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Abstract

Research on MEMS (Micro Electro Mechanical systems) has seen an
amazing growth during the last 15 years, stimulated both by their interesting
physical properties and their attractive application potential. One of those
appealing MEMS applications are Radio Frequency (RF) switches. These
devices have some outstanding advantages like low insertion loss, high iso-
lation and linearity, but they suffer from some drawbacks like low switching
speed and lack of reliability. In the near future for many applications, like
mobile phones and communication systems, reliable switches with higher
commutation speed are expected. This thesis is focused on the study of the
dynamic behavior of the RF switches with the aim to find suitable ways to
develop switch geometries with faster switching characteristic. The study
considers process related aspects, theoretical calculations, numerical sim-
ulations and dynamic measurements. In addition other devices that are
useful for the design of the complex RF' circuits and that are characterized

by a complex dynamic behavior like in plane forces are studied.
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Chapter 1

Introduction

This chapter provides a brief overview on MEMS, on the current research
activities on RF MEMS switches, MEMS varactors and MEMS technolo-
gies and introduces the main motivations of the work presented in the

thesis. Finally the structure of the thesis will be presented.

1.1 MEMS Overview

Today MEMS is a generic term commonly used to describe micro scale
devices that typically involve some sort of mechanical movement. These
devices and related technologies are a branch of the microelectronic de-
vices. The microelectronic technology and the integrated circuit devices
have experienced in the last twenty years an extraordinary development in
many terms. Microelectronic devices have seen a tremendous reduction in
minimum feature size from micron level at the end of the eighties to less
than 100 nm today, following exactly the predictions of Moore’s law. At
the same time the integration capabilities on a single chip have grown by
orders of magnitude, leading in this way to the powerful microprocessors
and memory devices of these days. Amazingly this tremendous techno-
logical development has gone in parallel with a cost reduction never seen

before. The overall cost of microprocessors and memory devices is now

1



CHAPTER 1. INTRODUCTION 1.1. MEMS OVERVIEW

much lower than twenty years ago and is steadily decreasing. The cost
reduction is even more dramatic if the cost of a single function (transistor,
memory cell, stored bit etc) is considered. All this could only be achieved
with the help of two assets: new and powerful microfabrication technologies
and large volume fabrication technologies. The field of MEMS devices and
related technologies evolved in parallel from the integrated circuit industry.
The intrinsic characteristics of these devices are again miniaturization, mi-
croelectronics integration and mass production. MEMS technology makes
it possible to combine electromechanical and microelectronic components
in a single device ranging from 1um — lem [52, 41, 39] and electromechan-
ical devices. Mechanical sensors and actuators with electronic processors
and controllers can be fabricated on a single substrate in an unbroken,
wafer-level process flow and integrated at chip level. Accurate dimensions
and placement precision are guaranteed by lithography. Also in this case
the batch-based fabrication process has the potential to be scaled up to suit
large volume needs and so reduce the cost and improve the yield and reli-
ability significantly [9]. The first practical applications of MEMS technol-
ogy were implemented in products such as tire pressure sensors as early as
1950’s and now have developed into mass production of automotive airbag
sensors (accelerometers) and avionics equipment. Since 1970’s, MEMS-
based sensors such as pressure and temperature sensors, accelerometers,
and gas chromatographs have been developed [41]. Also the integration
of MEMS technology in RF circuitry fabrication leads to revolutionary
progress in miniaturization, superior performance and lower manufactur-
ing cost of these devices. These superior performances made their ways
into a wide array of commercial, aerospace and defense application ar-
eas, including satellite communications systems, wireless communications
systems, instrumentation and radar systems. Among the basic RF compo-

nents one of the most important in RF microwave applications is the RF
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MEMS switch. It is essentially a miniature device, which uses a mechanical
movement to achieve an open- or short-circuit in a transmission line. Pe-
tersen was the first to demonstrate the possibility to build MEMS switches
with simple cantilever beams [36, 37]. At the beginning only low-frequency
MEMS devices were investigated, because they could be integrated with
CMOS circuits. Therefore, many devices were based on polysilicon, which
has excellent mechanical properties [16]. However, adventuring into the
microwave field, it became apparent that a high-resistance material, such
as polysilicon, could not be employed in low-loss circuits that are necessary
in the microwave and millimeter-wave region (1-100 GHz). This led to the
development of extremely low-loss metallic MEMS components. Au and
Al are the most common materials used for this purpose [31]. They have
some distinct advantages over solid-state devices such as low insertion loss,
high isolation, low cost and high linearity. Current research on RF MEM

components follows five distinct paths [39]:

- High-Q inductors: Even if conceptually simple these are probably the
most crucial passive device in the RF field. Typical devices build
in CMOS or bipolar technologies are clearly totally insufficient with
respect to discrete devices and only of limited use. Many different
technological approaches have shown that it is possible to build ”air

coil” devices with high Q values.

- Varactors: These are tunable capacitors, i.e. capacitors where the
capacitance can be tuned via electrical means. These are enabling
devices for essential complex circuits like tunable filters, matching
networks, phase shifters, LC-tanks and low noise controlled oscillators.
MEM varactors and inductors have been demonstrated from DC—120

GHz and are now a relatively mature technology.

3
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- Resonators and filters: Another key device in the RF and microwave
field are resonators, employed for example in the reference oscillators

and more in general in all transceiver architectures.

- FBAR: Thin film bulk acoustic resonators and filters that use acous-
tic vibration in thin films have demonstrated excellent performance
up to 3 GHz with very high Q(> 2000). Also RF micromechanical
resonators and filters that use the mechanical vibration of extremely
small beams as a high Q resonance element have been demonstrate
with success between 0.01-200 MHz.

- RF MEM switches: Last but not least these complex devices are the
key element for all reconfigurable systems. In fact in the last 15 years
most of the effort spend in research on RF MEMS was devoted to
them.

RF switches are essential components for many systems in microwave tech-
nology such as mobile phones, WLAN systems, radars etc. The huge num-
ber of potential applications and the intrinsic drawbacks of the presently
used components make the development of RF MEMS switches a highly
desirable and viable alternative. Two basic types of RF MEM switches
have been studied in terms of contact configuration, i.e. switches with ei-
ther ohmic or capacitive contacts. Many different electromechanical types
of RF MEM switches have been developed and tested but two types stand
out for their performance and are therefore pursued by several different re-
search organization: the electrostatically actuated capacitive shunt switch
and the electrostatically actuated ohmic relay. They will be discussed in
more detail in the next chapters.The majority of RF MEMS switches rely
on the electrostatic actuation that based on the attractive Coulomb force
that existed between charges and opposite polarity because of its simple

fabrication and low power consumption . Radio Frequency and Microwave
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Monolithic Integrated Circuits (RFICs and MMICs) fabricated on silicon
substrates have obtained widespread use in personal communication, GPS,
and other systems that are highly cost sensitive. The possibility of integrat-
ing low cost RF and microwave circuits with digital and analogue circuits
on the same chip has created a strong interest in silicon as a microwave
substrate. For the practical realization of MEMS devices there have been
developed several different MEMS technologies that can be grouped in the

broad categories outlined below.

- Bulk micromachining: In bulk micromachining, the 3-D structure
is sculpted within the confines of a wafer by exploiting the anisotropic
etching characteristics of different atomic crystallographic planes in
the wafer. Alternatively, structures may be formed by the process of
fusion bonding, which entails building up a structure by atomically

bonding various wafers.

- Surface micromachining: In surface micromachining, the 3-D struc-
ture is built up by the orchestrated addition and removal of a sequence
of thin film layers to/from the wafer surface, which are called struc-
tural and sacrificial layers respectively. The success of this approach
usually depends on the ability to release/dissolve the sacrificial layers
while preserving the integrity of the structural layers and therefore

depends on the relative selectivity of the dissolving/etching processes.

- LIGA: LIGA is a technology which creates small, but relatively high
aspect ratio devices using x-ray lithography. The process typically
starts with a sheet of PMMA. The PMMA is covered with a photo

mask, and then exposed to high energy x-rays. The mask allows parts

5
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of the PMMA to be exposed to the x-rays, while protecting other
parts. The PMMA is then placed in a suitable etchant to remove the
exposed areas, resulting in extremely precise, microscopic mechani-
cal elements. LIGA is a relatively inexpensive fabrication technology,
especially when based on optical lithography, and suitable for appli-
cations requiring higher aspect ratio devices than those achievable in

Surface Micromachining.

- Deep Reactive Ion Etching: Deep Reactive Ion Etching (DRIE)is
a type of Bulk Micromachining technique, which etches mechanical
elements into a silicon wafer. Unlike traditional Bulk Micromachin-
ing, which uses a wet chemical etch, DRIE micromachining is based on
plasma etching to create the features. This allows greater flexibility in
the etch profiles, enabling the fabrication of a wider array of mechani-
cal elements. Because the fabrication tools needed to perform DRIE is
quite expensive, i.e. this technology is typically more expensive than

traditional Bulk Micromachining based on wet etching.

- Integrated M EMS Technologies: Since MEMS devices are created
with the same tools used to create integrated circuits, in some cases it
is actually possible to fabricate Micromachines and Microelectronics
on the same piece of silicon. Fabricating electromechanic devices and
transistors side by side enables the realization of devices that can have
some intelligence on board. A number of exciting products are already
taking advantage of this capability to build smart electromechanic

components.

1.1.1 General Fabrication Process and Materials

The fabrication process design criteria and the choice of materials include

the compatibility with standard IC fabrication processes and all the crit-

6
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ical switch parameter specifications. In general, RF MEMS switches are
fabricated using a combination of surface micro-machining and a set of
processing steps selected from standard integrated circuit manufacturing
technologies. Excluding the packaging, most of the reported RF MEMS
switches are realized using five to ten mask levels with a process sequence
which may vary for different implementations. While selection of the wafer,
overall thermal budget, material etching and deposition techniques are in-
fluenced by general process compatibility issues, contact and structural
material considerations determine the switch parameters including contact
resistance, metal to metal sticking behavior, life time expectation and en-
vironmental and packaging compatibility. In spite of the diverse process
designs and implementations, the basic steps are similar, as summarized
below and shown in Fig.1.1.

1. For RF MEMS very often a low-loss, high resistivity substrate is the
starting material. Thermally oxidized high resistivity silicon (> 3k —
cm)|[33] is generally preferred, but GaAs [10] or glass e.g. quartz or AF45
[37] have also been used.

2. The transmission or interconnecting lines are realized by depositing
and patterning a thick (3-bum). highly conducting layer e.g. Au, Cu or
Al[34]. Low temperature deposition techniques such as sputtering or elec-
troplating are generally preferred for the deposition of the metal layers.
In three terminal devices the actuation electrodes and biasing resistors are
patterned in polysilicon or high resistive and resistant metals. The capaci-
tive contact area under the bridge may have one or more metal layers (e.g.
Ti- Al-1%Si-TiN) in order to provide a low resistivity path with smooth
surface.

3. A thin (0.1 - 0.3um) dielectric layer is deposited and patterned for the
capacitive switch contacts and electric isolation of the actuation electrodes.

Low temperature (e.g. < 350°C') processing is needed to avoid the adverse
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effects of high temperature on the bottom metal layers. Mostly PECVD
dielectric constant materials [51] and PECVD oxide are preferred, how-
ever the use of high dielectric constant materials like anodized tantalum
oxide [21] or sputtered strontium titanate oxide [34] have also been demon-
strated.

4. The next step consists of sacrificial layer deposition and patterning.
Polymers like positive photo resist or polyamide [33], [34], 2-4um in thick-
ness are spin-coated and patterned. The sacrificial layer thickness deter-
mines the ’air gap’ between the bridge and the capacitive contact.

5. Typically the freely moving structural part is defined by depositing
and patterning 1- 2um thick metal layers on top of the sacrificial polymer
deposited in step 4. High conductivity thermally-stable metals with low
fatigue are preferred. In current designs the metals are aluminum alloys,
gold or nickel .

6. The final step consists of the removal of sacrificial layer using a proper
release process to avoid stiction [10]. It is carried out at low temperature
e.g. an isotropic dry etch in oxygen plasma if photo resist or polyimide is
the sacrificial layer. The above mentioned steps are the minimum number
of steps needed to fabricate an electrostatically actuated capacitive switch.
For ohmic switching devices the dielectric over the contact is replaced by a
contact metal, e.g. gold [20]. In capacitive devices, a thin (0.1 - 0.3um) and
smooth bottom electrode (underpass) is often added locally at the switch
contacts to ensure good down capacitance requiring intimate contact with
minimal air gap caused by protrusions. Refractory metals such as tungsten
or titanium [29, 24], with high conductivity and which retain smoothness

after subsequent temperature steps are preferred.



CHAPTER 1. INTRODUCTION 1.2. MOTIVATION AND CONTEXT
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Figure 1.1: General fabrication process sequence for RF MEMS capacitive switch in CPW

transmission line configuration

1.2 Motivation and Context

MEMS switches and other components have been very interesting area for
research and development in the last few years [39, 49]. It is well known
that they have excellent performances at microwave to mm-wave frequen-
cies. In comparison with other types of switches (e.g. GaAs-based FET,
pHEMT or PIN-diode switches), MEMS switches offer lower insertion loss
and higher isolation, zero power consumption, small size and weight and
very low intermodulation distorsion. Regarding the current research top-
ics in this field, within this general and also local context and fostered by
the ever increasing demand for low cost communication, the need for low
power, multifunctionality, higher speed of the electromechanic switches is
one of the major aspects that not yet matches the requests coming from the
system applications, which therefore has been chosen as the primary inves-

tigation area covered within this thesis work. Developing a switch design
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or even a new type of process that leads to devices with shorter switching
times has a potentially strong impact on system architectures and could
allow the use of these devices in applications beyond their current capa-
bilities. This would also represent a big improvement in the technological
capabilities of FBK. In parallel it is of high interest to enhance the device
library of the FBK process by adding other devices useful for the con-
struction of complex RF circuits, also in view of the platform approach
of the FBK technology. Among these devices, tuneable capacitors are of
high interest for a variety of applications. Regarding the RF MEM switch
the main aspect studied was the switching time itself, but also other as-
pects such as high actuation voltage, self actuation and stiction have been
considered. The main purpose of the research work consists in the inves-
tigation of the different effects contributing to the switching time and the
means to reduce/mitigate them. As stated above switching speed is one
of the disadvantages of MEMS components compared to PIN diodes and
FET transistors. While their mass is typically very small, inertia due to
mechanical movement still limits their speed typically in the order of a
few microseconds, whereas typical values for solid state devices are in the
nanosecond range. As there are essentially three aspects involved in the
dynamic response of electrostatic switches, i.e. the natural mechanical fre-
quency, the impact velocity and the relaxation time, the research work has
been focused on them. In addition, different designs as well as different
operating modes have been considered and studied by modelling, dynamic
measurements and numerical calculation in the attempt to find out the
best methodology for the design of faster switch topologies. Moreover,
most of the designs of RF MEM switches consider just vertical mechanical
movements. Therefore the study of a switch based on a lateral movement
is of interest, at least form a basic research point of view. Therefore one

part of our research work has been focused on the design and modelling of

10



CHAPTER 1. INTRODUCTION 1.3. INNOVATIVE ASPECTS

a novel structure based on electrostatically induced torsion.

1.3 Innovative Aspects

Different phenomena that affect the switching time are modelled and dis-
cussed. Some solutions to overcome drawbacks like slow switching times
and stiction are presented together with the results of the experimental
measurements, which show that the adopted methodology and the design
solutions are effective. In addition some new geometries designed to explore
devices with lateral movement are presented. The results of the measure-
ments show that the devices are mechanically functional and exhibit small

switching times.

1.4 Thesis Overview

A general introduction of MEMS and RF MEMS and the actual disad-
vantages of the RF MEMS switches are discussed in chapter 1, together
with an overview of the thesis.

In chapter 2 a detailed discussion of RF MEM switches is given. In par-
ticular different types of actuation mechanisms, mechanical movements and
contact types, as well as the adopted circuit and substrate configurations
are discussed, together with the most important RF MEMS applications,
technologies and issues related to reliability and the switching time.

In chapter 3 the mechanical equations of motion, viscous flow, spring
constant and critical stress are introduced. Two types of actuation mech-
anisms such as the parallel plate actuator and the electrostatic comb drive
are shortly introduced and a comparison of this two actuation mechanisms

is made. In addition electrical, mechanical and environmental degradation

11
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will be discussed.

