three parts 

These micromirrors are similar to the A.1x. 
 C.2x: array of  micromirrrors  with four electrodes 

These micromirrors are simlar to the A.2x. 
 C.3x:array of  micromirrrors  with two electrodes 

These micromirrors are simlar to the A.1x. 
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Chapter 5 

MEMS Flexure Design 
 
 
5.1 Introduction 

Among the most important steps in the development of a new 
MEMS device is the design of each element of the involved 
mechanical structures through tools that allow rapid prototyping and 
optimization of the relevant design parameters (e. g.  stiffness, 
occupation of area, forces,  capacitances,  etc.).   To this purpose,  the 
value for the designer of analytical expressions for the physical 
features of the structures, which allow optimization of the parameters 
before simulation, should not be underestimated.  

Springs are among the most important elements in MEMS 
devices. Several different kinds of springs were presented in the 
literature [76], any of them with advantages and drawbacks for a 
particular application. An interesting case is constituted by serpentine 
springs, getting their name from the meandering snake-like pattern of 
the spring segment[76].  They are used in several applications:  
accelerometers, resonators, etc.  Although they are more commonly 
used to perform in-plane displacements, they can also be used for out-
of-plane displacements, and angular deflections (i. e. as torsional 
springs) as well [6, 40, 50, 77-79], where they allow small spring 
constants with a reasonable occupation  
of area.  

The main feature of several surface MEMS processes (see 
Chapter 3), is the presence of a thick structural polysilicon layer; for 
this kind of processes the classic torsional spring, made as a simple 
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straight bar and shown in Figure 5.1, does not allow for low torsional 
spring constants, because of the thickness of the structural layer. A 
possible solution is the use of serpentine springs. 

This kind of springs, apart from reducing the occupied area for 
the same spring constant, has the advantage of solving the problem of 
the buckling produced by the residual stress [76]. It was also shown 
that using serpentine torsional springs the resonance frequencies are 
completely independent of the residual stress value, while there is a 
large dependence for simple straight torsional rods with similar 
torsional spring constants [79].  

The shape of this kind of spring is shown in Figure 5.2.a. The 
reduction of the torsional stiffness is mainly due to the elements 
orthogonal to the torsional axis, which are subject to a bending stress. 
Unfortunately, as the thickness of the structural layer increases, the 
bending stiffness of the orthogonal elements, which is proportional to 

the third power of the thickness [61], rapidly becomes so high that the 
advantage of this type of design is almost lost. 

 
Figure 5.2: Classic serpentine spring (a); rotated serpentine spring (b). 
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This problem can be overcome by a 90 degree rotation of the 
spring elements around the vertical axis, obtaining the rotated 
serpentine spring (Figure 5.2.b)[80]. With this design, the spring 
elements (which are now parallel to the torsional axis) are mainly 
subject to torsional stress, which is approximately linearly dependent 
on the value of the thickness.  

In this chapter we will  convert these qualitative considerations 
into a quantitative analysis. To this scope, we will deduce analytical 
expressions for several elements of the stiffness matrix (as defined in 
[81]) of both spring kinds by using the principle of virtual work with 
the unit-load method [61]. The analytical results will be compared 
with those obtained with a Finite Element Method (FEM) commercial 
software package for structural analysis.  

 
Figure 5.3:Design variables of serpentine springs. It is constituted by three 
parts: the initial (a.1 and b.1) and final parts (a.3 and b.3) used to connect it 
to the anchor and to the movable part (a.2 and b.2) which can be repeated. 
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5.2 Modeling and method of analysis  
In order to characterize the springs we calculate the 

displacement Δi (or the rotation θi) resulting from a force Fj (or a 
torque Mj ) applied in the appropriate direction, where { }, , ,i j x y z∈ . 
Only displacements from bending and torsion are considered in the 
analysis. Deformations from shear, compression and traction are 
neglected. Throughout the paper, the system of coordinates of Figure 
5.2 will be used and the springs will be oriented so as to lie in the xy 
plane with the main axis parallel to x. The spring constant is defined 
as Kij = Fj /δi (or Kθiθj = Mj /θi). To simplify notation, if the two 
subscripts are identical, the second will be dropped. The resulting 
constants can be arranged in a 6×6 spring matrix: 

  

yx z

yx z

yx z

x x x x zx x x y

y y y y zy x y

z z z zz x z y

xx xx xy xz

yy yyx y yz

zx zy z zz z

x y z

x y z

x y z

KK KK K K
KK KK K K

K K K KK K
K K K K KK K

K K K KK K
K K K KK K

θθ θ

θθ θ

θθ θ

θ θ θ θ θθ θ θ θ

θ θ θ θ θθ θ θ

θ θ θ θθ θ θ θ

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟

= ⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎝ ⎠

This matrix is symmetric, that is has only 21 independent terms.  
The number of independent non-zero terms reduces to 12 assuming 
there are no variation in geometry along the z direction and therefore, 
no coupling between in-plane and out-of-plane directions [81]. The 
expressions for some of the elements of this matrix for serpentine 
springs were already presented [76, 81], but the problem of the 
torsional spring constant Kθx has not been completely analyzed.  
The elements of the spring constants matrix are calculated by using 
the principle of virtual work with the unit-load method, as detailed in 
Appendix 5.A. The two types of springs (serpentine and rotated 
serpentine) are parameterized as shown in Figure 5.3. The classic 
serpentine springs are divided into three parts (Figure 5.3).  
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The first (a.1) and the third (a.3) are used to connect the spring to the 
anchor and to the movable mass and to make the architecture 
symmetric. The second part is constituted by N repeated elements of 
the type (a.2).The rotated serpentine springs are divided in a similar 
way(Errore. L'origine riferimento non è stata trovata.). In order to 

Table 5.1: Nomenclature 
Symbol Definition 
A Beam or Spring cross-section [m2] 
E Young’s modulus [Pa] 
Fi Fi Force parallel to the i-axis [N] 
G Shear Modulus equal to E/(2 · (1 + ν)) [N] 
Iyo Moment of inertia with respect to the y-axis of the section of the element 

of the spring orthogonal to the x and z-axes [m4]  
Iyp Moment of inertia with respect to the y-axis of the section of the element 

of the spring parallel to the x-axis [m4] 
Izo Moment of inertia with respect to the z-axis of the section of the spring 

element orthogonal to the x and z-axes [m4] 
Izp Moment of inertia with respect to the zaxis of the section of the spring 

element parallel to the x-axis [m4] 
Kδy

C, Kδy
R Spring constant Fy/_y with guided-end, for a classic and for a rotated 

serpentine spring, respectively [N m−1] 
Kδz

C, Kδz
R Same as above for spring constant Fz/Δz with guided-end [N m−1] 

Ki Spring constant Fi/Δi [N m−1] 
Kij Spring constant Fj/Δi i [N m−1] 
Kiθj Spring constant Mj/Δi [N] 
Kθi Spring constant Mi/ θI [N m] 
Kθij Spring constant Fj/ θi i [N] 
Kθiθj Spring constant Mj/ θi [N m] 
Kx

C, Kx
R Spring constant Fx/ Δx, for a classic and for a rotated serpentine spring, 

respectively [N m−1] 
Ky

C, Ky
R Same as above for spring constant Fy/ Δy [N m−1] 

Kz
C, Kz

R Same as above for spring constant Fz/ Δz [N m−1] 
Kzθy

C, Kzθy
R Same as above for spring constant My/Δz [Nm] 

Kθx
C, Kθx

R Same as above for spring constant Mx/θy [Nm] 
Kθy

C, Kθy
R Same as above for spring constant My/θy[Nm] 

Kθzy
C, Kθzy

R Same as above for spring constant Fy/θz [N] 
Kθz

C, Kθz
R Same as above for spring constant Mz/θz [N m] 

Jo Cross-sectional torsion factor the spring element orthogonal to the x and 
z-axes [m4] 

Jp Cross-sectional torsion factor of the spring element parallel to the x-axis 
[m4] 

lo Length of the spring element orthogonal to the x and z-axes [m] 
lp Length of the spring element parallel to the x-axis [m] 
Mi Torsion moment or torque around i-axis [N m] 
N Number of foldings [-] 
t Thickness of the structural layer [m] 
wo Width of the spring element orthogonal to the x and z-axes [m] 
wp Width of the spring elements parallel to the x-axis [m] 
ν Poisson’s ratio [-] 
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simplify the calculation we suppose lini = lfin = lp and dini = dfin = dp in 
all our analyses.  
We analyze the behaviour of the springs in the case of arbitrary N. 
Every spring is analyzed as the connection of several elementary 
beams, each one withstanding torsion and bending deformation. The 
length of each beam is measured along the central axis of the beam, 
between the centers of two consecutive corners (see Figure 5.3).  We 
also suppose the the joints are ideal, i.e. they transfer the forces and 
torques without significant deformation.  This is an approximation that 
has to be taken into account when the results of the theoretical 
analysis are compared with the FEM simulations of the solid model.  