A brief introduction to numerical modelling of the dynamic response of
switches, their switching time and related phenomena are presented in
chapter 4, together with an analysis of the relevant design factors and
process parameters that determine the dynamic response of the switches.
In chapter 5 ,a brief description about the fabrication of three of the stud-
ied devices is given. Next the static CV measurements, the 3-D profilome-
ter measurements and the dynamic measurements performed at the Univer-
sity of Padova with the kind permission and help of Prof. G. Meneghesso
and Dr. A. Tazzoli will be presented. The measurement setup for the
dynamic characterization will be presented in some detail. The closure
times and release times under different actuation voltage pulses will be
discussed in detail and the results of the experimental measurements will
be compared with simulations. Finally the means which can be helpful
in developing switches with improved mechanical performance will be dis-
cussed.

Chapter 6 is dedicated to the design of a varactor prototype based on
a lateral movement and the problems encountered. An improved design,
that includes a comb drive mechanism for the lateral movement, is pre-
sented. As these devices (from a purely mechanical point of view) act also
in a switch-like manner, the results obtained in terms of actuation time are
compared with those of the other discussed geometries.

In chapter 7 a summary of the results is given and the possible future

work outlined.
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Chapter 2

Radio Frequency RF MEMS

Switches: an Overview

2.1 Introduction

Basically MEMS switches are devices that use a mechanical movement to
achieve a short circuit or an open circuit in an RF transmission line. RF
MEMS switches are specific micromechanical switches that are designed
to operate at RF-to-millimetre-wave frequencies (0.1 to 100 GHz). The
forces required for the mechanical movement can be applied using either
electrostatic, magneto static, piezoelectric or thermal effects. The major-
ity of RF MEMS switches rely on electrostatic actuation, which is based
on the attractive Coulomb force existing between charges of opposite po-
larity. Electrostatic devices are characterized by low power consumption
as power is ideally consumed only during the switching. In addition they
can be build with relatively simple fabrication technologies [49, 39] and are
suitable for wafer-scale manufacturing techniques. MEMS switches show
remarkable advantages over their solid state counterparts (PIN diodes or

FET transistors) that make them very attractive for many applications.
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2.2 MEMS and Semicondutor Switches:Basic Differ-

e1nces

The basic difference in working principles between semiconductor and series
MEMS switches is shown in Fig. 2.1, showing the devices in 'on’ and ’off’
states. For a semiconductor the figure of merit (FOM), equivalent to the

reciprocal of the cut off frequency [20], can be expressed as:

FOM (semiconductor )= CR = gpe,p(2.1)

where C' = % and R = d’;%y represent the capacitance and resistance
of a semiconductor volume with dimensions d,, d, and d, respectively. As
shown by the above equation the fundamental limit for the microwave
switching behaviour is largely determined by the dielectric constant of the
material in the off state and by the conductivity in the on-state, indepen-
dent of the dimensions, which determine the power handling capability of
the devices. Using the same criteria for a series MEMS switch with gap
height gg, and the contact film thickness t, resistivity p, area A and effec-

tive area a., the FOM is given by

gopt
gole

FOM <MEMS Series Switch>: CR = (2.2)

Eqn.2.2 further demonstrates that if the switch working principle is based
on a physical movement when changing state from the ’off -state’ to ‘on-
state’ an ”engineer-able” degree of freedom can be introduced into the
device. This additional degree of freedom and absence of the semiconduct-
ing junctions gives MEMS devices a distinctive advantage in performance

as summarized in Table 2.1 [39].
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Parameter RFMEM PIN FET
Voltage[V] 20-80  +3-5 35
Current[mA] 0 3-20 0
CupSeries|fF] 1-6 40-80  70-110
RsSeries|] 0.5-2 2-4 4-6

Isolation[10-40GHz| Very heigh ~ Heigh ~ Medium
Isolation[60-100GHz| High Medium  None

Loss[1-100GHz] 0.05-0.3 0312  0.4-2.5
Power handling[W] <1 < 10 < 10
Switching time[us] 1-300 0.001-0.1 0.001-0.1

Table 2.1: Performance comparison between RF MEM switches and solid state switches

semiconductor device MEMS device Linearity 4
on - state
%%% =1 ‘ o
Ran=5Q —"\WV\W\—o = 0.50, poor
2-d condugtion channel metal to metal contact inearity
insertion loss = 0.43 dB insertion loss = 0.043 dB

semiconductor

[ T [ : T IClX'I
; e
¢ =45 ff, | | C c=0.23ff excellent
s-d capacitively coupled physical gap linearity
isolation = 17dB @6GHz isolation = 60 dB @6GHz MEMS device

Figure 2.1: Principal differeces between semiconductor and MEMS Switches

2.3 RF MEMS Switches

In comparison to other mature MEMS fields, the radio frequency MEMS
are relatively new. The first MEMS switch designed specifically for mi-
crowave applications was reported in 1990 [27] RF MEMS devices that

serve as fundamental building blocks are: RF MEMS switches or relays,
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tuneable capacitors or varactors, high ) inductors, resonators and filters,
which can substitute the discrete off-chip counter parts in existing mi-
crowave systems|[39).

The main advantages of RF MEMS Switches are outlined as below:

1. Very Low Insertion Loss:
Since metals are used for building the transmission lines instead of
semiconductors, RF MEMS switches are characterized by very low
loss, typically in the order of 0.05 to 0.2 dB at 10 GHz.

2. Very High Linearity:
MEMS switches are very linear devices, which results in a very low
intermodulation product. They are about 30-60 dB better than FET
switches, PIN diodes or BST varactors [13]. From a system point of

view this is one of the most interesting aspects.

3. Extremely Low Power Consumption:
Although a relative high voltage is needed for the electrostatic actua-
tion of the MEMS switches,the associated current flow is very small,
leading to very low DC power consumption, this feature makes these
devices interesting for applications on satellites and for any type of

portable devices.

3. Very High Isolation:
The isolation of MEMS metal-contact switches is based on a gap, in
general of several microns filled with air or other inert gases. This
provides a very small off-state capacitance (C,,), typically in the or-
der of 1-6 fF, which leads to an excellent isolation characteristic which

can be up to 40 GHz for a single device, i.e. thousand times better
than FET devices.
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Actuation method Power usage Force Generated Deflection Range Speed

Themnal High Moderate Small ms
Electromagnetic =~ Medium /high High Large wus/ms
Electrostatic Low Moderate Moderate 1S

Table 2.2: Qualitative comparison between the different actuation mechanisms

These intrinsic advantages along with the [C-processing compatibility make
RF MEMS an enabling technology for low cost and high performance
systems in both military and commercial applications such as wide-band
tuneable/switchable filters, antenna beam-steering systems, reconfigurable
matching networks, reconfigurable array antennas and satellite communi-

cations.

2.3.1 Actuation Mechanism

There are many different actuation mechanisms that can be effectively used
for RF MEMS switches. The three most used mechanisms are: electro-
static, thermal and electromagnetic actuation. This thesis will focus only
on electrostatic actuation because this is the most widely used mechanism
and the one which is employed in the most mature RF MEM switch pro-
totypes. The Electrostatic actuation is based on the attractive Coulomb
force developing between charges of opposite polarity. This physical effect
can be exploited both to induce a vertical movement or an in plane lat-
eral movement. In the first case a parallel plate capacitor configuration is
used, while in the second case a comb like structure is used. In both cases
relatively high forces can be applied even if medium to high voltages are
necessary. Among the appealing features of an electrostatic drive is the low
power consumption as power is virtually consumed only during switching.
The realization of this type of actuation mechanism is relatively simple and

it has been successfully used in many devices, not only in RF MEMS. The
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need of high voltages is a potential drawback of this mechanism. This can
be the origin of catastrophic device failures and limit their reliability. In
table 2.2 a qualitative comparison between different actuation mechanisms
for RE MEMS switches is shown [39, 49].

2.3.2 Contact type

In principle two different electric contacts can be realized for RF MEMS
switches: the capacitive contact and the metal to metal contact. The
capacitive contact is based on a capacitor used to shunt the transmission
line to ground. The performance of this contact type is characterized by
the capacitance ratio between the up-state (open circuit) and down-state
(short-circuit) positions. Typically values are 80-160 depending on the
design and the technology. The down-state capacitance is typically in the
order of 2-3 pF. This type of contact is suitable for applications in the
range of 8 to 100 GHz. In general, it is hard to obtain a large down-state
capacitance using nitride or oxide layers, which limits the low-frequency
operation of this contact. On the other hand, DC-contact switches with
small up-state capacitances (open circuit) can operate from 0.01 to 40GHz,
and in some cases up to 60GHz (e.g. the Rockwell Scientific switch has an
up-state capacitance of only 1.75 fF and an isolation of 23 dB at 60GHz).
In the down-state position (short-circuit), the DC-contact switch becomes
a series resistor with a resistance of 0.5-2€2, depending on the contact metal
used [39, 49, 35].

As outlined above from the contact type perspective, there are two types
of switches based on MEMS technology: metal contacting or ohmic [55] and
capacitive coupling [17]. The metal contacting switches use (Fig.2.2) metal-
to-metal direct contact to achieve an ohmic contact between two electrodes.

This ohmic contact characteristic allows the device to be suitable for low
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RF switch
Insulating armature ;
L S— g contacts & shorting bar
-y |
actuator . V~ —
\ RF in Out
insulator
substrate substrate
GND ™™ gijde view Front side view

Figure 2.2: Side and front view of a electrostatically actuated cantilever based ohmic
series relay. The broad side implementation in CPW can also be configured as a classical

bridge type structure.

frequency applications including DC, as well as moderate to high frequency.
The capacitive coupling switch,has a thin dielectric film and an air gap
between the metallic contact surfaces and the part of the transmission line
under the beam called underpass, i.e. the active overlap area. The air gap
is electro-mechanically adjusted to achieve a capacitance change between

the ‘up’ and ‘down’ state.

2.3.3 Series and Shunt Implementation

From the application perspective, the MEMS switches are further classi-
fied into other two categories i.e. serial and shunt switches. Although
both ohmic and capacitive coupling switches can be used either as serial
or shunt switches, ohmic switches are generally used in serial mode, while
capacitive coupling switches are preferably employed as shunt switches.
The comparison of advantages and disadvantages between the switches is
primarily performed with respect to the RF circuit design rather than the
MEMS component itself. To further indicate the position of the armature
relative to the RF signal line, the switching device can either be configured

as broadside or inline [49]. In an inline switching device, the armature
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for instance a bridge is an integral part of the transmission line [49]. For
a broadside switching device the long side of the armature is not inline
but typically positioned perpendicular to the signal line[49]. In addition
to the above mentioned basic configurations which lead to different RF
MEMS switching configurations , a multitude of actuation mechanisms
can be implemented leading to tens of different configurations. Two types
of electrostatically actuated switching devices stand out because of their
compatibility with the IC fabrication process and easy implementation in
CPW or micro-strip line configurations. These are the capacitive shunt
switch and the ohmic series relay. According to the two principal contact
types RF MEMS switches come in two configurations: metal-contact and
capacitive-contact. Fig 2.3 shows two metal-contact series switches devel-
oped by Analog Devices [60] and Lincoln Laboratory [12] respectively with
their equivalent circuit model. Fig. 2.4 presents a capacitive shunt switch
developed by Raytheon [19].

f = anchor
eleetmotlc\ cantilever }nchor contact. = -
Ve res o e
[ \contaet—"
.~ areas
™ —_— ™

e T—

(a) (b)

oA 7o ] [ 7, }o
R

C MEMS

©- Yo O O

Down-State position Up-State position

Figure 2.3: Series metal contact switches developed by a) Analog devices b) Lincoln

laboratory with their corresponding equation circuit.
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(b)

Figure 2.4: Shunt capacitive switch developed by Raytheon a) top view b) cor-responding

electrical model.

2.3.4 RF MEMS Tuneable Capacitors

A tuneable capacitor, also referred to as 'varactor’, is a capacitor where the
capacitance can be tuned or varied by electrical means, e.g. by a DC (tun-
ing) voltage, which makes the capacitance voltage dependent, C=C(V).
The RF tuneable capacitors find applications in tuneable matching net-
works, tuneable filters, phase shifters, and as frequency controlling elements
for instance in LC tank of a low noise VCO. Semi conducutor on-chip var-
actor diodes or MOS capacitors, suffer from excessive series resistance and
non-linearity [43]. RF MEMS varactors on the other hand use highly con-
ducting thick metal layers, with air as dielectric, thus offering substantial
improvement over conventional on-chip varactor diodes in terms of power
loss. In addition, the RF MEMS capacitors have excellent linearity, wide
tuning range and ability to separate the control circuitry from the signal
circuit, which greatly simplifies the overall design.

The principle of gap-tuning MEMS capacitor controlled by electrostatic
means is similar to RE MEMS switches and is shown in Fig. 2.5. The top

plate is suspended with a support beam of spring constant k, while the
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bottom plate is fixed. An applied DC bias reduces the air gap, thus in-
creasing the capacitance. The thin dielectric film covering the bottom plate
and the overlap area determines the down capacitance. The suspensions
as well as the plates are fabricated from metal to obtain a low parasitic

series resistance and high Q [56].

2.3.5 RF MEMS Inductors

The MEMS inductor, another outstanding example of RF MEMS, needs
a mention, because of the superior performance and ubiquitous presence
in RF communication designs. The stringent phase noise requirements in
applications like voltage controlled oscillators (VCO) need inductors with
quality factor() > 30. On-chip inductors implemented in CMOS or bipo-
lar technologies having () < 10 make off-chip, discrete inductors the only
viable choice. The key parameters that characterize the performance of
inductors are the quality factor Q, the inductance L and the self-resonant
frequency (SRF) at which the device transforms from inductive to capaci-
tive characteristics. MEMS technology improves the on-chip inductor per-
formance by etching away the lossy substrate from underneath the inductor
spiral, resulting in a membrane-supported inductor as shown in Fig. 2.6.
Reduced substrate losses and reduced capacitive coupling to the substrate
lead to higher Q and increased SRF. Another approach to build floating or
levitated ‘onchip’ inductors using an IC compatible process is to pattern
the spiral in thick electroplated metal like Cu, Al or Au over a sacrificial
dielectric or photo-resist layer. Inductors ranging from 1.5nH to 18nH with
Q from 30 up to 80 at 2GHz have been fabricated and reported [1]. High
Q inductors have also been fabricated using low loss, high resistivity sub-
strates such as Si or Alumina without the need to resort to levitated or

out-of-plane configurations with measured Q values up to 107 [7].
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Figure 2.5: Schematic top view of the tuneable capacitor, the whole structure is suspended

above the actuation plates by four anchor posts, represented by spring constant k.

2.4 RF MEMS Applications

Compared to a semiconductor switch (FET or PIN diode) an electrome-
chanical switch has far less series resistance, resulting in much lower loss
and less power dissipation. The small mass of MEMS switch actuators
require very little operating power and these advantages make RF MEMS
switches suitable for many applications. In the following paragraphs some

of them are shortly listed.

2.4.1 Switching Networks

Switching networks are part of virtually every communication system and
include SPNT switches for filter or amplifier selection, NxN switching ma-

trices and in general SPDT and DPDT routing switches. Switch matrices
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Figure 2.6: Bulk micromachined inductor with metal coil suspended over a cavity [56]

in satellite systems are built using coaxial switches, while base station sys-
tems are implemented using PIN diodes except for the power amplifiers.
PIN diodes require additional amplifier stages to compensate for the losses
introduced by the switching network. Coaxial switches have excellent over-

all performance, but they are heavy and costly.

2.4.2 Portable Wireless Systems

In order to integrate the whole front end design of a wireless telephone
system on a chip, the main bottleneck are not the switches, but the high

Q filters and diplexers and also the crystal references [5]. Filters are cur-
rently being addressed using FBAR technology. Using RF MEMS devices
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(switches, varactors and inductors) it may be possible in the near future
to eliminate the off chip inductors in the oscillator circuit or integrate a

tuneable filter directly on the silicon chip.

2.4.3 Phased Arrays

RF MEMS switches are best suited to those communication systems, e.g.
phased arrays, that use large numbers of switching devices. The average
loss of the state-of-the-art 3-bit MEMS phase shifter shows an improvement
of more than 3dB over comparable GaAs FET devices [6]. This translates
to 6 to 8 dB improvement in a radar or a two-way telecommunication
system. The improvement is quite significant in Ka, V or W-band systems.
With MEMS switches it is therefore possible to eliminate a few amplifier
stages in T/R chain resulting in an overall 20-100mW DC power reduction

per element at X to V-band frequencies.

2.5 Overview on Current RF MEMS Technologies

In the last ten years quite a number of companies and academic institu-
tions have developed suitable MEMS technologies for the fabrication of
RF MEMS switches. In this section some of them like those from Radant,

Teravicta and FBK (Foundazione Bruno Kessler) are shortly outlined.

2.5.1 The TeraVicta RF MEMS Technology

TeraVicta Technologies provides next-generation radio frequency compo-
nents and module solutions based on proprietary MEMS technology. Ter-
avicta’s RF MEMS switch-based products provide the ultra low loss, broad-

band performance and low power consumption necessary for superior multi-
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band/mode cellular handsets, reconfigurable radios and smart antennas.
Applications for TeraVicta’s products include cellular phones, wireless LAN’s,
fixed broadband wireless, cellular phone base stations, automated test
equipment, satellite and military communications and radar systems. Founded
in July 2000, TeraVicta Technologies is a Texas based company that has de-
veloped breakthrough semiconductor components that are capable to man-
age radiofrequency signals used by leading-edge electronic products from
automatic test equipment to wireless handsets. The company’s products
are based on next generation MEMS technology that uses semiconductor
micro-fabrication techniques to build miniature components that switch,
route and manage critical RF signals. This allows TeraVicta to integrate
RF switches and other advanced components at the chip level, reducing

size and cost while improving performance [54].

2.5.2 The Radant RF MEMS Technology

Radant MEMS has been developing and manufacturing devices since 1999.
Radant RF MEMS switches and assemblies have been developed and are
suitable for many government and commercial applications including radars,
telecommunication, phase shifters, cellular phones, satellites, automatic
test equipment, wireless LAN and many others. Radant MEMS electro-
statically actuated micro switches have a demonstrated lifetime of over 100
billion switching cycles. This industry-leading achievement in reliability
now makes RF MEMS switches from Radant MEMS an attractive alter-
native to other mechanical and solid-state switches [43]. Radant MEMS
switches are an attractive alternative to solid state and electromagnetic
relay switches also because they offer several additional advantages. They
reduce costs and increase application performance like low power consump-
tion, long life cycle (100 billion cycles), significant form factor reduction,

improved RF performance, low loss, high -isolation and an extreme lin-
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earity. The RF MEMS microswitches from Radant are 3 terminal devices
that employ a cantilever beam and are fabricated using an all-metal surface
micromachining process on high-resistive silicon. They operate in a her-
metic environment obtained through wafer level packaging process based
on a wafer bonding process. This wafer packaging technology is more cost
effective than either custom or ceramic packaging. It also provides a more
direct connection to the customer’s system, thereby reducing complexity

and increasing reliability[53].

2.5.3 The FBK RF MEMS Technology

FBK developed a process that is optimized for the fabrication of RF MEMS
switches on a high resistivity silicon substrate. The FBK switch process
makes use of 8 masks. The process starts with the growth of the field
oxide on the wafer. Then, the polysilicon layer is deposited, doped with
Boron and covered with a thin Tetraethylorthosilane (TEOS) oxide. After
the opening of the via’s to the polysilicon, the multimetal layer is de-
posited and patterned on the wafer. The metal is covered with a thin low
temperature oxide (LTO), which is removed, where necessary, for the real-
ization of electrical contacts. The gold floating metal is then deposited and
patterned. At this point, a 3 pum thick photoresist is spin-coated on the
surface, which serves as a sacrificial layer for the creation of the suspended
structures. The photoresist is post-baked at high temperature, in order to
round the edges of the photoresist structures and to avoid further defor-
mation during subsequent high temperature steps. The seed layer for the
electroplating of the suspended structures and other thick metal parts is
then evaporated on the substrate. Evaporation does not guarantee a good
coverage of steep edges. This renders the removal of sharp edges from the
wafer surface necessary to ensure a complete coverage of the seed layer and

thus electrical continuity during the electroplating steps. Afterward, gold
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is electroplated on the wafer in two steps with different thicknesses: a first
layer of 2 um, called BRIDGE layer, and a second layer of around 3 um,
called CPW layer. Areas on which the gold has to be electroplated are
defined with a photoresist-masking layer, with a thickness higher than the
layer to grow. After the electroplating steps, the wafer undergoes a tem-
perature treatment, whose main function is to improve the adhesion of the
gold to the wafer. This is especially important for wire bonding process.
The suspended structures are then released by dry etching of the spacer
with oxygen plasma. The most critical part of the process is the creation of
stress-free suspended structures. When thin films are deposited on a sacri-
ficial layer at a temperature lower than its flow temperature, then intrinsic
stresses develop in the film-sacrificial layer stack. Both in-plane stress and
stress gradients can arise. These stresses not only modify the mechanical
behaviour of the materials, but can also cause out of plane bending of the
suspended structures after their release. The entity of the effect mainly
depends on the temperature treatment which the wafer is exposed to, as
well as on the employed materials. In the presented process, the annealing
of the wafer after electroplating leads to an in-plane tensile stress in the
gold layer. In the past, the diffusion of the seed layer into the electroplated
membrane also led to a stress gradient in the thickness of the suspended
gold layer. The thicknesses of the thin films used in the seed layer were
therefore optimized in order to minimize the effects of this phenomenon.
A more detailed process description is given in [28]. The FBK process can

be summarized in six phases (Figure 2.7)

I) growth of 1000 nm of insulator oxide, deposition of 630 nm of polysil-
icon, Boron implantation, defi nition of polysilicon, Boron diffusion at
925°C, deposition of 300 nm of TEOS and opening of the con tacts.
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IT) deposition and definition of metal alloy Ti/TiN/Al/Ti/TiN, respec-
tively of 30/50/410/60/80 nm (underpass).

III) deposition of 100 nm of LPCVD oxide (or PECVD Nitride) and VIA

definition.

IV) deposition and definition of the spacer based on 3 um of resist.

V) seed layer of Cr/Au (10/150 nm respectively), area definition of the
first electro-deposition and first electro-deposition of Au (1.5 um for
pads and bridges).second electro-deposition of Au 3.5 pm for thick
bridges and CPW, seed layer removal.

2.6 Open issues in the Field of RF Switches

As mentioned earlier RF MEMS switches have some advantages like low
insertion loss, high isolation, excellent linearity etc. but they suffer also
from some disadvantages as there are high switching times, lack of relia-
bility and not yet addressed packaging issues, that significantly limit their

practical use at the moment.

2.6.1 Switching Time

Regarding the performance characteristics one of the main disadvantages
of RF MEMS switches is their high switching time, which makes them
unsuitable for many applications like mobile phones and communication
systems, where high commutation speeds are crucial. Even if the intrinsic

mechanical limitations will prevent the use of these devices in applications
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Figure 2.7: Summary of the FBK Process

like active radars, an improvement of the switching speed of an order of
magnitude would make them interesting for those applications where the
requested commutation speed is high, but not in the nanosecond range.
Due to the essentially mechanical nature of RE MEMS switches, the switch-
ing time is mainly affected by the mechanical parameters of the device, i.e.
the mass and stiffness of the mobile parts and the flow of the air (or gas)
surrounding the structure. Mass and stiffness depend mostly on the mate-
rial used for the fabrication and geometrical parameters like the thickness
of the layers. The dynamics of the airflow and therefore the damping
characteristics of the structure are strongly influenced by the number and
dimensions of the air holes in the structure and the size of the gap between

the mobile part and the substrate. The gap influences the switching time
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also by cinematic aspects (a higher gap simply requires a longer time for
closure) as well as the voltage necessary for the actuation. Also the applied
voltage itself has an effect on the switching speed. Finally the packaging
of the device can influence its switching characteristics in an indirect way
by controlling the atmosphere in which the device operates. Due to the
complex relationships between these parameters a good understanding of
the static and dynamic behaviour can be helpful in the design of a switch

with fast performance.

2.6.2 Reliability

Emerging and future autonomous wireless communication systems require
highly reliable electronic components with very low power consumption.
Micromachined devices represent a promising technology to meet this de-
mand. RF MEMS switches are specific micromechanical devices designed
to operate at RF-to-millimeter-wave frequencies (0.1 to 100 GHz). Such
RF switches have been demonstrated with low loss, low power consump-
tion, low distortion, and higher off state isolation as compared to PIN
diodes or field effect transistors. However, before such switches can be
used in commercial or spatial applications, they must demonstrate the
ability to switch reliably over billions of cycles. Alternatively, as in the
case of redundancy switches, they should maintain their electrical and RF
performances for a very long time and guarantee the switch actuation even
after years of storage in harsh environment. In addition the presence of a
mechanical contact introduces a whole new class of reliability issues related
to both mechanical and electrical phenomena [24, 61]. Cycled mechanical
deformations and steady-state vibrations introduce new stress mechanisms
on the structural parts of these devices. Mechanical relaxation of resid-
ual material stress, plastic deformations under large signal regime, creep

formations and fatigue can all impair the stability of electro-mechanical
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device behaviour and eventually cause mechanical failure of the device.
Finally other surface effects such as oxidation or absorption can also result
in changes of effective mass or stress of a moving or vibrating structure,
causing stability issues and device failures. The main reliability aspects of
RF MEMS switches so far identified can be grouped in three major classes:
mechanical, electrical and environmental phenomena, as discussed in some

more detail in chapter 3.
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Chapter 3

Basic Electro-mechanic Aspects

3.1 Introduction

There are several different aspects that characterize micromachines and
microactuators. An important one is the adopted fabrication technique
in terms of employed materials, e.g. polysilicon micromachining, silicon
bulk micromachining or others. The fabrication techniques contribute in
determining the mechanical properties and the type of structure that can
be build. Another very important aspect, in some way more general, is
the actuation principle, which can be based on electrostatic, magneto-
static, piezoelectric and other mechanisms. As stated earlier most of the
MEMS devices are actuated using electrostatic forces because this provides
low power consumption and the realization process is compatible with IC
fabrication technology. Nevertheless electrostatic actuation has some lim-
itations due to its essential non linear nature. Two basic structures are
possible, parallel and lateral plate actuators. Both types are commonly
used. Here after a description of these basic configurations is given together
with the basic equations describing their electromechanical behaviour and
the description of the most important mechanical parameters affecting the

behaviour of these structures.
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3.2 Mechanical Equations of Motion

Micromechanical structures can be divided into discrete elements that are
modelled using rigid body dynamics . Finite-element analysis is used to
determine the mechanical modes within the bandwidth of the feedback
and external forces, for a first order analysis a mechanical structure can
be simply divided into discrete elements, each of which can be modelled
by using rigid-body dynamics. Some structural elements can be modelled
simply as rigid body masses, while other models may include the effects
of bending, torsion, axial and shear forces. In general a mechanical sys-
tem with n degrees of freedom can be described in terms of n generalized
coordinates, qi, ¢s..., ¢, and time t. A general method of determining the

equation of motion involves the use of Lagrange’s Equation [25]:

d (0L oL ,
% <aqlz> —aiql —an7i,l— 1,...,n (31)

where L = T - V is the Lagrangian operator, T is the total kinetic energy

of the system and V is the total potential energy of the system arising from
the conservative forces. Non-conservative forces such as dissipative forces,
are lumped in the terms @Q,.;. If only viscous damping terms (damping
proportional to velocity) are present then the Lagrange’s equation can be

written as

;i (gi) — gi + gi = Qestiyt=1,...,n (3.2)
where F is the Raleigh dissipation function and ()., is an external gener-
alized force associated with the coordinate ¢;. In general the kinetic energy,
potential energy and the dissipation function have the forms

1 n n
T = iz.Zmijq/qj' (33)

i=1 j=1
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DOOOC

DOOOC
WOOOC

Figure 3.1: Schematic of a rigid plate with dimensions L,, L,, springs are attached at
distances Lyyand Ly, along the x-axis and y-axis, respectively from the centroid of the

plate.
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1 n n
1=1 j=1
1 n n
= EZ-ZBMQ/%/ (3.5)
1=1 j=1

where m;;, kij; and B;; are the inertia, stiffness and damping coefficients
respectively.

In this general discussion we apply Lagrange’s equation to a rigid rectan-
gular plate suspended by four springs located at the plate’s corners shown
by Fig.3.1. The Cartesian coordinates x, y, z and three angles of rotation
0, and  and v are chosen to be the generalized coordinates with the plate
centre as the origin. However, in specific cases such as bridges and can-
tilevers, the z-axis origin is chosen to be the substrate below the anchor
points. In such case the variable represents the vertical displacement of
the plate from its rest (zero mechanical potential) position. The potential
energy stored in the springs is determined by the contributions of each

spring. Making small angle approximations, we find

V =2 (kya® + kyy® + k.2® + koL, 20 + k. L, * 0" + kyli"10%)(3.6)

where k,, k, and £, are the spring constants in the x, y and z directions
respectively. The dimensions Ly, and Ly, are the distances along the x
and y axis from the centroid of the plate to the springs, the springs in
Fig.3.1 are located at Ly, = % and Ly, = % . The spring force is assumed
to vary linearly with the displacement, however nonlinear spring forces
can be modelled by introducing into Eqn.3.6 stiffness coefficients that are
functions of the position. Assuming massless springs the kinetic energy T
is:
1

T = S(ma' +my +m2' + 10 + 10% + Iap'?) (3.7)
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where m is the plate mass and the mass moments of inertia of the plate

are:
m
Iy = —-L* 3.8
0= 1oLy (3.8)
m
I, = —L* 3.9
6= 15LY (3.9)
I, = Z(Lgf + L, (3.10)
The viscous damping of the plate can be expressed by the damping func-
tion as:
1
F = §(Bx2 + B2 + B.” + Byb* + By¢? + Byyp?) (3.11)

where B,, By, B, By, By, By, are the damping coefficients of the six modes.
The expression for kinetic energy, potential energy and the dissipation func-
tion of the mass-spring-damper system are substituted into Equation (3.1)
and then solved for each of the six coordinates resulting in the following

equations of motion

F, =mz + By + kyx (3.12)

F, = my + BylL’l + kyy (3.13)
F,=m2 + B.2 +k.z (3.14)
9= Iy + By + K.Ly,’0 (3.15)
Ty = Iy¢ + Byod + K.Lp, 20 (3.16)
7y = 10" + Byt + Ky Ly, ™) (3.17)

where F,, I, F., 19, T4, Ty are the external forces and torques that act on
the plate. Values of the stiffness and damping coefficients can be deter-
mined numerically using finite element analysis or approximated by ana-
lytical formulas, as discussed in the following sections. In general most

of the simulations and modelling described in this thesis involves only the
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vertical motion of the suspended plate. Therefore, reference is made to the
vertical equations of motion, Eqn. (3.14) - (3.16), which can be expressed

in the alternative form:

F. = m(z” + QCZwZz/ + w2222) (3.18)
Ty = [9(9// + 2@1098/ + w9292) (3.19)
Ty = ]9(9” + 2921)99/ + w¢2gb2) (3.20)

where, w,, wy and wg are the resonant frequencies and ¢, (p and ¢, the
dimensionless damping factors of the z,0, ¢ and modes, respectively.
In general, the resonant frequency w;, and damping factor (; of the mode

i are given by:
B;

G = W/ (3.21)
ki
W=y (3.22)

where k; is the stiffness coefficient and mi is the inertia coefficient (mass for
translational modes or moment of inertia for rotational modes) of mode i.
Effects of the spring mass can be included by introducing effective inertia

coefficients to adjust the resonant frequency.

3.3 Squeeze-Film Damping

Viscous air damping is the dominant dissipation mechanism for microstruc-
tures operating at atmospheric pressure. Squeeze film damping, illustrated
in Fig 3.2, arises from the vertical motion of the structure, which creates a
pressure buildup in the thin film of air trapped between the moving plate
and the substrate. Due to the inertia of the gas flow, reaction forces are
generated on the moving part, which depend on the velocity of the mov-

ing part. A more detailed description of the mechanism can be found in
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[15, 26], while in the next paragraphs some aspects relevant to the work of

this thesis are summarized.

v Plate

:

S S S S S S
Substrate

Figure 3.2: Cross section of the plate with an air gap gg above the substrate illustrating
how squeeze film damping arises from the vertical motion of the plate with velocity v,

The pressure induced produces the force which is proportional with velocity.

3.3.1 Viscous Flow

Continuum fluid mechanics can be applied to analyze squeeze-film damping
if the air gap is much larger than the mean free path, of the air molecules.