5.3 Analytical expressions for the spring 
constants 

Following the approach sketched in the preceding section, we 
computed analytical expressions  for the  most  interesting spring 
constants of both classic and rotated serpentines, and in particular for 
those of interest in applications where a torsional spring is required. 
To allow a more straightforward analysis of the final expressions, the 
lengthy calculations required to derive such formulas were moved to 
Appendix 5.B. For all the following calculations the nomenclature 
listed in Table 5.1 is used. The spring constant of interest for use in 
torsional applications (as, for example, the ones in [40, 78]) is clearly 
Kθx = Mx/θx, i.e.  the constant for a torsion along the axis of the 
spring.  The expressions for Kθx

C (for classic springs) and Kθx
R (for 

rotated springs) are calculated in B.1 and are given as the first rows of  
Table 5.2 and Table 5.3, respectively.  By analyzing the expression for 
Kθx

C it is easy to recognize that the first term is contributed by the 
bending stiffness of the spring elements (of length lo) orthogonal to 
the x axis, while the second term is contributed by the torsional 
stiffness of the elements (of length lp) parallel to the same axis. A 
reasonable design approach to lower Kθx

C with a given occupied area 
is to make lp much smaller than lo, so that the second term becomes 
negligible. With this hypothesis, the formula simplifies to a more 
manageable expression, also given in Table 5.2. A similar analysis can 
be carried out for Kθx

R. With rotated springs, the orthogonal elements 
are again subject to bending, and the parallel ones again withstand a 
torsion. The expression is complicated somewhat by the presence of 
the connecting elements (of length dp, lini and lfin ) at the beginning and 
end of the spring.  Nevertheless, the expression can be simplified, this 
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time by making the assumption that lp is much bigger than lo and than 
the lengths of the aforementioned connecting elements, obtaining a 
formula which is useful for a rough estimate of spring behaviour.  
Substituting the expressions of Iyo and Jp given in (5.6) and (5.7), we 
can compare the different dependence on the thickness value of the 
two springs  

Table 5.2: Calculated spring constants of a classic serpentine spring 
Classic Serpentine Spring Constants 
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Table 5.3: Calculated spring constants of a rotated serpentine spring 
Rotated Serpentine Spring Constants 
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constants. For the classic serpentine springs Kθx
C simply expands to 

 
Figure 5.4: Classic serpentine spring with guided end along y-axis (a.1) and 
along z-axis (a.2). Rotated serpentine spring with guided end along y-axis 
(b.1) and along the z-axis (b.2). 
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which depends on the third power of the thickness. For the rotated 
spring, by making the (admittedly oversimplyfing) hypothesis of  
t>>w , i.e. high thickness, neglecting and thus neglecting the series in 
(5.7) we obtain 
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which only depends on the first power of t. This advantage is 
progressively reduced for smaller and smaller thicknesses, but 
nonetheless confirms the qualitative considerations on the advantages 
of the use of rotated serpentine springs for torsional applications when 
a thick structural layer is available.  
Apart from torsion, a very common use of these springs is as elastic 
elements in a linear actuator [49] or linear accelerometer [75]. A 
constant of interest for this case is then Kx = Fx/Δx. The expressions 
for Kx

C and Kx
R were thus calculated as well (5.B.2 - Table 5.2 and 

5.3, second row). For this spring constant, substitution of the 
analytical expression of Izo and Izp results in expressions that exhibit 
the same (linear) dependence on the thickness.  

For linear deflection along the other two axes (y and z), the most 
common cases in applications are such that the end of the spring is 
bound to move in the zy plane without  rotation, i.e.  the case of 
guided end [75].  We thus define Kδy as the ratio Fy /Δy when the 
spring end is bound to move along the y axis without rotation (Figure 
5.4.a.2 b.2), and Kδz as the ratio Fz /Δz when the end is bound to move 
along the z axis without rotation (Figure 5.4.a.1 b.1).  The full and 
approximated expressions for both kinds of spring are again derived in 
Appendix 5.B.3, 5.B.4, 5.B.5 and 5.B.6 and given in Tables 5.2 and 
5.3, third and fourth row. Again, an analysis of the dependence of Kδy 
and Kδz K on the design variables can be carried out.  An interesting 
point is that, for classic springs, they depend inversely on the fourth 
and third power of N , respectively, while for the rotated springs they 
show a linear dependence on N .  

Table 5.4: List of dimensions of the simulated springs 
 classic serpentine  rotated serpentine 

T(mm) 5-10-15 5-10-15 
N 0-3-5 0-3-5 
Lp (mm) 5 20-40…200 
Wp (mm) 2 2 
Lo (mm) 20-40…200 5 
Wo (mm) 2 2 
Lini (mm) 5 5 
Lfin (mm) 5 5 
Dp (mm) 5 5 
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Hence with the former it would be difficult to design low torsional 
stiffnesses (by making N high), and to maintain at the same time high 
stiffnesses for the other modes. This implies that keeping the 
resonance frequency of parasitic vibrational modes higher than that of 
the torsional mode is easier for rotated springs. Thus, once again, 
rotated springs are more suitable than classic springs for torsional 
applications. This last consideration shows that, regardless of the 
particular application, all of these constants are needed for proper 
design of the spring, because the target value for one of the constants 
(say Kθx for torsional applications) should be designed by maintaining 
at the same time high values for the other constants, to avoid 

undesired deflections of the suspended structures, as well as parasitic 
resonant modes at low frequencies along the same degrees of freedom.  

 
Figure 5.5: Relative error on the spring constants of the classical 

serpentine springs: Kθx
C (a); Kx

C (b); Kδy
C (c); Kδz

C (d). ___○ t=10 μm, N=0; 
----○ t=10 μm, N=3; -.-○ t=10 μm, N=5; ___◊ t=15 μm, N=0; ----◊ t=15 μm, 

N=3; -.-◊ t=15 μm, N=5; ___x t=5 μm, N=0; ----x t=5 μm, N=3;  -.-x t=5 
μm, N=5. 
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Figure 5.6: Relative error on the spring constants of the rotated serpentine 
springs: Kθx

R (a); Kx
R (b); Kδy

R (c); Kδz
R (d). ___○ t=10 μm, N=0; ----○ t=10 

μm, N=3; -.-○ t=10 μm, N=5; ___◊ t=15 μm, N=0; ----◊ t=15 μm, N=3; -.-◊ 
t=15 μm, N=5; ___x t=5 μm, N=0; ----x t=5 μm, N=3;  -.-x t=5 μm, N=5.  