The mean free path of a gas is expressed as:

1
B V2rdin

Where 7d3 is the collision cross section of the gas molecules and n is the

A (3.23)

molecular density, which for an ideal gas is given by n = P/(kgT'), where
P is the pressure of the squeeze film, kp is the Boltzmann’s constant and
T is the absolute temperature. For air at atmospheric pressure and T =

300 K, the mean free path is ~ 65nm.The viscous flow regime is described
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Figure 3.3: Schematic cross section of a plate above the wafer illustrating the squeeze-film
damping arising from the vertical motion of the plate with velocity v. Pressure in the

squeezed film produces a force, proportional to velocity v.

by the Navier -Stokes equation[45] which under several assumption can be

reduced to the following expression as described in the next paragraph:

O*p N O°p  12u0(Az)
ox  Oy? g0t
where p is the pressure of the squeeze film, u is the viscosity of air, gy is

(3.24)

the air gap height and Az is the plate displacement. The above equation is

valid if the squeeze film is isothermal, small pressure variations and small

40



CHAPTER 3. BASIC ELECTRO-... 3.3. SQUEEZE-FILM DAMPING

displacements with small velocity are considered. Air velocity in the gap
can be considered small if the Reynolds number, R,, is much less than 1,

where R, = pvgo/p and p is the density of the air .

3.3.2 One-dimensional Analysis

Let’s now consider the squeeze film damping of the plate shown in Figure
3.3, where the plate length L, in the y direction is much larger than the
length L, in the x direction. In this case the squeeze film damping is mod-

elled with one-dimensional version of equation (3.24).

Op 12w
ox2 g3

(3.25)

Double integration of Equation (3.25) and application of the pressure
boundary conditions at the edges of the plate gives:
6uv La?
Ap = (2% — = 3.26
=) (3.26)
where Ap is the pressure difference with respect to the ambient pressure.
The average pressure difference across the plate is % and the total damp-

ing force exerted on the plate is:

L,L,’
FB:— (HJ Y )U (327)
90
More in general the squeeze film damping coefficient for a rectangular plate
1s: 5
L.\ pL,L,
B. =kpy () Y 3.28
Ly 903 ( )

Ly
Ly

comparison with Equation 3.27 the case of a very long plate length corre-

where k:BZ< ) is introduced to account for the finite plate length. By

sponds to kgz = 1. As an example of the two dimensional flow problem
for other geometries let’s consider a square plate L, = L,. In this case it

can be shown that kpy is approximately 0.42.
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3.3.3 Damping of the Rotational Mode

The one dimensional analysis of the preceding section can be repeated for

the rotational mode shown in fig 3.4 where again L,>L,. In this case the

velocity is a function of the distance x from the plate centroid. Substituting

for the velocity we can write Equation (3.26) as :
or 120 x

5 = o (3.29)

where small angular displacement are assumed. Equation (3.26) is then

integrated twice to obtain the differential pressure:

2p¢ [ La?
pP= ”(f (‘T . g;Q) v (3.30)
90 4
The total moment generated by the damping is:
Le L,L.°u
Mp=—L,|? pod, = —"L="0 3.31
B Y /—2LT p 60903 ( )

We can now define the rotational mode squeeze film damping coefficient
By in an analogue manner to the vertical mode coefficient damping. Thus

for the rectangular plate we have:

L.\ pL,L,° L
By =kp, || =" = Kpy | — | B.L,” 3.32
’ b (Ly) 90° b (Ly) ( )
where kpg (iz) is the two dimensional form factor. For L,>>L,, Kpy is

0.017. A similar damping coefficient K3, can be defined for the rotational

mode about the x axis where:

Ly
By = kpy () B.L,* (3.33)
Ly
The corresponding damping factors for rotational mode are:
By L
= = \/12kp | L | 3.34
Cg 2 IOkszy2 7 (ka> C ( )
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Figure 3.4: Schematic of the plate for one dimensional analysis of squeeze film damping

of the rotational mode about the y axis .
BG Lx
G = —F—= = V12kp (—) ¢ 3.35
2 ng’szxz ka : ( )

where the constant kpy describes the springs connected to the plate’s cor-
ner. For the solid plate with springs attached at the corners, the rotational

mode damping is around 17 times smaller than vertical mode damping.
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From a more complex analysis not reported here it can be shown that for
the practical case where a square perforated plate with many holes is sub-
stituted for the continuous plate assumed up to now the rotational mode
damping is found approximately two times smaller than the vertical mode

damping.

3.4 Spring Constants for Simple Beam Geometries

Cantilever, guided-end and fixed-fixed beams are shown in Fig.3.5. We
consider that a concentrated force F(N) is applied to the free end of the
cantilever beam (a), to the free end of the guided-end beam (b) and to the
centre of the fixed-fixed beam in (c),while a uniform distributed load f[27]
(force per unit length) is applied to the surface of each beam in Fig.3.5
(d — f) . In these cases the axial displacement is derived from Hooke’s
law: stress = E strain, where E is the Young Modulus of elasticity. The
displacement equations for the different cases are summarized in Table 3.1,
assuming a beam with small angles of rotation, no axial loading and no
shear deformation [57]. The beams with rectangular cross section have
width w, thickness t and length L. For cases where concentrated loads are
applied to the beam, linear spring constants are defined as a measure of

the beam’s stiflness:

Fy
ky=—k, =

X

13/

F,
V

3.4.1 Nonlinear Effects

The equations for the beam deflection listed in Table 3.1, are derived from
differential equations assuming small deflections and small angles of rota-

tion. A precise solution for a cantilever beam can be found in [25] where
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(a) cantilever beam (d) _ca:l}tilever beam
concentrained beam distributed beam
Fy fy
~ ~—
(b) guided —end beam (e) gl_lid;d-end beam
concentrained beam distributed load
(c) clamped-clamped beam (f) clamped-clamped beam
concentrained beam distributed load

Figure 3.5: Various beam geometries with concentrated load, F or distributed load f. In

all cases only the y-component is considered [28].

it is compared with the approximate theory based on the assumption of
small deflections.

Normally the model based on small deflections is 10% in error for deflec-
tions greater than 30% of the beam lenght. Shear deformation, which is

neglected in Table 3.1, is small if:

1
% I~ 3.37
T (3:37)

where v is the Poisson’s ratio. Typical values for Au is 0.42 and 0.3
for polysilicon [25]. Most mechanical mechanical structures undergoing

flexure are long and narrow, thereby satisfying Eqn.3.26. If axial ten-
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Cantilever Guided-End Fixed-Fixed
_ F.L _ F.L _ F.L
L= Ehy L= Ehw L= 1Bhw

_ AR _ BB _1F B

Ehwd Y= E, uw? 16 B, w?

_ I _ B IB _ 1 F I3

=455 = Bol? = 16FEwh

a : Concetrated load

Cantilever Guided-End Fixed-Fixed
_ fal _ fal _ ful
r="F r="F r="g

_ 3 fy I* _ 1fy I* _ 1 fy I*

= 2Eh WS Y= 3Enhws Y= 32Fhws

Lo 3 f 1t PNV _ 1 f Lt

= 2E, B? = 2EL 3 = 32 FEw h?

b : Distributed load

Table 3.1: Displacement equations for the different geometries as derived from the small

displacement theory.

l

M T TMB

RA RZE

Figure 3.6: Fixed - Fixed beam with concentrated vertical load F.

sile stress is present in laterally deflected fixed-fixed beams, a nonlinear
force-displacement results from the axial stress, where the effective spring

constant increases with increasing load.
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3.5 Spring Constants for typical structures of MEMS

devices

In this section we discuss in briefly about the prime mechanical parame-
ter characterizing a RF MEMS switch, i.e. the spring constant and how
the stresses originating from the fabrication process in case of a common
switch configuration, the fixed-fixed beam and its variants, impact on this
parameter. The fixed-fixed beams are widely used because of the ease of
fabrication and their high spring constant. In MEMS switching devices the
operation of the structure is limited to small deflections e.g. 0.2 - 0.5 %
of the beam length, therefore the behaviour is modelled by using a linear
spring constant as mentioned in the section above. In order to account for
the biaxial residual stress arising from the fabrication process, the spring
constant can be modelled in two parts: (1) stiffness of the structure which
accounts for the material properties (Young modulus E, and Poisson’s ratio
v) and (2) stress ¢ which is induced by the fabrication process.

In case of a beam with rectangular cross section (w x t) and length L sub-

jected to concentrated load F, as shown in Fig.3.6, the deflection is given

by:

Myx?  Rax? wt3
Y="9pr Terr " T L, (3.38)
F.a
My=——5(L - a)? (3.39)
F 2
Ry = Z(L—a) (14 2a), (3.40)

where M4 is the reaction moment at the left end and R4 is the vertical
reaction to the applied load F. Deflection for a beam with concentrated
load applied at the centre can be expressed in terms of its dimensions by
substituting x = L/2 in Eqn.3.31 and is given by:

L TE g 2 2 3
:EILL8<L —6L," + 9L, — 4a”)

Y (3.41)
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In MEMS applications typically the load corresponds to the actuation force
and is distributed across the beam. The deflection at the centre is used
to determine the spring constant. In electrostatically actuated MEMS
switches, the load distribution depends on the location of the actuation
electrodes. We present here a comparison of three cases, two of which are
extensively used in electrostatically actuated RF MEMS switches and one

of which has been implemented in the present work.

3.5.1 Deflection of a Uniformly Loaded Beam

The deflection for a beam where the load is distributed across the whole
beam is found by integrating the deflection given by Eqn.3.41 over the
entire beam length (from —% to %) The spring constant for a distributed

load f, the load per unit length (F = fL) is given by:

F t\3
— _ - —_39F — 42
k=-" =3 W<L> (3.42)

3.5.2 Spring Constant of a Beam with Residual Stress

MEMS components such as beams and cantilevers are realized in metals
(Au, Al, Ni and Cu) either by sputter deposition or electroplating tech-
niques, in polysilicon and/or dielectrics. The different processes employed
to deposit/grow those materials are responsible for the so called intrinsic
stress of these materials, that may vary from compressive to tensile de-
pending upon the specific material and process. For a beam with cross
section w x t the biaxial residual stress generates a force S = o(1 — v) on
the both ends. In this case the beam can be modelled as a stretched wire
with some flexural contributions. Considering the following load cases, the

contribution of residual stress to the spring constant can be expressed as
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[39)
t
kT3:80(1—1/)W<L> uniform load (3.43)
e = 80 (1 )WV L load at cent (3.44)
s =80 (1 —wv —| ———~ load at center :
LI3-2(%)
t 1
ks =40 (1 —v) W ]x load near the center (3.45)
LI1— 3]

The total spring constant is the sum of the contributions from beam stiff-
ness and the biaxial residual stress. E.g. For a beam using CPW central
conductor as actuation electrode with length one third of the total beam

length, the total spring constant is:

b = (32) EW<2>3 (i;) + l80 (1—)w (2) (‘2)] (3.46)

3.5.3 Critical Stress

The amount of compressive stress that a beam can withstand before buck-
ling is called critical stress and is given by:
w2l Et?

=370 (3.47)

O-C’I’

From eqn. 3.47 one can easily see that, considering that the microme-
chanical structures are in general very slender, the critical stress is very
low compared to the typical values of the intrinsic stress that can be con-

trolled. For this reason materials with tensile stress are favoured.

3.5.4 Spring Constants of Different Support Beam Shapes

In Fig 3.7 different type of support beam shapes, typically used to lower

the effective spring constant of a MEMS devices are shown. Here we report
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Figure 3.7: shows respectively a) fixed-fixed, b)crab leg, c)folded flexure and d) serpentine
flexure spring shapes.

the expression of the spring constant for each of them. Details about how

they can be derived can be found in [24]. Fixed-Fixed beam

- 4EW<§>3 (3.48)
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Crab leg beam

4EW (L
k 2 (&) (3.49)
L |(Ls 14+v
1+ L {(l) + Lo (1:)2]
Folded flexure beam 13
k 2EW<L> (3.50)
Serpentine flexure beam
48G J
ko ~ (3.51)
La? (g}]l}a + Lb> n3
where n is the number of meanders in the serpentine, G = 2(1731/) the torsion
modulus, [, = “;—f is the moment of inertia, while the torsion constant is
given by
14 192 1 W
J = §t w (1 — ? X tw i_%dd ﬁtanh <t5>> (352)

3.6 Parallel Plate Electrostatic Actuator

The actuation or pull-in voltage is one of the most important parameters of
an electrostatically actu-ated MEMS switch. This section briefly recalls the
electromechanical model and provides a closed form analytical expression
for the parallel plate geometry. The treatment is mainly based on the
analysis provided in [39, 50]. When a voltage is applied between the beam
and pull-down electrode a capacitive switch can be modelled by a lumped
spring mass system as shown in Fig.3.8. The system consists of a moving
plate of area A and mass m suspended by a spring with constant k, at gap
height g above a fixed plate. The electrostatic actuator can be represented
by a two port capacitor with voltage V and current I as effort and flow
variables in the electrical domain, and force F and displacement z in the

mechanical domain. Displacement of the plate attached to the spring and
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the gap height variations are in opposite direction and are the flow variables
in series as they share the same displacement corresponding to the applied
voltage. The stored potential energy for a capacitor is given by w (q1) =
J&* e(q)dq where e represents the effort (voltage) and q is the displacement
. For a parallel plate capacitor with capacitance C' = % and () = C'V the
stored energy is W (Q)) = % and the coenergy is W' (Q) = C;/Z [41, 39] .
For a spring attached to a fixed support, the effort (force) is F = kx, where

x (displacement) is the flow variable. The stored energy for displacement
Ty 18

T 1 9
W (1) :/0 F(a)de = Jkay (3.53)

Thus, assuming a generalized displacement Q) for the capacitor and x for the
spring, this leads to the same stored energy function and we can represent
the spring with a capacitance Cyping = 1/k. In a similar way the mass of
the moving plate can be represented by an inductor and the damping by
a resistor to arrive at an equivalent circuit for the mechanical domain as
shown in Fig. 3.9. In the static analysis we ignore the mass and damping.
In the spring model in Fig. 3.8 we have to consider both the electrical
and the mechanical stored energy. Considering the gap as an independent

variable the co-energy is given by:

oW (V,g)

W(Vig) = QV - W(Qug). Q=" (3.54)
oW (V,g) . [V eAV?
F = G—Q’W (V. 9) —/0 2 (3.55)

Using above

==

From which we find ) = %, g=go— 2 andz =

equations the gap can be expressed as :
eAVy,”
2k g?

9=290— (3.56)
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Fixed support

%51)11110 I, 15 L
- ' (i) v: Fnlk
Vi | ' W(V.g)
Fixed actuation

a b

Figure 3.8: The massless spring model and the electromechanical equivalent circuit model

Fixed support

Dash pot |

ov X w(Q.g)

Actuation Electrode

Figure 3.9: Electrostatic actuator (a) with elements representing the inertia of the movable
beam, mechanical damping and source resistance of the electrical network. (b) shows the

equivalent circuit model in the electrical and mechanical domain.

3.6.1 The Pull-in Voltage

A voltage-controlled parallel plate actuator exhibits an important behaviour
called pull-in (Fig.3.10). Considering the position of the upper plate sub-
jected to spring force in the upward direction and electrostatic attraction
in the downward direction, the net force is[39]:

—cAV?

Fnet - 292

+ k(g9 — 9) (3.57)
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Figure 3.10: Beam height vs applied voltage for a parallel plate capacitor with mobile
plate: the structure shows an instability at (%)go hat leads the MEMS bridge to collapse

on the bottom electrode for higher voltages.

For a small perturbation in the position we have

eAV?
0F e = ( = k) g (3.58)
g
where 0F,.; is the gap at zero voltage and no spring extension. For a
eAV2

stable equilibrium ¢ F},.; should be negative in Eqn.3.58=k> i Since
the equilibrium gap decreases with increasing voltage, there is a specific
voltage at which stability is lost. This voltage value is called pull-in voltage
and denoted by V},; at pull-in , F,, = 0 and
. sA;/p%
Gpi

From Eqn.3.58 and 3.59 we find that pull-in occurs at gp; = (%) go and the

_ 8kgo®
Vpi =\ T (3.60)

o4

(3.59)

voltage is:




CHAPTER 3. BASIC ELECTRO-... 3.7. COMB-DRIVE. ..

3.6.2 The Pull-out Voltage

The minimum voltage required to keep the switch in ‘on-state’ is called
pull- out (Vpo) or the threshold voltage. If the applied actuation voltage is
decreased below Vpo the beam restores back to its original position at zero
bias. In capacitive MEMS switches with a 0.01 - 0.02 um thick isolation
layer of Si02 or Si3N4 between the beam and actuation electrode, the
electrostatic force is :

V2eeyA
A (3.61)

where (e =1 for ¢#0 and 04—-0.8 for ¢=0) and accounts for
parallel plate capacitance reduction due to roughness of the metal-dielectric

interface. The mechanical restoring force acting on the beam is:

Ey = kes (9 — 90) (3.62)

where the spring constant also includes the effect of beam stretching, which
makes it also applicable to bridge structures. For the switch to stay in down
position the electrostatic force (Eqn.3.62) must be larger than the restoring

force given by Eqn.3.61 and this is achieved when the applied voltage is:

o | o [ - {20 (o4 [2) oo

3.7 Comb-Drive Electrostatic Actuators

As outlined above voltage-controlled parallel plate actuators suffer from
some problems like snap down and limited range of operation. An elec-
trostatic actuator that avoids these type of problems is the so called elec-
trostatic comb drive actuator. The operation of a electrostatic comb drive
actuator is very similar to that of a parallel plate actuator. Just like in

the case of the parallel plate actuator, the comb drive actuator has two
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electrodes, a stationary one and a suspended one (by a mechanical spring)
so that it can move under an applied force. The force required to move
the suspended electrode is created by an electrostatic field between the two
electrodes. This can be accomplished either by controlling the charge on
the electrodes or by applying a voltage between them, as with the parallel
plate actuator . The obvious difference between the comb drive and the
parallel plate actuator is the geometry of the electrodes as shown in Fig
3.11, which is responsible for the characteristic of the device. As the two
electrodes of a comb drive actuator are pulled together the increase in the
capacitance is mostly due to the increased overlap of the teeth of the two
combs. This capacitance increase is a linear function of the relative posi-
tion of the electrodes. This is different from the case of a parallel plate
actuator, where the capacitance is inversely proportional to the electrode
spacing, i.e. the capacitance is a nonlinear function of the relative elec-
trode positions. Therefore the comb drive is sometimes referred to as the
linear electrostatic comb drive. In order to calculate the electrostatic force
developed in a comb drive actuator, we consider the electric field distribu-
tion shown in Fig 3.12. We write the capacitance as a sum of two parts,
one corresponding to the fringing fields and one corresponding to the field

in the region of overlap between the two electrodes[46].
Ctot = O() +C (x) (364)

The force can be written as:

Cowt 9 (1, 5\, V?C
b= oz V= ox <QCV ) o= 20z (3.65)

Using the same uniform field approximation employed for the parallel plate

actuator we can write:

1 ,0C 1
F=-V2"" = S 7 .
A i) Sl G (3.66)
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where N is the number of comb fingers, h is the thickness of the comb
fingers ( perpendicular to the plane in Fig 3.12) and g is the width of the
gap between the comb fingers. In many practical implementations of the
electrostatic comb drive the thickness h of the comb teeth is comparable
to the electrode gap g. Under these conditions the parallel plate approxi-
mation is relatively inaccurate. The most accurate representations of the
fringing field are obtained by numerical techniques, but for many purposes
this may be difficult to accomplish and therefore tabulated correction fac-
tors are used to compensate for the effects of the finite electrode thickness.

The force can then be expressed as:

ach
F=V?N <gB> 1 (3.67)

where «, 3, n are fitting parameters extracted from simulations.

Stationary Movable
comb comb

Folded-beam
suspension

Micromirror
{standing upright)

Ground plate

Anchors

Figure 3.11: Electrostatic combdrive actuator. The voltage across the interdigited elec-

trodes creates a force that is balanced by the spring force in the crab leg suspension.
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From the above expression it can be easily seen that the force in the voltage
controlled comb drive actuators is not a function of the displacement.
The voltage-controlled comb drive actuator is however susceptible to snap-
down in the transversal direction. Fig 3.12 shows clearly that each tooth
of the movable comb is attracted sideways towards its nearest neighbor
on both sides. In an ideal case the gaps on both sides are equal so that
the sideways forces exactly balance. In reality however the two gaps will
not be exactly equal and therefore there will develop a net sideway force
in one direction or the other. It is also important to be aware that even
in the ideal case the comb drive actuator will be unstable if the voltage
and the overlap between the comb teeth are too large. This happens when
the created sideway forces are so big that an infinitesimal offset from the
perfectly centered position makes the comb electrode snap sideways.

In order to analyze the stability of a comb drive actuator, an expression
for the potential energy is needed. This is derived by generalizing the
expression for the capacitance of the comb drive actuator to the situation
where the movable teeth are asymmetrically placed between the stationary
teeth :

1 1
C = Nehx < + ) (3.68)
g—Yy g+y
The force can been expressed :
1. ,0C 1 1 1
F,=-V*— = _V?Nech ( + ) = k,x 3.69
2 Or 2 g—y gty (3.69)
therefore
2k,
V= i (3.70)
In the transversal direction a similar expression for the force balance can
be written:
1_,0C 1 1 1
F,=-V?—— = _~V?Neh ( 5 — 2) = kyy (3.71)
2 o0y 2 (9—y)" (9+v)
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39

Figure 3.12: Electric field distribution in the comb-finger gaps. The direction of the x

coordinate is chosen opposite of the parameter g in the parallel plate actuator.

Finally an equation for the total potential energy in the actuator can be

obtained:

1 1 1
PE = “k,2° + ~ky* — ~CV? 72
2/%:1: + Qkyy 2C’V (3.72)
1 1 1 1 1
PE = kit + Sk — ~Nha ( + ) V2 (3.73)
2 2 2 g—y gty
Values of y where ‘%JE = ( are all possible equilibrium position, but only
those that have 625 L > 0 are stable,where ‘925 L are expressed as :
OPE 1 1 2k, 2?
y g-y)  +u’) (L +5)
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2pEp 3 AT 2,2
TP k. ((9 ty) +lo-y) ) 9~y (3.75)
Oy (9—v)(9+v) 29
0’PE 2 4+ 3y?
IR S O (3.76)
Oy? (9° = v?)
For y = 0 this expression simplifies to:
0’PE 2k, 2
Y ayQ ) 92 ( )

In the ideal case (y = 0) the stability criterion is:

2k, 2 x k
oo — 207 = v _
y 7 > 0:>y < ok, (3.78)

From this expression it can be seen that sideway snap down limits the
deflection of the electrostatic comb drive actuator. For best performance
the ratio of the transversal (y direction) to the longitudinal (x direction)

spring constant should be as large as possible.

3.8 Comparison of the Two Actuation Mechanisms

Now the force developed in parallel plate and comb drive actuators can be
compared. The first order expressions for the force in these two actuators

are see Fig 3.13:

NehV?
Comb — drive : F.q = 5d (3.79)
AeV?
Parallel  plate actuator : Fy, = —— (3.80)

29
In order to compare these two expressions, we write the area of the comb

drive acuators as:

Aug = ANdh (3.81)
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A=4Ndh
A,p=wh
g 44
dy
Parrallel Plate Actuator “«——»
Comb drive h
(@ (b) (©)

Figure 3.13: Schematic of a)the parallel-plate and the comb drive actuator and b) shows
one unit cell of a periodic comb drive actuator[46].

Given these definitions the ratio of the force produced by a comb drive and

a parallel plate actuator of the same cross-sectional area is found to be:

ch_ 92

E, 2d

This expression shows that the comb drive actuator can generate substan-

(3.82)

tially larger forces than the parallel plate actuator. In the assumption that
the parallel plate actuator is voltage controlled and can be operated over
one third of its gap (§) and the gap in the combdrive is determined by the
lithographic resolution, we find:
Fog 9(7’ange)2
E,  2(line  width)?

In many applications the total range of travel of the actuator might be

(3.83)

wanted one or two orders of magnitude larger than the lithographic line-
width resolution. In all these applications the comb drive actuator is clearly
largely superior to the parallel plate actuator, at least if the maximum
available force is important. It should be remembered however that the
range of the comb drive actuator is also limited by snap down as discussed
above. By using the expression found for the deflection of the comb drive

3 : .
actuator (e, = d ﬁ), we can rewrite the force ratio as:

Fo _ 9035 9k,
Fu 2 & 4k,

(3.84)
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Of course this equation is valid for the situation where the parallel plate
actuator and the comb drive actuator have the same range of motion, given
by the maximum range of motion possible in the comb drive actuator. This
is not necessarily the most fair way to compare these two actuators. Often
it is better to use average to trade off force and range such that their
product is constant . In many applications it is therefore found that the

force x range product is a better figure of merit than the force ratio:

K,
FeaXrangec g %9 _ BQZJ Ky NBJ ky (3.85)

Fppxrangepp_ 2d*4 242\ 2k, 2\ 2k,

It can be seen from this equation that now the comb drive actuator is not
as much favored as in the case derived earlier. If the mechanical springs
are well designed k,>Fk, however the comb drive actuator is still superior

to the parallel plate actuator with a substantial margin.

3.9 Basic Dynamic Response of RF MEMS Switches

The derived expressions for pull-in and pull-out voltage of a beam describe
the static response of the switch. In order to describe the dynamic be-
haviour of the switch in terms of resonant frequency and switching time
it is necessary to include the finite mass of the mobile structures together
with the mechanical damping forces that arise from the viscous air flow
generated by the up and down movement of the mobile electrode.
In the particular case of a parallel plate with vertical movement it can be
shown [2] that the damping coefficient is:
po S ud

— 3.86
21 g3 ( )

where A is the area of the device. Damping can be decreased substantially

by the use of holes in the top membrane. The effect of holes on damping
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coefficient is described in [3] and can be estimated by:

I R LY (3.87)

where N is the total number of holes per unit area and p is the fraction
of open area on the plate. An approximate formula for a quality factor

(Q = wiob ) of a cantilever is given by :

Vv Ept?
Qcantilver — /L(u)l)2 (388)

where w and [ is the width and length of the cantilever ,() factor of the
fixed-fied beam is the QQ of a cantilever beam of haf its length[11].

VEpt?

Y g
()2

inxed—fixed = (389)

In practice it turns out that the Q-factor does not affect the switching
speed of structures as long as () > 3. However it has an impact on the
release time in case of large displacement the corresponding Q using the

equation above is:

N

Q.= Q1.1 — (;0)2) (1+ 9.638(;\)1'159) (3.90)

where in (eq.3.89) @ is the nominal small displacement quality factor at
g = go, and the second term is a correction factor introduced by [61] to
account for large displacement. This results in ) # 0 for x = gy when the

beam touches the pull down electrode.

3.10 First Order Estimation of the Switching Time

The dynamic behaviour of the beams is modelled by considering a beam

of mass m suspended by a spring with constant k and squeeze film effects
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represented by the damping coefficient b. The resulting one-dimensional

model is shown in Fig.3.14 and the governing equation is:

d*x dx 3
mos + ba + kx + kya® = F, + F, (3.91)
where k includes the bending and the intrinsic stress and k4 the stretching
effects of the beam. The damping factor is b = &

and F, and F,. are two forces as described below. The voltage applied to

the switch and the external forces acting on the switch (for x = gy — g) are

given by:
, dV dc epA
= Vs — = Vs —(C—+ — = .92
V=V,—i(t)Rs =V, — (C o -l—th)Rs, C go—i-if—x (3.92)
2
Fe _ l EOAV F - ClA B CQA (393)

2(g0+ 2 —x)2 " (go—x)® (90— )0
where Vj is the source voltage , F, is the electrostatic pull-down force and
F, represents the attractive van der Waals forces (first term) and repul-
sive nuclear forces (second term) between the metal and dielectric layer
[62]. The constants C; = 107Nm and Cy = 10" Nm?® determine the
surface energy due to the van der Waals attraction and the equilibrium
distance from the surface respectively. The switching time is obtained us-
ing Eqn.3.92 at x = gy. It has been shown that this closed form agrees
well with numerical modelling and the measurements [39]. In a similar
way the equation for a damping-limited system () < 0.5 can be derived
with the assumption of constant damping with height and neglecting the
acceleration and the spring constant [39]. For the electrostatic pull-in force
we have F, = b%' The solution using integral methods gives the following
expression for the switching time t,:
[ = 2bg3 - 9Vp% |
30 AVZ  4wyQV2

V>V, (3.94)
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Figure 3.14: The 1-D MEMS beam model and its coordinate system.

Another estimate can be made by assuming a constant Fe and constant
: .. dr  go : o
velocity approximation P In this case the switching time can be
S

estimated by

B 2bg3 27Vp2i

- 60‘/;2 o 4(,(}0@‘/52 ’
For the damping-limited case the Eqn.3.95 tends to overestimate the switch-

ts

Vi > V), (3.95)

ing time while Eqn.3.94 tends to underestimate it. Clearly, a trade-off has
to be found between the switching response and the actuation voltage. In
the case of a real switch one has to distinguish between the pull-in time,
that is the time necessary to close the switch, and the release time, i.e the
time required for the switch to move from the down-state to its original
height (or within 5% from this value). From these simple expressions it is

evident that the main device parameters affecting the switching time are
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the air gap, the mass of the mobile structure, the damping force generated
by the viscous air flow and the restoring force generated by the spring.

Among these the damping coefficient requires a more detailed description.

3.11 The Squeeze Film Model

There are several energy dissipation mechanisms that are common in MEMS
devices [32]:

- Losses to surrounding fluid/air due to acoustic radiation

- Losses into microstructure supports due to local deformation and mi-

cro slip

- Intrinsic damping due to losses that are generated by the molecular

interactions in the material during deformation of a microstructure
- Losses due to viscous friction (viscous air damping)

Among the presented damping sources, viscous air damping is the most
significant source of energy dissipation in MEMS at atmospheric pressure.
Therefore we assumed air (or gas in general) as the most important working
fluid for the devices analyzed in our work. Viscous air damping can be

subdivided in two subsections:

- Slide film damping, which dominates in laterally moving devices. e.g.

comb drive actuators.

- Squeeze film damping, which dominates when the device moves ver-
tically or bends towards a nearby rigid surface with a thin air film in

between, e.g. microswitches and torsional micromirrors.

Fig 3.15 shows the schematic diagram of the moving parallel plate.Both

slide and squeeze film damping are studied in many works. As the squeeze
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film damping originates from the fluid flow around the microstructure, its
description requires the use of the fluid dynamic equations. The contin-
uous field regim squeeze film damping of a microstructure vibrating in a
fluid is governed by Navier-Stokes equations, which, due to their intrinsic
complexity, are solved using computational fluid dynamic methods that
are one of the most demanding tasks for FEM solvers. One of the most
common methods to avoid the use of the Navier-Stokes equations for mod-
elling squeeze film damping in MEMS consists in applying the Reynolds
equation, which is used in lubrication theory to describe the behaviour of

a thin fluid film between two moving surface, and is expressed by

d pg°dp, O pg’dp, . 0(pg)
a0+ oo o) =120, (3.96)

ox
where the gas densityp, the gas pressure in the gap , and the gap thickness

are functions of time and position (x,y) and p is the dynamic viscosity of
the gas. The Reynolds equation is a nonlinear partial differential equation
which is derived from Navier-Stokes equation, which includes the conser-

vation of mass and assumes:

the fluid is Newtonian, i.e. the shear stress is directly proportional to

the velocity;

The fluid obeys the ideal gas law;

The inertia and body forces are negligible compared to the viscous

and pressure forces;

The variation of pressure across the fluid film is negligibly small;

The flow is laminar;

The thickness of the fluid film is very small compared to the lateral

extent of the moving and stationary plates;
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Movementdirection

f|‘ y

Squeez film

Figure 3.15: Shows the schematic diagram of the moving parallel plate.

- The fluid can be treated as a continuum that does not slip at the
boundaries [32] .

A general measure of validity of these assumptions is the Knudsen number

K, :

NoPatm
K,="—"— 3.97
Pogo (3.97)

where pg is the working pressure in the gap,)\g is the mean free path of the
air particles at ambient pressure P, and equal to 101.325 kPa and g is

the nominal gap height.
- K,, < 0.001 cotinuum flow.
- 0.001 < K,, < 0.1 slip flow.
- 0.1 < K,, < 10 trasitional flow.