5.4 FEM simulations  

5.3.1 Description  
In order to verify the analytical relationships found for the elastic 
spring constants we used a finite-element simulation program, 
ANSYS, and we implemented two kinds of  simulations. The first one 
used the element BEAM4  to model the spring as a set of linked 
beams. BEAM4 is a uniaxial element with tension, compression, 
torsion, and bending capabilities. The element has six degrees of 
freedom at each node: displacements in the nodal x, y, and z directions 
and rotations about the nodal x, y, and z axes.  
In the second kind of simulation, a three-dimensional meshing of the 
structures with the element SOLID45 was performed. SOLID45 is a 
brick element defined by eight nodes having three degrees of freedom 
(displacements) at each node. The geometrical parameters used in 
simulations for classic and rotated springs are listed in Table 5.4.  

5.5 Results  
The results of the simulations when the beam model was used are in 
perfect agreement with the analytic expressions, a result that was 
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expected as the BEAM4 is based on the elementary beam theory, used 
to deduce the analytical formulas as well. The very good fitting 
confirms the analytical relationships we found.  
The results of the simulations with the solid model deviate from 
analytical results. In order to compare the FEM simulations with the 
analytical relations we define Ksim and Kcal the spring constant 
obtained respectively from the simulations and from the analytical 
formulas.  Hence we calculate the relative error ε= (Ksim - Kcal) /Ksim 
for both springs versus the most relevant dimension (lo for the classic 
serpentine shape and lp for the rotated serpentine shape), using the 
number of the repeated elements N and the thickness t as parameters.  
In Figure 5.5 the relative errors on the spring constants for the classic 
serpentine springs are plotted. For high thickness (15µm) a 
considerable error (about 50%) is found for Kθx

C .  This is due to the 
fact that, for high thickness, the slender beam approximation for each 
element of the spring is not valid, so that the evaluation of the bending 
is not exact. A large error is also found for the elastic constants Kδz

C, 
in which the term of the  bending along z is significative, so that there 
is an high dependence on the thickness value. In other cases we found 
that the error is always under 20%.  
In Figure 5.6 the relative errors on the spring constants for the rotated 
serpentine springs are plotted. A large error (50%) is found for KR dz 
, again because of the high value of thickness (15µm). For Kx

R and 
Κδy

Ρ the error is less than 20% and 15%, respectively.  
For Kθx

R , the relative error is less than 20% except for low value of lo 
and thickness equal to 15µm when the error is more than 30%.  
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The differences between the calculated and simulated value could also 
be caused by the fact that, in the described model, the length of the 
beams which constitutes the spring is supposed equal to the distance 
between the centers of two consecutive corners. This is clearly an 
approximation, especially when the dimensions of the corners are 
comparable with the length of the beam. It is also supposed that the 
joints between the beams are ideal, but this assumption becomes less 
and less valid as the section of the beam (and of the joints) becomes 
larger, i.e. for high thickness. For all the spring constants we verified a 
reduction of the error for high value of the parameters lo and lp, which 
validates the consideration that part of the error is due to deviation 
from the ideal slender beam geometry.  

 
Figure 5.7: Ratio between the corresponding spring constants of the two 
structures (N=3). From simulations: ◊ t= 15 μm; ○ t=10 μm; x t=5 μm. From 
analytical formulae: _____ t=15 μm; ------- t=10 μm; ...... t=5μm.

In order to compare the relative advantages of the two types of 
springs, in Figure 5.7 the calculated and simulated ratios between the 
corresponding spring constants are shown. To allow this comparison, 
the longer elements of the two springs (lo for classic, lp for rotated 
springs) were made equal. The ratios for Kx and Kδy are almost 
coincident, while for the other two constants a significant deviation is 
observed for high thickness.  
Nonetheless, the behavior as a function of the length is similar.  This 
means that, at  least for small thicknesses, the analytical formulas can 
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be used to compare the springs  performance and they are an e ective 
help to the designer in the choice of the best structure.  

With the help of the data in Figure 5.7 a comparison of the two 
designs in torsional applications can be carried out as well. In 
particular, the torsional spring constant for rotated springs is much 

smaller than for classic springs, especially for high thickness, as 
expected. Another measure of the suitability of rotated springs for 
torsional applications is given by the ratios between Kθ and the other 
constants, ratios which should be as small as possible to reduce the 
impact of parasitic resonant modes (i.e. to keep these modes at high 
frequency).  Sample ratios for classic and rotated springs are shown in 
Figure 5.8.  The ratios with respect to Kδy are of the same order of 
magnitude for the two designs, while for Kδz the rotated spring 
behaves much better the the other (by two orders of magnitude), 
confirming quantitatively the advantages of the latter design for 
torsional springs.  

 
Figure 5.8: Ratio between the corresponding spring constants of the two 
structures (N=3). From simulations: ◊ t= 15 μm; ○ t=10 μm; x t=5 μm. From 
analytical formulae: _____ t=15 μm; ------- t=10 μm; ...... t=5μm. 

An important information which is cointaned in the Figure 5.7 is that 
the classic serpentine springs are much better when they are used as 
elastic element in x-direction because they have a Kx much smaller. 
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This is also an expected result which confirms that they are the best 
choice as elastic element in a linear actuator and linear accelerometer  

5.6 Conclusions  
In this chapter we showed an analytical approach to evaluate the 
spring constants of serpentine springs, useful in microstructures 
design.  Two kind of serpentine springs were analyzed: one with 
classic shape and another with rotated serpentine shape. FEM 
simulations were used to check the analytical formulas and it was 
shown that the results are in accordance with the theory in the range of 
validity of the beam approximation. It was found that the analytical 
formulas are useful to compare the performances of the two kinds of 
springs. It was also verified that the rotated serpentine springs are 
more suitable for torsional applications, especially for high thickness 
of the structural layer.  
 

5.A: Unit-load method  
The spring constants are deduced from a set of linear equations 
obtained by using the principle of virtual work with the unit-load 
method. The principle of virtual work states that if a deformable 
structure in equilibrium under the action of a system of loads is given 
a small virtual deformation, then the virtual work done by the external 
forces (or loads) equals the virtual work done by the internal forces (or 
stress resultants)[61]. Two loading systems must be considered when 
using the unit-load method to find the displacement of a structure.  
The first system consists of the actual loads, while the second consists 
of a unit load acting alone on the structure. The unit-load is a dummy 
load that is introduced for the purpose of calculating the displacement 
Δ of the structure due to the actual loads. The unit load must 
correspond to the desired displacement Δ. A load that corresponds to a 
displacement is a load that acts on the structure at the point where the 
displacement is to be determined and has its positive direction in the 
same direction as a positive displacement.  
After the application of the unit-load and the use of the principle of 
virtual work the following equation is obtained  [61]: 
1
1

U L U L U LN N M M T Tdx dx dx
EA EI EJφ

⋅Δ⎫
= + +⎬⋅ ⎭

∫ ∫ ∫ (5.3) 
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NL, ML and TL are the axial force, bending moment and twisting 
couple caused by the actual loads, respectively, while NU , MU and TU 
are produced by the unit-load, and have the dimensions of force or 
moments per unit of the applied unit-load; E is the Young’s modulus 
and G the Shear Modulus, which is equal to E /(2(1 + ν )), where ν is 
the Poisson’s ratio; A is the section of the beam, I is the moment of 
inertia of the section and J is the cross-sectional torsion factor. This 
equation can be used to find the displacement at any point of a 
structure when the material is linearly elastic.  

 

5.B: Calculation of the spring constants  

5.B.1. Torsional spring constant Kθx  
To measure the torsional spring constant we apply a torsion moment 
Mx and we calculate the rotation by using the unit-load method.  For 
the classical serpentine springs, the following relation is obtained: 

0 0

1
beam beaml l

L U L U
x

beams

T T M Mdx dx
GJ EI

θ
⎛ ⎞

⋅ = +⎜ ⎟⎜ ⎟
⎝ ⎠

∑ ∫ ∫ (5.4) 

The torques and the moments caused by the loads (actual and dummy) 
are derived and substituted in (5.4). In order to make their evaluation 
easier, for each beam a local system of reference having its x-axis 
along central axis is defined. Hence, after the the derivation of a free-
body diagram, for the classical serpentine spring the following relation 
is obtained: 

2

0 0 0 0

0 0 0 0

2

0 0 0

o
p p o

o o

po o o

o o

o
p p

o

l
l l l

x x x x
x

p y p y

ll l l
x x x

p y p y

l
l l

x x x

p y p

M M M Mdx dx dx dx
GJ EI GJ EI

M M M Mdx dx dx dx
GJ EI GJ EI

M M Mdx dx dx
GJ EI GJ

θ = + + +

⎡
+ + + + +⎢

⎢⎣

⎤
+ + +⎥

⎥⎦

∫ ∫ ∫ ∫

∑∫ ∫ ∫ ∫

∫ ∫ ∫

x

+

(5.5) 

The moment of inertia Iyo and the torsion factor Jp for a beam with 
rectangular section are[10] 

3

12o

o
y

w tI =  (5.6) 
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3

3 5
1,3,5,

192
1 tanh

3 2
o

p p
p

iy p

tw w i i tJ
I i w

π
π =

⎛ ⎞⎛ ⎞
= −⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

∑ (5.7) 

  
Simplifying (5.5), the following equation is obtained: 

( ) ( )2 1 2 2

o

x x o
y p

N N
pM l

EI GJ
θ

⎡ ⎤+ +
= +⎢ ⎥

⎢ ⎥⎣ ⎦
l  (5.8) 

From (5.8) we calculate Kθx
C= Mx/θx, the torsional spring constant of 

the classic serpentine spring.  Not surprisingly, the result is equal to 
the series of the spring constant of each element of which the spring is 
constituted: 

( ) ( )
1

2 1 2 2
x

o

C
o

y p

N N
K l

EI GJθ pl
−

⎡ ⎤+ +
= +⎢ ⎥

⎢ ⎥⎣ ⎦
 (5.9) 

In most applications, lo>>lp and/or wp>>wo are verified, which is 
equivalent to neglect the term relative to the parallel elements because 
they are much shorter and/or wider than the others, and thus can be 
considered undeformed. In this case, (5.9) reduces to: 

( )2 1
o

x

yR

o

EI
K

N lθ +
 (5.10) 

We consider the spring with the rotated serpentine and we apply the 
same method obtaining the following relation:  

( ) ( )2 3 24 1

o

p p ini fin
x x o

y p

N l d l lN
M l

EI GJ
θ

⎡ ⎤+ + + ++
= +⎢ ⎥

⎢ ⎥⎣ ⎦
(5.11) 

Again we notice that the overall spring constant equals that of the 
series of each element: 

( ) ( )
1

2 3 24 1
x

o

p p ini finR
o

y p

N l d l lN
K l

EI GJθ

−
⎡ ⎤+ + + ++

= +⎢ ⎥
⎢ ⎥⎣ ⎦

(5.12) 

When lp>>lo, lini, lfin,dp or wo>>wp the equation reduces to: 

( )2 3x

pR

p

GJ
K

N lθ +
 (5.13) 

5.B.2. Spring constant Kx

We use the principle of virtual work by applying an explorating load 
along the x axis.We obtain for the classic serpentine springs: 
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( ) ( )
1

23 11
6 2

o p

o poC
x

y z

N l lN l
K

EI EI

−
⎡ ⎤++

= +⎢ ⎥
⎢ ⎥⎣ ⎦

 (5.14) 

Again, if lo>>lp : 

( ) 3

6
1

ozC
x

o

EI
K

N l+
 (5.15) 

For the rotated serpentine spring the following spring constant is 
calculated: 

( )( ) ( ) ( )
13 3 2

2
2 9 13 6 6 14 1

3 3
o p

p poR
x o

z z

N N N l N dN l
K l

EI EI

−
⎡ ⎤+ + + + ++
⎢ ⎥= +
⎢ ⎥⎣ ⎦

 (5.16) 

5.B.3. Spring constant Kδy for the classic serpentine springs 
with guided end  
This is a classical iperstatic problem which can be addressed by 
selecting one of the constraints and solving two cases: one with the 
same load system without the constraint(case (1)), and one where only 
the unknown reaction due to the excluded constraint, and not the 
applied loads, is considered (case (2)). The additional unknown, 
represented by the reaction, is computed by imposing a condition of 
congruence between the displacement (or rotation) in the direction of 
the excluded costraints.  It is then possible to study a system with the 
same number of equations and unknowns.  
Hence the problem is divided in two parts: in case (1) the relation 
between θz1 and Fy is calculated:  

( ) 1

1 z

C
z y yK Fθθ

−
=  (5.17) 

In the case (2) the relation between θz1 and MRz is: 

( ) 1

2 z

C
z RzK Mθθ

−
=  (5.18) 

The condition of congruence imposes that the sum of the rotation 
caused by the loads and by the moment of reaction is zero:  

1 2 0z zθ θ+ =  (5.19) 
Substituting (5.17) and (5.18) in (5.19), the moment of the reaction is 
derived: 

z

z

C

Rz yC
y

K
M F

K
θ

θ

= −  (5.20) 
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After these passages the problem is reduced to the calculation of the 
displacement δy when a load Fy and a moment MRx are applied to a 
free end of the spring. 

( ) ( ) 11
z z z

z

z z

C C C C
y y yC C

y y y y Rz C C C
y y y

K K K K
K F K M F

K K K
θ θ θ

θ
θ θ

δ
−− −

= + = y (5.21) 

Then the spring constant Kδy
C  is: 

z z

y

z z

C C C C
y y yC

C C C
y y y

K K K K
K

K K K
zθ θ

δ
θ θ

−
= θ  (5.22) 

Ky
C , Kyθz

C, Kθzy
C and Kyθz

C are calculated with the unit-load method: 

( )( ) ( )
13 3 2 28 36 55 272 2

3 3
p o

p opC
y

z z

N N N l lN l
K

EI EI

−
⎡ ⎤+ + ++
⎢ ⎥= +
⎢ ⎥
⎣ ⎦

(5.23) 

( ) ( )
122 22 3 4 2 2

z z

o p

p o pC C
y y

z z

N N l l N l
K K

EI EIθ θ

−
⎡ ⎤+ + +
⎢ ⎥= = +
⎢ ⎥⎣ ⎦

(5.24) 

( ) ( )2 2 2 1
z

p o

p oC

z z

N l N l
K

EI EIθ

⎡ ⎤+ +
= +⎢ ⎥

⎢ ⎥⎣ ⎦
 (5.25) 

And, if lo>>lp: 

( )3 2

3
8 36 55 27

oyC
y

p o

EI
K

N N N l+ + + 2l

)

 (5.26) 

( 22 3 2
o

z zy

zC C
y

p o

EI
K K

N N l lθ θ=
+ +

 (5.27) 

( )2 1
o

z

zC

o

EI
K

N lθ +
 (5.28) 

Substituting (5.26), (5.27) and (5.28) in (5.22), the approximate 
equation valid for lo>>lp is deduced: 

( )
( )4 3 2

3 1
12 64 130 116 38

o

y

zC

p o

EI N
K

N N N N lδ

+

+ + + + 2l
(5.29) 

5.B.4. Spring constant Kδz
C  for the classic serpentine spring 

Similarly to Kδy
C in  Appendix 5.B.3,  the spring constant Kδz

C is 
calculated with the 
following expression: 
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y y

z

y y

C C C C
z z zC

C C C
z z z

K K K K
K

K K K
yθ θ

δ
θ θ

−
= θ  (5.30) 

Kz
C , Kzθy

C, Kθyz
C and Kzθy

C are calculated with the unit-load method: 

( )( ) ( ) ( ) ( )
13 3 2 223 8 36 55 272 2 11

3 6 3
p o

p op o poC
z

y y p o

N N N l lN l N l lN l
K

EI EI GJ GJ

−
⎡ ⎤+ + ++ ++⎢ ⎥= + + +
⎢ ⎥
⎣ ⎦

 (5.31) 