- K,, > 10 free molecular flow.
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Many MEMS devices may be designed to operate at a very low pressure
with a very small gap be-tween the electrodes. Under such conditions the
Knudsen number does not belong to the continuum regime.Fortunately
extensive research has extended the validity of Reynolds equation beyond
the continuum regim, thereby enabling the description of the flow using a
single model. A convenient way to account for gas rarefaction is to modify
the dynamic viscosity . Veijola et al introduced the following expression
for the so-called effective viscosity pi.ry , which is valid over a wided range

of K, 1ie 0 < K,<880[32]:
Heff = Trggani, ™ (3-98)

3.12 Short Notions on Electrical Degradation Phe-

nomena

3.12.1 Charging

One of the first degradation mechanisms identified in RF MEM switches
is dielectric charging, caused by charge injection into the dielectric layers
covering the actuation electrodes due to the high applied voltages. The
injected charges accumulate in the dielectric, which in turn induces a mea-
surable voltage shift in the actuation characteristics of the device. Even
though this phenomenon has been studied extensively the exact mecha-
nisms for the transfer and trapping of charges are not yet fully understood.
What is known is that as the charges get trapped within the dielectric, they
screen the applied electric fields that are used to control the actuation and
release of the switch. The end result is that a screening field builds up
within the dielectric opposite to the field applied to operate the switch.
A voltage is associated to this screening field, which is opposite to the

applied voltage. As the charge builds up, this screening voltage detracts
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from the actuation voltage until it becomes equal to the applied voltage.
At this point the pulling force on the membrane is totally compensated
and the switch cannot be operated anymore. Conversely, when the applied
electric field is removed, the electric potential of the trapped charges keeps
on attracting the membrane. Since the hold-down voltage for a switch is
much smaller than its actuation voltage, the trapped charges may provide
enough potential to keep the membrane down still after the bias voltage
has been removed. This results in a switch being stuck down. Experience
shows that stuck switches are the most common cause of failure. Given
the high electric field responsible for tunnelling, trapping and the resulting
failure (sticking) of the MEMS switch, we anticipate that the lifetime of
the switch is related to the magnitude of the applied electric field. One
physical mechanism that is thought to be involved in the dielectric charging

is the Frenkel Pool conduction. The equation for Frenkel-Poole conduction

142, 59]is:
AV g
IV, ﬂj = qkTB (3.99)

where J is the current density due to Frenkel-Poole conduction, V is the
applied voltage, T is temperature in Kelvin, ®p is the barrier height, k is
Boltzman’s constant and a is a constant composed of electron charge, in-
sulator dynamic permittivity and film thickness. This equation represents
an exponential relationship between the current and the applied electric
field. As such one might expect that the lifetime of MEMS switches is ex-
ponentially related to the applied voltage. A straightforward experiment
is to measure the switch lifetime (number of actuations until failure) as a
function of applied electric field. This provides valuable insight into the
mechanisms of charging and switch failure, yielding information on how
the applied actuation voltage affects switch lifetime. In practice the di-

electric charging can have two consequences i.e. stiction and screening as
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described above [30, 40]see Fig 3.16.

3.12.2 Power Handling Capability

The power associated with the RF signal flowing through the switch (of
micro scale) can be the origin of device self-actuated even if the actuation

signal is not applied. These events can be classified as follows:

- Self-actuation: A strong enough RF signal can have a DC component

sufficient to accidentally actuate the device.

- Latching: A strong enough RF signal can have a DC component equal

to the hold-down voltage. In this case the bridge will be not more

released|[4].

Screening Stiction

Figure 3.16: a) schematic view of the charge distribution causing the partial screening of

the actuation voltage b) the stiction of the suspended gold membrane.
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Theoretical analysis

As shown earlier the actuation voltage of a suspended membrane can be
approximated with equation (3.60). If an RF signal with Vf amplitude is
applied to the switch membrane, a DC component will be generated. This

will be equal to:

Vo
Voo = — 3.100
DC \/5 ( )
and the equivalent power at the switch input port will be:
Vi?
Py = — 3.101
= (3.101)

Two situations can occur: if the actuation voltage Vy. is lower that the DC
component generated by the RF signal, the switch will suddenly actuate
itself, i.e. self actuation happens, while in case the voltage associated the
DC component of the RF signal is higher than the pull-out voltage the
switch once actuated will not release as long as the RF signal is applied,
i.e. latching occurs. Typically the necessary power to actuate a capacitive
switch is about 4 W, while on the contrary, for the latching phenomena,

the RF power to keep a device actuated is in the order of 500 mW.

3.12.3 Contact Resistance Variation

This reliability issue is mainly related to resistive switches. The aging of
the switch can cause a gradual increase of the contact resistance. This
in turn can then lead to an increase of the temperature at the contact
point and finally to a failure of the switch by contact welding or simply
by increased RF insertion losses (depending on the criteria adopted for
a failure). In extremis the increased resistance in the closed state can
become comparable to the resistance exhibited by the switch in the open
state, impairing so definitively the function of the switch. In Figure 3.17

it is possible to see the comparison between apparent contact area and
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the real contact area in a gold-gold metal contact. The reduced size of
the contact point increases the series resistance of the device degrading its

electrical performances [23, 22].

Theoretical Analysis

One of the prime sources of contact resistance is the roughness of two
surfaces that get in contact. In fact, when two surfaces come into contact,
at microscopic level only a finite number of points get really in contact.
This leads to a geometrical reduction of the effective surface for the current
flow, which increases the resistance of the electrical path. Moreover, for
a contact with a radius similar to the electron mean free path (10 nm) or
smaller, the current flowing is constricted by scattering around the contact
(boundary scattering). Taking into account these phenomena, the contact

resistance can be approximated with:

140831 4pl
C 1+4033(Y)2a  3ma?

L
a

S

(3.102)

where Ry is the contact resistance, 1 is the mean free path, a is the contact
radius and p is the electrical resistivity. The order of magnitude of the

radius of the contact area for two adhering materials is:

F,
TH

(3.103)

a =

where F is the contact force and H [Pa] is the material hardness, which
can be obtained with standard tests, e.g. the Knoop method [14]. Due to
the Joule law, a current flowing through a contact tends to heat it up to
a temperature level called ”supertemperature”. This temperature can be
hundreds of degrees higher than the surrounding material one. If we assume
that the Widemann-Franz law is valid for metals and that the current and

the thermal flow have the same direction, the super temperature T is given
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by:
V(LA -T)) | T+ T
T52:4L+( b4v20) + 2 5 0 (3.104)
where V the voltage drop on the contact, L = 2.47 x 10_8[‘% is the Lorentz

constant, 7j is the membrane temperature near to the contact zone and

Ty is the substrate temperature. Tests carried out at macroscopic scale
have shown that the contact resistance grows with the supertemperature.
However, above the supertempreture, a softening of the contact happens
with a consequentially increase of the contact radius and a reduction of the

electrical path resistance. The contact area variation can be approximated

by:
A Ry’ 2L 2
A 1 T, — T 1
Ay R2 + 3K( 0) (3.105)

where A is the softened contact area,Ag is the contact area before the soft-

ening, R is the softened contact resistance and R is the contact resistance

before the softening.

3.13 Short Notions on Mechanical Degradation Phe-

nomena

Due to the mechanical nature of the MEMS devices in addition the electri-
cal degradation phenomena there exist also many mechanical degradation
phenomena and processes that can impair the reliability of the MEMS de-
vices. These degradation processes depend strongly on the materials used,
the design and the type of load applied to the devices. Here after the most
relevant to RF MEMS switches are shortly presented.

3.13.1 Stray Stress

This is a endemic source of failure always present in thin film structures.

Stray stresses are defined as stresses in films that exists even in the absence
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Apparent Contact Area

-+ -4
Real Contact Area

Figure 3.17: Comparison between apparent contact area and real contact area in a gold-

gold metal contact.

of external forces applied. In MEMS small stresses cause noise in the
sensor output, while large stresses lead to mechanical deformation. This
mechanical deformation can impair the device functionality changing the

nominal working condition [44].

3.13.2 Creep

When a load is applied to a material its strain response consists of an in-
stantaneous elastic elongation related to the Young modulus and a time
dependent term. The latter is due to creep. The classical definition of
creep is ”a time-dependent deformation of a sample caused by external
mechanical loads, even constant over time”. A possible way to observe
creep generation is by looking at the time depending stress relaxation.
Most metals exhibit creep at temperatures higher than 2/3 of its melting
point. In the MEMS devices creep can be observed as a slow deforma-
tion of movable metal parts, while related to the package it shows up as

fractures in the solder joints. The later one can sometimes be detected by
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scanning acoustic microscopy, microscopy or SEM microscopy on a cross-
section. Creep is caused by high stresses or stress gradients especially in
metals that are creep sensitive (e.g. Al and solder alloys) combined with
high temperatures (e.g. with high RF power applied and large CTE dif-
ference between the materials). Creep can also be detected in the shift
of electrical parameters (pull-in voltage, capacitance swing, resonance fre-
quency,...). In practice it is evident only in devices and packages with metal
parts(such as Al bridges, solder joints) that are creep sensitive in the above
mentioned load conditions or in devices working in an high temperature
environment. Creep is a non-reversible process that results in a permanent

non recoverable damage [44].

3.13.3 Fatigue

Fatigue is a failure mechanism consisting in the decrease of material strength
due to cyclic loads. Fatigue can occur in all MEMS device. The cyclic load-
ing leads to the formation of surface microcracks that cause the slow weak-
ening of the material over time and create localized plastic deformations.
Fatigue causes thereby a gradual change in the properties of a material Af-
ter a first nucleation of the damage crack initiation occurs and propagates
through the structure till final collapse caused by brittle rupture occurs.
From this qualitative picture it is evident that fatigue is a time dependent
phenomenon that affects the mechanical behavior of the MEMS devices.
Fatigue can develop in different ways, the cracks can start at the surface
(local high stress location points e.g. at rough surfaces) or in the bulk (de-
fect growing). It can further grow because of stress changes at the crack tip
(where high local stress is present) during cyclic loading or because of stress
corrosion cracking, e.g. in crystalline Si a crack can grow because of faster
oxide growth in the high tensile stress regions near the crack tip. Some-

times the origin is a large motion that induces stress changes near stress
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concentration points. Such points are typically found at sharp edges, rough
surfaces or inside non-uniform material. Therefore fatigue is mainly seen in
the fracture of beams or hinges, cracks at places where motion takes place
and high stress is present (e.g. sharp edges of moving hinges). In pres-
ence of fatigue a shift of electrical parameters (pull-in voltage, resonance
frequency.) can be observed.Due to their inherent nature MEMS devices
where a lot of cyclic motion is present may be more susceptible to fatigue.

This is a non-reversible process, resulting in permanent damage [44].

3.14 Short Notions on Environmental Degradation

Phenomena

3.14.1 Capillarity stiction

Surface micromachined devices, for reasons related to processing, are ex-
tremely hydrophilic. A hydrophilic surface in a humid atmosphere will
experience both, condensation, which can create bending moments in struc-
tures and capillary forces, which will create stronger adhesive bonds than
Van der Waals forces alone [11, 8, 58]. Water or fluid that is present in
the small cavity between two moving parts or a moving and a fixed part
can keep them together due to its liquid surface tension [11, 8, 58]. The
stiction force depend on the roughness of the surfaces (the rougher the
smaller the force), on the temperature and on the pressure of the environ-
ment. Stiction can be best observed using an optical microscope, motion
analysis instrumentation (the stuck part will of course not move) optical or
a profilometer. Stiction can also be observed in a SEM but a low-vacuum
instrument that works at low voltage is required as a high vacuum can
remove the fluid from the sample and the high voltage electron beam of

the SEM can induce charging which could also result in stiction. The main
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occurrence of capillary stiction is after the release etch, i.e. during the dry-
ing of the MEMS due to the water left under the structure that can pull
down the structure by capillary forces. The use of an appropriate release
method can prevent this problem. However it might also occur during use
of the MEMS device in a humid environment. This can be prevented by
protecting the MEMS by a hermetic package with a low internal humidity.

In addition the following factors should be taken into account:

- MEMS with a large restoring force (stiff structures) will be less sensi-
tive to capillary stiction than a MEMS with weak and slender struc-

tures.

- a smoother surface can be more easily affected by stiction.

Capillary stiction can occur in all MEMS. Due to its nature this is a failure
that in can be avoided in general by good processing practice (taking care
during etch of the sacrificial layer), optimal design (stiff moving parts)
and/or protection of the MEMS against high humidity(packaging). In
Oya et al.[58],reported on capacitive switches that kept functioning even
at humidity levels as high as 95% RH. This indicates that if the restoring
forces of the switches are large enough (stiff bridge), capillary stiction will
not be an issue. As an additional precaution anti-stiction coatings can
be used to produce hydrophobic surfaces, although those currently under
investigation are only applicable to certain types of devices and not yet

"industry-ready”.

3.14.2 Electro-static Discharge and Electrical Over-stress

Electrical over-stress (EOS) is a common term referring to voltage / current
beyond the nominal values of the device. Electro-static discharge ( ESD)
typically occurs when a device is improperly handled or gets in contact

with a charged body. These effects are known to have catastrophic effects
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in traditional solid state circuits and also in MEMS [47, 48]. Typically
the application of high voltages can cause breakdown in dielectrics and
even arching and subsequent melt of part of the structures. The only
possible countermeasures lay in the robust design and the strict respect of
the isolation distances (according to the electrical rigidity of the materials,
i.e. dielectrics and air) as in MEMS devices it is in general not possible to

include active discharge and protection devices.

3.14.3 Temperature Stress

Due to the fact that MEMS devices are built out of many different ma-
terials which have different thermal expansion coefficients they can have
internal stresses which are in general quite temperature dependent. This
is due to their inherent mechanical design, which through the substrate in-
duces changes in the stress state of the mechanical membrane as the device

experiences a temperature variation.

Temperature Induced Elastic Deformation

Differences in the coefficient of thermal expansion (CTE) between two
connected materials can lead to temperature induced elastic deformation
or non-uniform temperature differences within the bridge of a switch or
within a beam. This will cause anomalous buckling of a MEMS structure
during temperature changes or during functioning. This effect is mainly
found when materials with very different CTE are used, if inhomogeneous
heating of a device during functioning occurs or in designs that do not take
into account thermal expansion. From a functional point of view changes in
the pull-in/pull-out voltage of switches or changes of the resonant frequency

and Q-factor in resonators are observed [18].
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Temperature Induced Plastic Deformation

A permanent temperature induced change in a material (annealing) may
be caused by plastic deformation. These changes include stress alteration,
softness, ductility, toughness, electrical or magnetic or other physical prop-
erties changes. The deformation goes together with changes in crystallinity
and micro-structure. All materials have a critical temperature above which
the material properties change (grain growth, dislocation motion, etc.). If
this temperature is exceeded during functioning or processing or packaging,
the device will deform in a irreversible way, similar to the anomalous and
irreversible deformation of a MEMS structure when submitted to a high
temperature step. Plastic deformation is of particular concern in materials

with low melting temperatures such as Al or most Al-alloys.
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Chapter 4

Modelling Approach and Design
Aspects for the Optimization of the

Dynamic Characteristics of RF
MEM Switches

4.1 Introduction

Accurate modelling of the electromechanical behaviour of RF-MEMS de-
vices is an essential step in order to predict not only their mechanical
characteristics, but also to guide the design of optimized devices by taking
into account the trade-offs arising from device specifications both in the
mechanical and electrical/electromagnetic physical domain. The numeri-
cal modelling work performed in this thesis had the main goal to provide
a modelling procedure, able to perform static, modal and dynamic simula-
tions. In addition we focussed on the identification of the main parameters

influencing the dynamic behaviour of the devices.
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4.2 The Numerical Modelling Process

In order to perform a complete numerical simulation of an RF MEMS
device, such as switches or a varactor, a combined analysis in the mec-
ahnical and electrical fields as well as time and frequency domains has to
be performed. Typically the complete modelling of a RF MEMS device
is performed in three steps, starting with a static analysis, followed by a
modal analysis and finally by a dynamic analysis. To perform this type
of simulations a multi physics domain approach is necessary. All the nu-
merical analyses presented in this thesis have been obtained with ANSYS
Multiphysics (version 11), which is an extremely powerful software tool for
performing Finite-Elements -Model (FEM) simulations in multiple physical

domains.

4.2.1 Example structure

In the following description of the numerical modelling process a RF MEM
shunt switch fabricated with the FBK technology will be used as an exam-
ple case. Details on the fabrication process can be found in the previous
chapter. Fig 4.1 shows the layout of the shunt switch, characterized by a
central square plate stiffened with a thicker frame through CPW layer and
suspended with meander type springs in order to mitigate the effects of
residual stress on the effective stiffness of the suspensions [5]. The size of
the centeral plate structure is 220x220 pm, the thickness of the meander
springs is about 1.8 um while the central part reinforced with the CPW
frame is around 4.8 pm thick. The dimensions of the vent/release holes

are 20x20 pm?.
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Figure 4.1: Layout of the RF MEM shunt switch used as example for the description of

the numerical approach.

4.2.2 DMaterial Properties and Fabrication Process Parameters

The first step in the model construction consists in the definition of the
material parameters used by ANSYS.

A wide range of materials are typically used for the construction of MEMS
devices. Since their mechanical properties strongly influence the character-
istics of the devices, an accurate evaluation and selection of the materials
and their compatibility is necessary, both for optimum dynamic perfor-
mance of the switch design and for higher reliability of the device.
Monocrystalline silicon, one of the most used material for MEMS devices,
is a mechanically strong material that does not show creep or plastic de-
formation and is well-suited for mechanical elements undergoing bending.
Polysilicon has similar properties and like silicon it is compatible with most

micromachining processes. Other commonly used materials are sputtered
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thin films of various metals, such as aluminum, tungsten, platinum and
gold. These are mainly used as electrical conductors.