( ) ( )
122 22 3 2 2 2

y y

p

p o pC C
z z

o y

N N l l N l
K K

GJ EIθ θ

−
⎡ ⎤+ + +
⎢ ⎥= = +
⎢ ⎥⎣ ⎦

(5.32) 

( ) ( )
1

2 2 2 1
y

p

p oC

y o

N l N l
K

EI GJθ

−
⎡ ⎤+ +

= +⎢ ⎥
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 (5.33) 

For lo>>lp it is possible to approximate (5.32) and (5.33): 

( )22 3 2y

C o
z

p o

GJK
N N l lθ + +

 (5.34) 

( )2 1y

C o

o

GJK
N lθ +

 (5.35) 

Supposing lo>>lp and high N , (5.31) is simplified in: 

( ) ( ) 13 2 23 8 36 55 271
6 3

p

o

ooC
z

y o

N N N l lN l
K

EI GJ

−
⎡ ⎤+ + ++
⎢ ⎥+
⎢ ⎥⎣ ⎦

(5.36) 

Substituting the approximate expression (B.34), (B.35) and (B.36) in 
(B.30): 

( ) ( )3 3 2 2

6
1 16 36 43 3

o

z

o

y oC

o o p o y

EI GJ
K

N l GJ N N N l l EIδ + + + + +
(5.37) 

5.B.5. Spring constant Kδy for the rotated serpentine spring  
Applying the method described in Appendix 5.B.3, Kδy , the ratio 
between Fy and δy in the condition of guided-end along the y axis 
Figure 5.4, is calculated: 

z z

y

z z

R R R R
y y yR

R R R
y y y

K K K K
K

K K K
zθ θ

δ
θ θ

−
= θ  (5.38) 

Ky
R , Kyθz

R, Kθzy
R and Kyθz

R are calculated with the unit-load method: 
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o fin fin p fin p p fin p p
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 (5.39) 
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z z
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N l lp l d l l l d
K K
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⎢= =
⎢
⎣

⎤+ + +
+ ⎥

⎥⎦
(5.40) 
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z z

N l d l l N l
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EI EIθ

−
⎡ ⎤+ + + + +

= +⎢ ⎥
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(5.41) 

For lp>>lo, lini, lfin, dp: 

( ) 3

3

2 3
pzR

y
p

EI
K

N l+
 (5.42) 

( ) 2

2

2 3
p

y

zR
z

p

EI
K
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( )2 3
p

z

zR

p

EI
K

N lθ +
 (5.44) 

 
Substituting the approximate expressions of (5.42), (5.43) and (5.44) 
into (5.38): 

( ) 3

12

2 3
p

y

zR

p

EI
K

N lδ +
 (5.45) 
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5.B.6. Spring constant Kδz for the rotated serpentine spring  
We define Kδz

R as the ratio between Fz and δz in the condition of 
guided-end along z axis (Figure 5.4). With the method in Appendix 
B.3, the following expression is deduced: 

y y

z

y y

R R R R
z z zR

R R R
z z z

K K K K
K

K K K
yθ θ

δ
θ θ

−
= θ  (5.46) 

Kz
R , Kzθy

R, Kθyz
R and Kθy

R are calculated with the unit-load method: 
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(5.49) 

For lp>>lo, lini, lfin, dp: 

( ) 2
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 (5.50) 
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( )2 3
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EI
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N lθ +
 (5.51) 

For lp>>lo, lini, lfin, dp and high N: 
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Substituting (5.50), (5.51) and (5.52) into (5.46), the following 
expression for Kδz

R is obtained: 

( ) ( )3 3 2 2

12

2 3 4 2 9 13 6
p

z

p

y pR

p p p o y

EI GJ
K
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(5.53) 

If lp is high and N is small, the following simplified relation is 
obtained: 

( ) 3

12

2 3
p

z

yR

p

EI
K

N lδ +
 (5.54) 

This relation appears to be useful in spring design, and is empirically 
deduced in [ref]; however, our analysis shows that (5.54) is a good 
approximation of (5.46) only for high values of the length lp and very 
low lo and N. 
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Chapter 6 

Electrostatic Levitational  Actuators  
 
 
6.1 Introduction 
The working principle of the laterally driven electrostatic comb-finger 
actuator is well known (see chapter 2): it is based on the lateral motion 
of engaging and disengaging interdigitated comb finger structures. 
Because of its geometry, the generated electrostatic force is weakly 
dependent on the position of the moving finger. Nevertheless, comb-
drive actuators also show an out-of-plane component of the force. If 
they are designed as lateral actuators, efforts are made to keep this 
parasitic force to a minimum [82-83]. For example, this effect is 
known to cause sensitivity variations and cross sensitivity increments 
in MEMS gyroscopes [84-85].   
However, this parasitic levitation effect can be exploited to design 
vertical actuators, with the advantages of obtaining out-of-plane 
displacements even when only one structural layer is available, and of 
eliminating electrostatic (pull-in) instability [86]. Levitational 
actuators are readily implemented in any planar technology which 
provides comb finger structures for lateral actuation.  
There are different applications for these actuators. They can be used 
to realize microbalances (oscillator based mass sensors) because of the 
high ratio between surface and mass, they will have high sensitivity 
allowing to detect mass changes of nanograms [87]. An other 
application is in Phase Shifting Diffraction Interferometry because the 
required force is low and controlled displacements in the nanometers 
scale are possible [86].  
An in-depth study of the capabilities and the limitations of these 
actuators is not present in literature. This chapter presents an analysis 
of the electrostatic levitational actuators, together with FEM 
simulations and  measurements on torsional devices. Moreover, the 
dependence of the levitational force on the most important geometric 
parameters is also investigated by using FEM simulations.[88] 

Tesi di Dottorato – A. Molfese 125 



Chapter 6 - Electrostatic Leviational Actuators 

6.2 Fabricated Devices 
To evaluate the performances of this kind of electrostatic actuation, 
we designed and fabricated two types of levitated mechanical 
resonators (vertical and torsional). The technology used was 
STMicroelectronics THELMA, a thick layer technology designed for 
inertial sensors. Two sample SEM images of a vertical (left) and a 
torsional (right) resonator are given in Figure 6.1 SEM micrograph of 
the vertical resonator (left) and of the torsional-resonator (right).. The 
schematic structure of our devices is given in Figure 6.2: Schematic 
structure of the vertical resonator (left) and of the torsional-resonator 
(right), where both vertical (left) and torsional (right) devices are 
shown. Their structure is that of a classical two-port MEMS resonator. 
The driving electrodes are symmetric to compensate for the in-plane 
force of the comb-fingers.         
 
Because of the thickness of the structural layer, classic beam springs 
or serpentine springs had shown  several limitations [89]. For this 
reason, specifically designed suspension springs (rotated serpentines), 
with better performance for high thickness, were used. The reader is 
referred to the results developed by some of the authors in [89], where 
a full analysis of this kind of spring is exposed. 

 

Figure 6.1 SEM micrograph of the vertical resonator (left) and of 
the torsional-resonator (right). 

6.3 Theoretical Analysis 
The electrostatic levitation is caused by the presence of more than two 
conductors in the system, and its modelling usually requires going 
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beyond the parallel-plate approximation for the capacitance. 
Specifically, the levitation effect can be observed for three-electrode 
structures like the one shown in Figure 6.3, where a ground plane 
under the fingers is present. When an electrical potential is applied to 
the stationary electrodes, the presence of the ground plane causes an 
unbalanced electrostatic field distribution, which results in vertical 
force induced in the movable finger. 