Also dielectric layers like silicon dioxide and silicon nitride are extensivley
used in the fabrication of MEMS. Both of them have traditionally been
used for electrical and thermal isolation, masking, and encapsulation. Be-
cause of its chemical inertness and low intrinsic stress , silicon nitride is
generally preferred over silicon dioxide. Silica glass is also increasingly used
in MEMS technology. Other materials used primarily for electrical isola-
tion are aluminum oxide and polyimide.

The diversity of materials usually integrated together in MEMS devices
is also likely to generate different failure modes from traditional micro-
electronics or from mechanical systems, due to matching problems be-
tween their different mechanical properties. Only a few studies have been
conducted on the long-term mechanical stability of the materials used in
MEMS devices, a crucial issue as the materials and the processes that are
widely used in micro electronics technologies are now required to fulfill dif-
ferent functions for MEMS devices. As an example one can take the case of
polysilicon, a material commonly used for MEMS devices, but for which re-
liable mechanical data are not available for devices that have dimensions on
the order of microns. Properties such as Young modulus and yield strength
are uncertain because the device size often approaches the grain size of the
material. There are simply insufficient grains in the substrate for random
orientation to cause the material to be isotropic. The mechanical proper-
ties of micron-size polysilicon largely depend on the individual production
lot and any test measurements would result in material properties data
with large deviations. The actuator types found in optical MEMS com-
ponents, such as lenses, mirrors, optical switches, beam splitters, gratings,
etc. often rely upon the electrostatic deformation of a mechanical mem-

brane, beam, or cantilever to manipulate the optical beams. Micromirrors
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designed to be used as optical switches, displays and scanners are examples
of this. They are made with thin metal films of aluminum and polysili-
con. The main problem associated with fabricating membrane, beam or
cantilever mirror structures with metal or dielectric thin films has been
the magnitude and variance of the stress generated in the materials during
fabrication. When the mirrors are released, the internal stress causes them
to bend in a concave or convex manner, depending upon the stress state
(whether it is tensile or compressive) within the material. For micro opti-
cal applications where surface flatness and uniformity are paramount, this
problem is a severe impediment to the development of these devices. Non-
theless Al is an intersting material for MEMS devices including switches
because of its low density. By using Al instead of gold the switches could
be intrinsecally faster just because a smaller mass accelerates faster. While
this may sound very intersting one has still to keep in mind that materials
cannot easily be substituted in a process due to the many compatibility
issues involved in the architecture of a process. In addition to the struc-
tural materials mentioned there has been an increasing interest in the use
of amorphous and diamond-like carbon films and diamond structures in
MEMS devices. The large wetting angles, low surface energies and small
adhesion forces of carbon films make them good candidate materials for
reducing stiction and friction forces at MEMS interfaces. In addition there
is some ongoing research activity investigating the application of carbon
nanotubes in the fabrication of MEMS. These could be useful in improving
the RF performance of the switches as well. It has been shown [28] that a
Au surface coupled with a Au/MWCNT (gold coated multi-walled carbon
nanotube structure) has the ability to sustain millions of switching cycles
under typical electrical loads for current MEMS switch devices, e.g. 4V,
1 to 10 mA, with a low contact force in the order of 1mN. This is an im-

portant observation and lays the foundation for the application of carbon
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nanotube structures for electrical contact applications. The surfaces devel-
oped in these works used an approximate 500 nm thick gold coating on a
stainless steel ball surface and a MWCNT surface. The contact resistance
across the interface was used as the parameter for determining the failure
modes of these surfaces. This and other works show that the contact force
has an important effect on the reliability of the switches. As far as this
thesis is concerned, only a limited consideration could be given to these
sugges tionsbecause the inclusion of exotic layers like MWCNT in the in
house technology is impossible at the moment.

As an alternative to gold, aluminum or copper instead of gold could be
helpful in reducing the switching time because of their lower density [39].
While Aluminum would provide the strongest reduction in weight it is dif-
ficult to use it as structural materila in FBK fabrication process. the other
side Copper is still 2.2 times more lightweight than gold, therefore provid-
ing a substantial mass reduction, which could improve the switching times
(for the same design and material thicknesses) in the order of a factor 1.5
(this is the amount of reduction of the natural frequency of the structure,
which is \/%, see chapter 3). The advantage in this case would be the fact
that a substitution of the gold layer with a copper layer is much simpler
as both can be deposited with the same process, i.e. the electrochemical
deposition. Anyway even if this case seems simpler to be implemented,
still a new material poses new challenges, for example in the fabrication of
contacts, since copper, unlike gold, is not a noble material.

The main structural material of the FBK MEMS switch process is gold.
Most simulation runs have been done with this material. In addition also
Copper, as an alternative material, has been considered. Table 4.1 sum-
marizes the material properties that have been used for the simulations.
The material properties were defined within ANSYS preprocessor, by choos-

ing a linear isotropic material model. Inside this model, the values of Young

36



CHAPTER 4. MODELLING. .. 4.2. THE NUMERICAL...

modulus, Poisson’s ratio and density were provided for each material com-
posing the structure to be simulated.

In this thesis we used, where available, measured data of the materials used
in the process and refined them in order to achieve a good matching with

experimental data on a large variety of devices and structures.

4.2.3 Model Construction and Meshing

Once the material properties have been introduced the next step is to

construct the model:

- one very straight forward way consists in importing the 3-D model of
the device with the help of the software MEMS PRO. MEMS PRO
is a layout editor tool that allows the transfer of the layout data of a
particular device to ANSYS. As the layout data contain only the 2D
information of a given layer, the thickness has to be added in order
to obtain a full 3D model in MEMS PRO. This was done for each
layer , i.e. the thin gold layer, the CPW layer and the spacer.With
these additional data a 3-D model is created and and saved into a
MAC format file, which is imported in ANSYS. The advantage of this
approach lies not only in the time saving offered by an automatic pro-
cedure, but also in the perfect match between the designed device and

the simulated one.

- The second possibility to generate the device geometry, used in this
thesis work in particular circumstances, consists in creating the geo-
metrical model directly in ANSYS. This can be done manually with
the commands available in the model construction window of AN-

SYS or by using the machine commands. In the latter case simply a
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command list can be written in a Wordpad or Notpad file and then
imported into ANSYS. Even if this method is more time consuming
and requires a good knowledge of the building commands of ANSYS
it offers a much higher control on the device geometry and can be
mandatory in particular circumstances.

Once the device geometry has been defined a suitable mesh has to
be defined. In a FEM analysis the mesh defines the elementary basic
elements cells on which the equation’s are discretized and therefore
the meshing has a strong influence on the precision of the solution
provided. ANSYS provides different ways to mesh a structure, which
depend also on the particular domain used. It is intrinsic to the FEM
approach that the more refined the mesh is the more accurate will be
the solution obtained. The next step in the preparation of the simula-
tion consists in the definition of the appropriate boundary conditions.
In applying the boundary conditions also the symmetry planes of the
structure must be considered and can be exploited to contain the com-
puting effort. If during the geometry definition it has been decided to
exploit the symmetry conditions of the structure and only a quarter or
a half of the structure has been designed, now these symmetries have
to be considered very carefully during the application of the boundary
conditions, because a wrong definition at this step can invalidate the

whole simulation.

4.2.4 Static Electromechanic Model; Determination of the Pull-
in / Pull-out Voltages

As discussed in chapter 3 in the case of electrostatic actuators, when a

voltage is applied to the actuation pad, an electrical field is created be-
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Figure 4.2: Meshed device with symmetric conditions applied and fixed domain defined.

tween the upper electrode and the pad at the bottom, which attracts the
mobile electrode till the instability point is reached and pull-in occurs. The
electromechanical model is used in order to estimate pull in voltage and
pull out characterestics of the device under investigation. In this kind of
simulation the 3D models were typically meshed with a 2-um triangle mesh
element is used. In order to save machine resources and computation time
all possible symmetry conditions were normally exploited, e.g. in most
cases only half of the structure if not only one quarter was modeled. The
electric field is introduced with the TRANS126 element, which in ANSYS
represents a transducer element that converts energy from the electrostatic

domain into the structural domain (and vice versa), while also allowing for
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energy storage. This element fully couples the electromechanical domains
and represents a reduced order model suitable to be used in structural fi-
nite element analysis as well as electromechanical circuit simulation. The
TRANS126 element has up to four degrees of freedom at each node: three
degree in translation in the x, y, or z direction and one degree for the electric
potential (VOLT). Fig 4.2 shows the meshed domain and the symmetry
planes. In addition the boundary condition for the TRANS126 element
must be considered. These TRANS126 elements are created by issuing
the proper ANSYS command (EMTGEN) after selecting the nodes at the
bottom side of the mobile electrode see Fig 4.3. The proper selection of
these nodes is crucial for the accuracy of the model. By using suitable com-
mands able to select the nodes based on their coordinates, this step can be
programmed in ANSYS as a function of the geometry parameters defin-
ing the solid model. After creating the TRANS elements at the bottom
part of the mobile electrode, the solver can be launched. The computing
time strongly depends on the number of elements that have been created.
One has to keep in mind that for the smaller load steps the longer the
computational time. Therefore it is advisable to check if the model con-
struction is correct by making a test run using a larger load step, before
reducing the load step in order to obtain a more precise result. During the
first static simulations of different structures using the nominal geometri-
cal values and the material properties of gold found in the literature it was
found that the extracted pull-in voltage resulted in much lower values than
the expected /measured one. There are different possible uncertainties that
contribute in various ways to this discrepancy and all of these have been

addressed in the attempt to refine the simulation model:

- The value of the Young modulus: clearly higher E values generate
higher pull-in values. As a first tentative a value of the Young modulus

of gold taken from the literature has been used. This value is the one
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Figure 4.3: Screenshot of the view of the TRANS126 elements of a structure.

found for pure gold and may be in defect both because a thin film
generally exhibits a higher Young modulus and because FBK thin
film is not actually made of pure gold but is very likely an alloy with
low traces of chromium, which enhances the mechanical properties of
the layer. Hardness measurements performed later on showed that the
Young modulus of the plated gold layer of the FBK process is rough-
ly 20% higher then pure gold. Of course this increase alone cannot
account totally for the discrepancies observed, as the pull-in voltage
is roughly proportional to the square root of the Young modulus, see

chapter 3.

- The value of the initial gap: from chapter 3 it is clear that by decreas-

91



CHAPTER 4. MODELLING. .. 4.2. THE NUMERICAL. ..

ing the initial gap, the pull-in voltage decreases. With respect to this
the main difficulty is that the accurate estimation of the value of the
gap with no bias is not a simple task. It is known that the nominal
value of the gap that corresponds to the spacer height on a blank wafer
is an overestimation because the finite height of the actuation pad re-
duces the actual spacer height in the gap. If the photo resist used as
a spacer would behave as a perfect liquid the gap height would be the
nominal value minus the actuation pad height. In practice things are
not so simple as the photo resist to a certain extend tends to be more
conformal. Unfortunately there is no simple and obvious method to
measure the actual value on a finished device. An indirect estimate,
based on height measurements during the fabrication of the devices,
indicates that the actual gap height is half way between the nominal
value and the value obtained by subtracting the actuation pad height.
As in the case of the Young modulus at first order the pull-in voltage
is proportional to the square root of the gap height, which makes this
parameter less sensitive to errors even if the absolute uncertainties on

the parameter may be high.

- The thickness of the gold layer: The actual value of the thin gold
layer thickness determines the mechanical stiffness of the structures.
This value is particular important for those structures which undergo
flexure as the stiffness to flexure of a beam is very sensitive to thickness
variations. Therefore this is an issue in case of cantilever beams, while

it affects much less the clamped clamped beam structures.

- The intrinsic stress: it is well known that most MEMS fabrication
techniques induce a high internal stress in the materials, which finally
produces high pre-stress values in the final mechanical structures. The

internal stress is mainly due to temperature variations during the fab-
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rication, especially in case of several layers of materials with different
coefficients of thermal expansion. This pre-stress strongly affects the
behavior of the system and must therefore be included in the model.
In case of the gold structures built by FBK an initial stress value of
150MPa has shown to be in good agreement with most experimental

findings.

All the above mentioned corrections have been included in the parameter
definition file and the material properties file. The thickness of gold layers
used for simulation are respectively 1.8 and 3.8 ym BRIDGE and CPW
respectively. Table 4.1 shows the material properties that have been used
for the last simulations, while Fig 4.4 and Fig 4.5 show the deformation
map of the structure after pull-in and the displacement vs voltage curve
of the central point of the structure. Before including the appropriate pre-
stress and the corrected thickness of the structure taken from the inline
measurements performed during device fabrication, the simulated pull-in
voltage was about 3 V. After including these, the pull-in voltage increased
up to 4.6 V, i.e. a value 53% higher.

Young modulus of Gold [GPa] | Density of Gold [gem?®] | Poisson ratio of gold
80 19.3 0.44

Table 4.1: Principle material properties used for in the numerical simulations.

4.2.5 Modal Analysis

A prerequisite for a full transient dynamic simulation is the knowledge of
the Eigen frequency spectrum of the structure. This is obtained with a
so called modal analysis, which allows ANSYS to calculate the natural
frequencies and mode shapes of the structure under investigation. This

simulation essentially calculates the response of the structure to an external
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Figure 4.4: ANSYS plot showing the deformation of the structure after reaching pull-in.
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Figure 4.5: Central point displacement vs. applied voltage obtained by ANSYS simula-

tions. An abrupt change of displacement occurs at the pull-in voltage.

periodic excitation.

Typical outputs of a modal analysis performed by ANSYS are shown in
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Fig. 4.6 and Fig.4.7. The first image shows the first mode of vibration
of the structure, which corresponds to an up and down movement of the
central plate. The second mode, i.e. the one with an resonant frequency
immediately higher than the fundamental mode, corresponds to a bending-

like movement.

4.2.6 Dynamic Model Based on the Squeeze Film Method of
ANSYS

For the full transient dynamic simulation also the air flow around the struc-
ture must be considered. This implies the setting up and the solution of the
Navier-Stokes equations, which results quite demanding in terms of com-
putation power. Fortunately in addition to the possibility of a complete
solution of the Navier-Stokes equations the ANSYS FEM tool offers a sim-
ple and compact model for fluidodynamic problems based on the linearized
Reynolds equations that avoids simulating the whole FLUID 3D domain
as in case of the Navier-Stokes equations and is suitable for problems like
those related to the air damping. This simplified approach is included in
the FLUID136 element, which allows modelling the viscous fluid flow that
occurs in the gap of MEMS switches. The element is essentially based on
the linearized Reynolds equation familiar from lubrication technology and
previously recalled in chapter 3 . However it is not in the suitable form for
FEM discretization yet.
90° 0?’P  O*P h OP

1241cff, gap (3@"2 ! 33/2) Rt

Here gy is the gap thickness and p.s is the effective viscosity for the air

(4.1)

gap, P is the pressure, P is the operating pressure , and v is the vertical
plate velocity that can be the expressed as a function of x and y.
As the FLUID136 element models the viscous fluid flow behavior in

small gaps between fixed surfaces and structures moving perpendicular to
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Figure 4.6: Deformation corresponding to the first mode vibration.

the fixed surfaces, the element can be used to determine the stiffening
and damping effects that the fluid exerts on the moving structure. The
element behavior is based on the Reynolds squeeze film theory and the
theory of rarefied gases. As such, it is limited to structures with lateral di-
mensions much greater than the gap size. In addition, the pressure change
must be small relative to the ambient pressure and any viscous heating
is neglected. Therefore the FLUID136 element is particularly suitable for
modeling squeeze-film effects in microstructures.

The FLUID138 element models the viscous fluid flow behavior through
short channels (i.e., holes) in microstructures moving perpendicular to a
fixed surface. The FLUID138 element can be used in conjunction with the
FLUID136 element to determine the stiffening and damping effects that
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Figure 4.7: Deformation of the structure corresponding to the second mode of vibration
as obtained by ANYSY modal analysis.

the fluid exerts on a moving perforated microstructure. The FLUID138
element assumes isothermal flow at low Reynolds numbers. The channel
length must be small relative to the acoustic wavelength, and the pressure
change must be small relative to the ambient pressure. The FLUID138
element accounts for gas rarefaction effects and fringe effects due to the
short channel length as well.