 

Figure 6.2: Schematic structure of the vertical resonator (left) and 
of the torsional-resonator (right) 

Our devices of Figure 6.1can be described by the section in Figure 6.3 
along any vertical plane perpendicular to the fingers axis. 
To design these structures, information on the actual values of the 
electrostatic forces acting on the movable fingers are required. The 
stationary electrode, the movable electrode and the ground plane can 
be considered as a system with three capacitances, as described in 
Figure 6.4. The levitation force for unit of length (N/m) in the z-
direction can be evaluated by using the following relation. 

21
2 2

sgsm s
z

dcdc dc 21f V
dz dz dz

⎛ ⎞
= + =⎜ ⎟

⎝ ⎠
V  (6.1) 
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Figure 6.3: Cross section of a comb finger under the levitation 
force induced by a potential V on the two stationary fingers. 

Dashed lines are electric field lines 

 
Tang et al. [83] observed that the levitation force linearly decreases 
with the vertical displacement of the movable finger till it equals zero 
at a displacement  z0. This means that z0 is an upper limit for the use of 
this actuation under quasi-static conditions. This relationship can be 
described as follows [83]: 

( ) 2
0zf z z Vα= − − . (6.2) 

were fz is the force for unit length. Unfortunately, the parameters α 
and z0 cannot be easily determined by theoretical analysis of the 
electrostatic problem. For example, Schwarz-Christoffel conformal 
mapping, a common technique used for this class of problems [90-91], 
does not allow for an easy solution when z is different from 0. Hence 
FEM electrostatic simulations (with the FEMLAB® software 
package),  were used to predict the structure behavior. 
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Figure 6.4: Electrical equivalent of a comb finger 
By using the software the total capacitance cs(z) in the range 
z œ [0 μm, 2 μm] for the two-dimensional cross-section of Figure 6.1 
was calculated. The expression (6.2) was subsequently used to fit the 
simulated results with a parabolic function (Figure 6.5): 

( )2
0( )sc z c z zα= − − 0  (6.3) 

and the fitting parameters c0, α and z0 were obtained. In the vertical 
device (Figure 6.1, left) the total levitation force acting on a comb 
finger of length L is readily obtained by multiplying the value of fz 
obtained from the simulation by the length of the finger. This 2D 
approximation is justified by the fact that the contribute of the fringe 
field in the direction perpendicular to the simulated section (Figure 
6.3) is negligible because L=100 μm. For torsional devices, which are 
the main focus of the paper, the torque applied to a comb finger is 
computed with the following expression: 

b

a

l

el z
l

M xf dx= ∫  (6.4) 

where la and lb are the distances of the two extremes of the comb 
finger from the rotational axis. 
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Figure 6.5: Results of the simulation of the cross section of the 
comb finger of the test structures and parabolic fitting of these 
data 

6.4 Measurements methods 
In this section some problems related to the measurements method of 
this kind of resonators are exposed. All the calculations are done by 
considering a lateral/vertical resonator. Successively the obtained 
results will also be applied to a torsional resonator.  

6.4.1 The problem of the parasitic capacitance 
Like for the classic lateral comb finger microresonators, the 
levitational resonators can be actuated by applying between the rotor 
and stator a sinusoidal signal of frequency closet o the mechanical 
resonance frequency  of the system. 
The oscillation of the movable plate is only limited by dissipative 
factors while as the input signal A tipical circuit to characterize the 
resonator is represented in figure: 
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Figure 6.6: Measurement circuit for micro resonator. 

A DC voltage is applied to the rotor and produces a static 
displacement. The output signal is measured on the stator and is 
caused by capacitance variation between stator and rotor. 
A network analyzer is used to deduce the frequency spectrum  of the 
output signal. The sytems is a vacuum chamber in order to reduce the 
effect of air camping. 
By considering a system with vertical actuation, the sense current will 
be deduced from the following equation: 

( ) ( )( )( 0s s
di t C z t V
dt

= )  (6.5) 

where Cs is the total capacitance, which can be substituted by a linear 
approximation: 

( ) ( )
0

0 S
s s

z

CC z C z
z =

∂
= +

∂
 (6.6) 

while V0 is DC voltage. By considering the dependence on the 
displacements of the capacitance: 

( ) 0
0

S
S

z

C dzi t V
z dt=

∂
=

∂
 (6.7) 

Between the rotor and the dirving electrode the following voltage is 
applied: 
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( )0 sinD iV V v tω= +  (6.8) 

The total force acting on the movable plate is the sum of the force on 

the two electrodes: 

( )( )2 2
0 0

0 0

1 1sin
2 2

SD
tot D S i

z z

CCf f f V v t V
z z

ω
= =

∂∂
= + = + +

∂ ∂
(6.9) 

Hence the electrostatic force is: 

 

( ) ( )

2
2 2

0 0
0 0

2
0

0

1 1
2 2 2

1sin cos 2
4

i SD
tot

z z

D D
i i

z

v CCf V
z z

C CV v t v t
z z

ω ω

= =

=

⎛ ⎞⎛ ⎞ ∂∂ V= + +⎜ ⎟⎜ ⎟∂ ∂⎝ ⎠⎝ ⎠
∂ ∂

−
∂ ∂

+
 (6.10) 

The first term causes is the static diplacement, the second term is the 
driving oscillations. The third term can be neglected because the 
amplitude is low and  the displacement  caused by this term is slow as 
the resonator will be driven  at the resonance frequency. 
Hence in the frequency domain: 

( )
0

D
o

z

CF V
z

ω
=

∂
=

∂ iV  (6.11) 

By considering the typical equation of motion of a second order 
system: 

( )2
eqM Z j bZ k Fω ω− + + = ω  (6.12) 

From which the transfer function is deduced: 

( )
( )

1

2 1

eq

eq eq

kZ
M bF j
k k

ω
ω ω

−

=
− + +

 (6.13) 

Substituting (6.11) in (6.13), the transfer function displament versus 
voltage is obtained: 
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1
0

0

1

D
eq

z

i i

r r

Ck V
Z Z F z
V F V

j
Q

ω ω
ω ω

−

=

∂
∂

= =
⎛ ⎞

− +⎜ ⎟
⎝ ⎠

 (6.14) 

Substituting eq. (6.14) in (6.7), a relation output current versus input 
voltage signal is deduced: 

1 2

00
2

1

s D
eq o

zz
S i

r r

C Cj k V
z z

I V

j
Q

ω

ω ω
ω ω

−

==

⎛ ⎞⎛ ⎞∂ ∂
⎜ ⎟⎜ ⎟∂ ∂⎝⎝ ⎠=
⎛ ⎞

− +⎜ ⎟
⎝ ⎠

⎠  (6.15) 

This is the current which can be measured with a transresistive 
amplifier.  
Unfortunately in this application it is not possibile to use this approach 
as a parasitic capacitance is present between the driving ang sensing 
electrodes. As this parasitic capacitance CSD is quite large, the current 
at the same frequency of the driving signal caused by its presence is 
quite large, hence the output signal caused by the movable plate 
cannot be resolved. Alternative s methos are then necessary. 

6.4.1.1 EAM modulation 
With this method, the current which must be measures is separated by 
the parasitic current in the frequency doimain. An amplitude 
modulation is reached with this method, so it is called EAM 
(Electromechanical Amplitude Modulation). 
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Figure 6.7: Scheme of the EAM circuit. 

The resonator is polarized with a Dc voltage VP on the stator, then an 
imput signal vi=Vicos(ωit) is present on the driving electrode. A signal 
is added to the polarization vc=Vccos(ωct). The ouput current is the 
deduced: 

( ) ( )0
i c c

o PD PC c
dv dv dv dCi C C C t V v
dt dt dt dt

= + + + + (6.16) 

Where CPD and CPC are the parasitic capacitance while C(t) is the 
capacitance we want ro detect.. C(t) can be divide in a static part C0 
and a dynamic Cm. 
At the resonance frequency: 

( ) ( ) ( )( )

( ) ( )( )

0 0 0 0 0

0 0

1cos cos
2

1 cos
2

o P c c m c

c c m c

i i V t V C t

V C t

ω ω ω ω ω ω

ω ω ω ω

= − − − −

+ + +

In this formula we find the parasitic component of the current iP at the 
frequency fc and at the resonance frequency f0, a current at frequency 
f0compaiono and two motional current at f0-fc and f0+fc (Figure 6.8). 
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Figure 6.8: Spectral density graphs which summarize EAM 
modulation. 

By using a band pass filter centered around fc, we eliminate the 
parsitic component (Figure 6.8 a). The last step is the demodulation of 
the two motional current with a balanced Gilbert cell (Figure 6.9). 
The expression of the output voltage which is sent  to the network 
analyzer can be deduced multiplying io by the demodulation signal: 

( )cosdm dm m cr R v tω ϕ= +  (6.18) 

Where dm f multR R K= ,  with Rf feedback resistence di feedback of the’ 
transresistive amplifier and Kmul,  is the gain of the Gilbert cell  
 

0
EAMV

EAM dm EAMv i r V e= =  (6.19) 
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Figure 6.9: Schematic of the EAM box. 

2 2 2 2
0

1 cos sin
2EAM m C dm dm cV C V R v ω ϕ ω ϕ= +  (6.20) 

1

0

sintan
cos

c
EAMV ω ϕ

ω ϕ
− ⎛ ⎞

= −⎜
⎝ ⎠

⎟  (6.21) 

The scheme of the output circuit (EAM Box) is in represented in 
Figure 6.9: the phase-shifter in Figure 6.7 aggiunge uno sfasamento in 
ritardo di 90° alla sinusoide di demodulazione per massimizzare 
l’uscita alla risonanza. Infatti nell’ipotesi che si abbia c ω>>ωr , per la 
tensione di uscita si ottiene: 
 

6.4.2 The second harmonic method 
In this wotk the second harmonic method is used  second. Our 
measurement method, already presented elsewhere [10]. is based on 
the quadratic relationship between force and voltage. By calling 
driving stator the fixed electrode where a sinusoidal signal of 
amplitude Vs at frequency f is applied, rotor the (grounded) moving 
electrode of the actuator and sensing stator a second fixed electrode, 
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biased with a constant voltage E, it can be shown that the current 
flowing from this electrode contains a component at frequency 2f 
whose amplitude is proportional to the rotor deflection, and to the 
square of the input voltage amplitude. An advantage of this method is 
to eliminate the contribution of the parasitic current between the two 
stators (as this is at the frequency f of the driving signal) by using the 
voltage non-linearity implied in equation (6.2) to perform a frequency 
doubling of the useful signal.  In questo lavoro si utilizza il metodo 
elettrico della seconda armonica . The scheme of the sensing and 
driving circuit using this method is represented in Figure 6.10.  

 
Figure 6.10: Second harmonic method circuit 

An input voltage vD=vicos(ωt) ids imposed between one of the two 
stator and the rotor while on the output stator there is a DC voltage V0. 
By by assuming that the parasitic capcitance between input and output 
dose not depends on the rotor position, the parasitic current is a 
sinusoidal signal at frequency ω. As seen before we consider the linear 
approximation of CD e CS: 

0 0

0 0

0

0

D
D D D

z

D
S S S D

z

CC C z C c
z

CC C z C c z
z

=

=

∂
D z′= + = +

∂

∂ ′= + = +
∂

 (6.22) 
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The total force acting on the movable is  then deduced:- 

( ) ( ) (
2 2

0 1
1 cos 2
2

D D S SC v C v
)f t f

z
f tω

⎛ ⎞∂ +
⎜ ⎟= = −
⎜ ⎟∂⎝ ⎠

(6.23) 

where: 
2

2
0 0

1
2 2

i
S D

vf c V c
⎛ ⎞

′ ′= +⎜
⎝ ⎠

⎟  (6.24) 

2

1
1
2 2

i
D

vf c′=  (6.25) 

 
where f0 and f1 are the mean value of the force and the amplitude of 
the sinusoidal part respectively. The frequency of the signal which 
driver the structure is the double of the input voltage signal frequency. 
The position is then determined 

( ) ( ) ( )0
12 cos 2 ( 2

eq

fz t H f t H
k

ω ω= − +⎡ ⎤⎣ ⎦)ω (6.26) 

where H(ω) is frequency response already seen. 

( ) ( )
( )

1

2

1

eq

r r

kZ
H

F
j

Q

ω
ω

ω ω ω
ω ω

−

= =
⎛ ⎞

− +⎜ ⎟
⎝ ⎠

 (6.27) 

By substituting (6.27) in the expresion of the output current: 

( ) ( ) ( )( )
2

0 2 cos 2 2
2

S S D i
S S

C v c vi V c H t jH
t

ω ω ω ω
∂ ′

⎡ ⎤′= − = +⎣ ⎦∂
(6.28) 

This current is proportional to the velocità of the movable mass. The 
measured currennt are very low except for an input frequency equal to 
an half of the resonace frequency of the electromechanical system 
where the high quality factor of this kind of resonator produce current 
of measurable amplitude. The ouput signal in this condition is equal 
to: 
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2

0
0 0

2
2
i SD

out C r
z z eq

v CC QV R V f
z z k

π
= =

⎛ ⎞⎛ ⎞⎛ ⎞ ∂∂
= ⎜⎜ ⎟⎜ ⎟ ⎜∂ ∂⎝ ⎠⎝ ⎠ ⎝ ⎠

⎟⎟

_

(6.29) 

where  Rc is resistance of the transresistive amplifier..  
By comparing this method with EAM, it allows the use of a very 
simple electronic circuit and a signal band lower. 
On the other side its limits consist in the fact that the second order 
effect and nonlinearities reduce the range of applications. In fact for 
this technique it is necessari a wave generator which produce sinusoid 
without distorsion which can be confused with the measured signal. 

6.5 Measurements 
The torsional resonator is described by the following equation of 
motion: 

_el el dc el acI b k M M Mθθ θ θ+ + = = +  (6.30) 

where I is the moment of inertia of the structure with respect to the 
central axis of the springs, b is the damping factor, kθ   is twice the 
torsional spring constant of each serpentine spring (see Fig. 2, bottom) 
and Mel is the electrostatic torque due to the voltage applied to drive 
and measure the resonator (Mel_dc and Mel_ac are the torques due to the 
constant and the sinusoidal respectively). Our measurement method, 
already presented elsewhere [92]. is based on the quadratic 
relationship between force and voltage. By calling driving stator the 
fixed electrode where a sinusoidal signal of amplitude Vs at frequency 
f is applied, rotor the (grounded) moving electrode of the actuator and 
sensing stator a second fixed electrode, biased with a constant voltage 
E, it can be shown that the current flowing from this electrode 
contains a component at frequency 2f whose amplitude is proportional 
to the rotor deflection, and to the square of the input voltage 
amplitude. As already seen, an advantage of this method is to 
eliminate the contribution of the parasitic current between the two 
stators (as this is at the frequency f of the driving signal) by using the 
voltage non-linearity implied in equation (6.2) to perform a frequency 
doubling of the useful signal. Interestingly, a similar advantage could 
be obtained by exploiting parametric resonance of the device, as 
suggested in [93]. 
After several algebraic passages and by passing in the frequency 
domain, the mechanical response H(f) of the resonator is deduced: 
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( ) ( )
( )

1

2
_ 1

eff

el ac

r r

kf
H f

M f f fj
f f Q

θ −

= =
⎛ ⎞

− +⎜ ⎟
⎝ ⎠

 (6.31) 

were the following parameters are used: 
• the effective torsional elastic constant, which includes the 

effect of electrostatic stiffening [2]: 

2
effk k mEθ= + , with ( 3 3

6 53
cfN

m l )l
α

= −  (6.32); 

• the resonance frequency:  
21

2r
k mEf

I
θ

π
+

=   (6.33); 

• the quality factor: 

effk I
Q

b
=  (6.34); 

• the number Ncf of fingers of the sensing electrode (half of the 
number of the driving electrode).  

The applied torque in the frequency domain, Mel_ac(f), caused by the 
aforementioned driving configuration, equals 

( ) 20 2 2 2 2
4 2 1 3

2
( )

4
cf

s

z N
l l l l V f

α
+ − − , as can be deduced by applying 

equation (6.4) to the specific geometry shown in Figure 6.2 (left). 
We measure the current in the sensing electrode by using a three-stage 
transresistive amplifier. The following relation for the output voltage 
can be found [92]: 

( ) ( )(
2

0 0

2 4 sin 4 arg 4
2

driv sens s
out c

dC dC vV R E f H f ft H f
d dθ θ

π π π π
θ θ= =

⎛ ⎞⎛ ⎞ )⎡ ⎤= +⎜ ⎟⎜ ⎟ ⎣ ⎦
⎝ ⎠⎝ ⎠

 (6.35) 

where Cdriv and Csens are the total capacitance of the sensing and the 
driving electrodes, respectively and Rc is the total transresistance of 
the amplifier. We note that the output is proportional to the voltage E 
applied to the sensing stator, as well as to the square of the input 
voltage Vs. 
With this method, several frequency response curves were extracted at 
different vacuum levels and applied voltages on the sensing electrode. 
As an example, two such curves are shown in Figure 6.11. Also, 
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because of the electrostatic stiffening effect, a shift in the resonance 
frequency is expected. In Figure 6.12 the measured resonance 
frequency fr is plotted against the applied voltage E, along with a 
fitting curve of the form (6.33). From this fitting, the resonance 
frequency with E = 0 V (which cannot be measured directly) can be 
deduced: 

0 0

1
2r E

kf f
I
θ

π=
= =  (6.36) 

The obtained resonance frequency f0 = 5910 Hz is in reasonable 
agreement with a lumped parameters analytical model of the 
mechanical structure, based on the spring formulas given in [85], 
which predicted  f0  = 5686 Hz. From the same fitting, and by 
exploiting equation (7), a value for α can be deduced as well. The 
error between the obtained value (α = 1.012 Fm-3) and the simulated 
value (α = 1.1 Fm-3) is less than 10%. 

 
Figure 6.11: Amplitude of the voltage output  Vout with two 
different values of the sensing stator DC voltage E and of the 
pressure P: a) P = 30 Pa, E = 2 V, resonance frequency fr = 5971 
Hz, quality factor Q = 2338; b) P = 20 Pa, E = 4 V, resonance 
frequency fr = 6137 Hz, quality factor Q = 3784. 
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Figure 6.12:Dependence of the resonance frequency on applied 
voltage E on sensing electrode  

6.6 FEM simulations 
The good agreement between measurements and theoretical analysis 
have induced the authors to investigate the dependence of the actuator 
performance on the design parameters. Hence, the aforementioned 
electrostatic simulations used to compute the capacitance cs(z) in the 
range z œ [0 μm, 2 μm] were extended by changing other relevant 
geometrical parameters (defined in Fig. 3): the distance between the 
movable finger and the stationary electrode (dfg), the distance between 
the finger and the ground plane (h), the width (w) and the thickness (t) 
of the fingers. All the obtained results were fitted with the expression 
(6.3), showing an excellent agreement between cs(z) and a parabolic 
profile. 
In Fig. 8, the derivative of the capacitance dcs/dz (which, recalling 
equation (6.1), is proportional to the actuation force) at different dfg is 
shown. We notice that, increasing the gap between the movable finger 
and the stationary electrode, the value of z0 increases, thus implying a 
larger travel range for the actuator. At the same time, α  decreases 
with dfg. This is more clearly shown by Fig. 9 and Fig. 10,  were z0 
and α are given as a function of dfg. This means that an increase in dfg 
gives a larger travel range as long as a reduction of the driving force 
(proportional to α) is accepted. 
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The gap between the suspended structures and the ground plate h is a 
relevant design parameter as well. because z0 decreases with h while α 
is weakly dependent on it (Fig. 9 and 10). Hence, by decreasing h it 
would be possible to increase the travel range without significant 
reduction of the force. The practical importance of this parameter is, 
however, less relevant than that of dfg, because the sacrificial layer 
thickness is infrequently a variable that can be freely changed by the 
designer. However, this information is significant when a specific 
technology has to be tailored to enhance (or, in the case of lateral 
devices, to limit) the effect of levitational forces. 
In all our simulations and analyses the potential upward (or 
downward) bending of movable fingers caused by released stress 
gradients in the structural layer was considered to be zero. This is 
justified by the fact that typical stress values for similar technologies 
(see, for an example [12]) are in the range of 1 MPa/μm or less. Such 
stresses, once released, would result in a deflection of the finger tip 
around 40 nm for a finger length of 100 μm, and thus can be safely 
neglected. 
 

 

Figure 6.13: Graphs of dcs/dz for different values of the distance 
between the stationary and the movable fingers. 
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Figure 6.14: Graphs of z0 as a function of the distance between 

the stationary and the movable fingers (dfg) for different values of 
the distance between the movable fingers and the ground plane (h) 

. 

 
Figure 6.15: Graphs of α as a function of the distance between the 
stationary and the movable fingers (dfg) for different values of the 
distance between the movable fingers and the ground plane (h) . 
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Chapter 7 

Conclusions 
 
 

In this thesis we presented analysis, designed and measurements of 
different electrostatic actuators.  

We have demonstrated the feasibility of  a micromirrors based 
optical switch using a commercial surface micromachining process 
(THELMA by STMicrolectronics).  This device is constituted by 
polysilicon micromirrors arrays which are moved using torsional 
electrostatic actuators. An in depth study of this actuator has been 
carried out and a new method for the fast prediction of the static 
characteristic of an electrostatically actuated torsional micromirror, 
taking into account the bending caused by the electrostatic force, was 
presented. The method was validated against FEM simulations and 
experimental measurements, which showed a very good agreement 
with the model.  

The possibility of using another competitive surface 
micromachining technology (developed at IMEC) which uses poly 
silicon germanium as structural layer to realize the micromirrors has 
been investigated. Poly-SiGe has been promoted as a material suitable 
as structural layer for MEMS applications on the top of CMOS. This 
can be attributed to the fact that good electrical and mechanical 
properties can be obtained at much lower temperatures (down to 
4000C) as compared to poly-silicon (above 8000C). The development 
of optimized (low stressed) layer of poly silicon germanium has been 
addressed and some test micromirrors using this technology have been 
designed. 

This thesis has also demonstrated the feasibility and outlined some 
of the design issues for the electrostatic levitation comb drive. 
Mechanical resonators which use this actuation have been designed, 
realized and measured. The obtained results were in agreement with 
predictions and FEM simulations.  

The elastic elements of the presented resonators are particular 
serpentines spring. In this thesis we showed an analytical approach to 
evaluate the spring constants of serpentine springs, useful in 
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microstructures design. Two kind of serpentine springs were analyzed: 
one with classic shape and another with rotated serpentine shape. 
FEM simulations were used to check the analytical formulas and it 
was shown that the results are in accordance with the theory in the 
range of validity of the beam approximation. It was found that the 
analytical formulas are useful to compare the performances of the two 
kinds of springs. It was also verified that the rotated serpentine springs 
are more suitable for torsional applications, especially for high 
thickness of the structural layer. 

Hence a set of FEM electrostatic simulations was carried out to 
verify the dependence of force intensity on the geometrical parameters 
of the actuators. An important information obtained is that the 
maximum height which can be reached using levitational actuators 
can be increased by increasing the distance between the movable and 
the static fingers. In this thesis mechanical resonators have  been 
presented but the information obtained from FEM simulations should 
allow the design of MEMS using electrostatic levitation with wide 
applications.  
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