For most of the simulations performed in this thesis work the pressure used
was equal to the atmospheric pressure (0.1 MPa) in which case the mean
free path is equal to 65 nm and the viscosity is equal to 1.854x107°Pas.
For the transient dynamic simulation both fluid elements are used for the
description of the thin air film in the gap and in the vent holes, while the

structure i1s modeled with the solid elements cited above. In addition the
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Figure 4.8: Screenshot of the ANSYS graphical interface showing the fluidic domain and

the pressure as applied at the edge of the sample structure.

extracted Raleigh damping coefficients o and (3 , respectively mass damp-
ing and stiffness damping, are necessary too.

Regarding the boundary conditions the pressure is considered equal to the
ambient pressure and the viscosity and the Knudsen number are equal to
the values mentioned above. The pressure is applied at the edge of the
structure as shown in Fig 4.8 together with the voltage.

After extracting all the parameters necessary for the transient dynamic
simulation the simulation has been performed assuming a 4 V pulse ap-
plied. From the computational point of view a transient dynamic simu-
lation is a much more complex simulation, which makes use of far more
computer resources. These kind of simulations can also suffer of conver-
gence problems. These issues have been overcome by explicitely setting
the convergence thresholds and the maximum number of iterations. Some-
times it was also necessary to include large-deflection effects in both static

and full transient analysis. Fig 4.9 and Fig. 4.10 show the applied voltage
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pulse and the displacement versus time obtained by the transient dynamic

simulation for a 4 V pulse applied.

4.3 Specific Case Studies

Here after six case studies are presented that have been performed with the
final aim to improve the dynamic behavior of RF MEM switches. To this
purpose various parameters influencing more or less the dynamic charac-
teristics have been studied separately either on realized devices or on model

structures. The parameters taken into account are:
- Gap height;
- Applied voltage;
- Building material;
- (Gas pressure;
- Shape effects;

- Constrained movement by mechanical stoppers.

4.3.1 The Dependence on the Gap Height

The air gap height, between the multi-layer silicon membrane and the
lower electrode, determines the capacitance of an non actuated RE MEMS
switch. As discussed in chapter 3 this capacitance determines also the ac-
tuation voltage. The air gap height is therefore one of the key factors in
RF MEMS switch design. Reducing the gap height, will increase the speed
of the switch simply because the travel distance of the mobile electrode

is shorter and at constant acceleration, i.e. at constant bias voltage, less
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Figure 4.9: The voltage pulse applied for the simulation of the transient behavior.
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Figure 4.10: Displacement versus time obtained by the transient dynamic simulation of
the sample structure with 4 volt applied voltage pulse lower than pull in.

time is necessary to cover the shorter distance. The simulation presented
next has been done on the layout of Fig 4.1. As suggested by the basic
mechanical considerations also the numerical simulation shows this depen-

dence.

Fig 4.11 shows the graph of the analytical calculation for different gap
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Figure 4.11: Transient dynamic behavior of the displacement obtained by analytical cal-
culation in case of two different gap heights for an applied voltage of 5 volt without
considering the damping effect.
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Figure 4.12: Simulated transient dynamic behavior of the displacement with two different
gap heights with an applied voltage of 5 volt.

height and Fig 4.12 shows the result of the numerical simulation with two
different gap heights with an applied voltage 5 V. A comparison between
analytical and numerical results is shown in Fig 4.13 in case of one gap
height. The analytical calculation has been based on the equation of mo-

tion for a body subjected to a constant acceleration x = %at2 + vt ,here
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Figure 4.13: Comparison between simulated and calculated dynamic behavior of the

displacement in case of a 2.2 pum thick gap.

v is the initial velocity, t is the time, is the displacement and « is the

acceleration,which in turn can be expressed by the a = 87’253;232 8], where
A is the area, V is the applied voltage , m the mass , ¢ is the free space
permittivity , and g is the gap thickness . In case of a 2.2 um gap height
it is clear that the simulated displacement versus time curve (Fig. 4.12) is
characterized by two regimes: in the first part of the transient the displace-
ment has a parabolic shape, as expected for a body subjected to constant
acceleration, while in the second part the displacement is strongly delayed
by the squeeze film effect. This general aspect of the curve is present also
in the case of the 1.1 um gap height , but in this case both the transition
point from the motion under constant acceleration to the strongly damped
motion and the time when the electrodes come at rest are reached earlier.
The transition point between the two regimes happens at laest 50 us ,

while the endpoint of the motion is reached about 350 us earlier.
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4.3.2 The Dependence on the Applied Voltage

Another mean to reduce the switching times of RF switches is the use of
higher applied voltages. According to the discussion of chapter 3, if volt-
ages significantly higher than the pull-in voltage are applied a proportional
reduction of the switching time is achieved, because in this case the mobile
parts of the switch accelerate faster and therefore close the gap faster. Of
course this applies only in the closure cycle, while the opening of the switch
is still governed by the spring force alone.

A much higher velocity of the mobile electrode has also some potential
drawbacks. One of these is the contact bouncing that results from the
elastic behavior of the switch and which prevents a stable closure until
the oscillations have been damped. Applying two voltage pulses can miti-
gate this inconvenience. In practice by lowering the applied voltage some
time before closure is reached the impact velocity of the mobile electrode
is reduced. An even more effective way to control this phenomenon is to
operate the switch in charge control mode instead of voltage control mode.
The charge control mode allows for full control of the movement of the
switch throughout the whole gap.

Both these methods require a more complex control electronic, but could
be effective not only in reducing the switching time but also in reducing
the impact damage on the electrical contacts. Again, simulations with dif-
ferent applied voltages have been done on the same device structure of Fig
4.1. Fig 4.14 shows the results of the simulations with different applied
voltages, while Fig 4.15 and Fig 4.16 respectively compare the results of
the simulations with those obtained by analytical calculation. It can be
clearly seen that all curves have a first very steep part that corresponds to
a constant acceleration motion where the damping doesn’t play a signifi-

cant role and a second part where squeeze film damping clearly manifests.
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Figure 4.14: Displacement vs time for different applied volatge as obtained by numerical

modelling.

The time necessary to close roughly scales according to the ratio of the
pull-in voltage and the applied voltage. These curves also show that the
squeeze film effect lengthens the closure time of a switch approximately
by a factor 2.5, which implies that a careful design of the damping of the
structure, e.g. optimized size and placement of the vent holes, can reduce

the switching time by a considerable amount.

4.3.3 The Influence of the Building Material

As discussed in section 4.2.1 the material can impact on the dynamic be-
havior of a switch.Considering as instance gold and copper, a comparison
of the simulated dynamic behaviours is shown in Fig 4.17, while in table
4.2 the main material properties of copper are reported (to be compared
with those of gold, shown in table 4.1). By looking at the transient one

immediately notices the big difference in the oscillation frequency of the
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Figure 4.15: Comparison between simulated and calculated dyanmic behavior of the dis-

placement for an applied voltage of 5 V.
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Figure 4.16: Comparison between simulated and calculated dyanmic behavior of the dis-
placement for an applied voltage of 20 V.

damped oscillations of the structure. This reduction of the natural fre-
quency of the structure by a factor of 1.5 is very close to the square root
of the ratio of the densities of both materials, as expected from the simple

cinematic calculations presented in chapter 3.
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Young modulus of Copper [GPa] | Density of Copper [gem?] | Poisson ratio of Copper
128 8.94 0.34

Table 4.2: Principle material properties used for in the numerical simulations.
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Figure 4.17: Graph of the vertical displacement obtained by the transient dynamic sim-

ulation of the same structure with two different materials.

4.3.4 The Dependence of the Switching Time on the Background

Gas Pressure

As we have seen above for a given geometry the switching time is strongly
influenced by the damping. The damping itself depends mainly on the
type of gas and the gas pressure. The latter parameter strongly influences
the viscosity of the gas and can therefore be a valuable means to modify
the damping for a given design or to fine-tune it.

In order to have a first idea of the influence of the backpressure of the air
on the dynamic behaviour two simulations are compared, one with air at
standard temperature and pressure and one in vacuum, again performed on

the structure described above. In Fig 4.18 the results of the two simulations
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are compared. The simulations show that the system in the vacuum has a
limited decrease in the response time if one looks at the first closure, while
on the other hand the absence of a significant damping has the bad effect
to introduce a very long ringing of the structure which in practice prevents
its use as a switch.

From this rough result it is clear that a certain amount of damping is
needed in order to have a fully functional device. From this simple test it
is also likely that, as for most mechanical mass-spring systems or oscillators,
there will exist an optimum degree of damping, i.e. the so called critical
damping, where the best compromise between unhindered movement and

suppression of unwanted oscillation is achieved.
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Figure 4.18: Displacement vs time of the actuation and deactuation transient simulated

with 1 bar background pressure and without background pressure.
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4.3.5 The Influence of Mechanical Stoppers

As shown in section 4.3.2 the squeeze film effect dominates the dynamic
behaviour of the switch when the mobile electrode has covered roughly one
third to one half of the initial gap height, depending on the applied voltage,
because the air trapped in the gap cannot vent fast enough and due to its
compressible nature hinders the free movement of the electrode. Therefore
limiting the extend of the movement of the mobile electrode by stopping
pillars that prevent the complete closure of the gap between the mobile
electrode and the fixed electrode can be a mean to reduce the switching
times. The main effect of the pillars is to guarantee a minimum size chan-
nel for the airflow and to reduce the excursion of the mobile electrode.
The first aspect reduces the damping of the squeeze film and the second
aspect reduces simply the travel length. In order to explore this approach,
pillars have been added to the actuation pad in the layout shown in Fig
4.1. Fig 4.19 and Fig 4.20 show the structure without pillars and with
pillars, while Fig 4.21 compares the displacement vs time curves obtained
for the two situations for short time scale. In this circumstance two other
devices made at FBK, one without pillar and the other with pillars (re-
spectively labelled BO.0 and BO.7 )have been studied. Both devices are
capacitive shunt switches characterized by a stiff central plate suspended
with straight suspension springs. The central plate is made of two 190x110
wm? symmetrical parts, connected to each other with very stiff beams.
The pillars are obtained by isolating small squares of the polysilicon layer
from the rest of the actuation electrode and adding on top of them even
smaller squares in multimetal. In this way the pillar is twice as high as the
actuation pad, thus creating a residual gap of 630 nm. The effect on the
device performance is not only confined to the control of the gas dynamics

during the closure cycle but it has also a distinct impact on other aspects
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Figure 4.19: Layout of the actuation pad witout pillars.

Figure 4.20: Layout of the actuation pad with the pillars added.

like charging and stiction, for which it was originally introduced. Fig 4.22
shows the micrograph of a finished device (BO.0) , while Fig 4.23 reports

the layout of the two designs in order to show the difference in the actua-
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Figure 4.21: Comparison of the displacement curves obtained with pillar and without
pillar for an applied voltage of 4 V (red line without pillars , blue line with pillars).Only
the pull-in transient is shown. The difference in height of the rest position after pull-in is
due to the pillar height.

tion pad layout. The fabrication process of the BO.0 switch is the same as
described in the previous chapter. The simulated CV (capacitance voltage)
characteristics is shown in Fig 4.24 as extracted from a static simulation.
Fig 4.25 shows the result of a transient simulation for the structure with-
out pillar and in Fig 4.26 this curve is compared with the response of the

structure with pillars.

4.3.6 The Dependence on the Shape

The factors considered up to now impact on the dynamic behaviour of
devices independently form the topology of the devices. In order to eval-
uate the influence of the bi-dimensional shape of the mobile parts of the
device, starting from the sample layout presented at the beginning of the
chapter, some small modifications have been introduced. As can be seen

in Fig.4.1 the central structure of the mobile electrode is a simple square.
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Figure 4.23: Layout of the two capacitive shunt switches.
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Figure 4.24: Simulated CV characteristics for the BO.0 device.
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Figure 4.25: Displacement versus time characteristics of the device BO.0 for 70V applied.

Starting from this, two slightly different forms have been created, simply
by adding or subtracting half circular areas. For both shapes transient dy-
namic simulations have been preformed as outlined above. Fig 4.27 shows
the shape of the three variants of the layout (including the unchanged sam-
ple structure). Fig 4.28 compares the results of the transient simulations of

all three shapes. This numerical experiment has provided contradictory
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Figure 4.26: Comparison of the two displacement voltage characteristics.

results. On one side the behaviour of both modified geometries differs sig-
nificantly from the unchanged structure, on the other side they don’t differ
much from each other. Even if this could be in relation to the complex air
dynamics around the structure no definite conclusion can be taken from

this preliminary test.

4.4 Discussion

In this chapter different parameter affecting devices made with FBK tech-
nology have been studied with the help of numerical modelling. The effects
produced by factors like material properties, gap height, different applied
voltage and finally the effect produced by stopping pillars are have been
discussed. While most of the studied factors can contribute in reducing the
switching time, the use of stopping pillars probably produces the most in-
teresting results. Other factors like mass or gap size reduction have either
a minor influence on the switching time or require changes in the technol-
ogy not always easy to implement. Also the use of higher voltages is of

limited applicability, as it applies only on the closure cycle of the switch
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Figure 4.27: Layout variants to evaluate the influence of the shape of the mobile electrode.
a) Shape of the unchanged sample structure, b) shape of the structure resulting from the
subtraction of small half circle areas and c) shape of the structure resulting from the

addition of small half circle areas.

and is in principle limited by the breakdown in air, even if this could be
likely pushed beyond the limits encountered in the actual devices with a
careful design.

From this semi-quantitative and clearly not exhaustive investigation it
seems that the easiest way to reduce the switching times is the use of
stopping pillars. The pillars not only guarantee the presence of a min-

imum gap which always allows the air flow but also shortens the travel
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Figure 4.28: Comparison of the displacement vs. time curves of the three design variants.
a) Unchanged sample structure, b) structure resulting from the subtraction of small half

circle areas and c) structure resulting from the addition of small half circle areas.

range of the mobile structure. Of course dimension and position of the
pillars will have to be carefully studied in an optimized switch design. In
addition also the overall dimension and shape of the mobile structure very
likely influences the switching time, which again could be exploited in an
optimized design especially in the case of small devices.

It seems therefore that a not yet fully exploited potential of improvement
exists with regard to the switching time of RF MEM switches, as well as for
the impact damage and stiction, which can be addressed by the designer.
Further improvements can come from changes in the technology itself, but
these are much more difficult to implement because even minor changes in
the technology have many implications on the rest of the process and on

the overall performance of the devices.
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Chapter 5

Static and Dynamic

Electro-Mechanical Characterization
of the RF MEM Switches

5.1 Introduction

In order to verify the results obtained by numerical simulations and deter-
mine their accuracy, different series of measurements have been performed
on selected device geometries. For this validation process three capaci-
tive shunt switches, devices BOO, BO7a and BO7b , have been selected
for their regular and similar design. Three additional device geometries,
BATS, BATM and BATL from different fabrication lots ,have been char-
acterized in order to complete the picture. In all cases the characterization
proceeded in order of complexity. After device fabrication a first measure-
ment of the device topology with a 3-D profilometer was performed in or-
der to ascertain the structural integrity of the device and the non-idealities
eventually affecting the device. Next the primary electro-mechanical pa-
rameters were measured with a quasi static CV measurement and finally
the transient dynamic properties of the devices were investigated with the

aid of an optical profilometer equipped with a laser Doppler vibrometer.
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5.2 Device geometries

The three shunt switches, BOO, BO7a and BO7b are characterized by a
mobile electrode build out of two rectangular plates linked together with
three strong beams. The central electrode is connected at the two anchor
posts with two flexible beams at each side. Both switches have a floating
electrode, which is contacted by the three beams connecting the two plates
through dimples placed on the central line of the signal line once the mobile
electrode is pulled down. The two devices differ from each other by the
geometry of the actuation electrode: BOO has a conventional actuation
electrode design based on two rectangular polysilicon plates matched in
size to the two main rectangular plates forming the mobile electrode, while
BO7 has a modified actuation electrode that includes mechanical stoppers
or pillars. These pillars are created by stacking small multimetal squares of
on top of similar polysilicon shapes. The pillars introduce a step height of
630 nm, which prevents the mobile electrode from touching the actuation
electrode. Fig. 5.1 a) shows the general layout and Fig. 5.1 b), ¢) and d)
show the geometry variations of the actuation pad of these devices. The
only difference between B07a and BO7b is in the height of the pillar , that
in the case of the BO7 b the height of the pillars is higher than BO7a. The
area of the pillars reduces the total nominal area of the actuation electrode
by about 3,7%. Due to the small size of the pillars (10x10 um?), comparable
in size with the gap height, the effective area reduction of the actuation
pad is even more negligible. An oxide layer of 300 nm covers both versions
of electrodes. Originally these pillars were intended for the prevention
of the charging of the oxide layer covering the actuation electrode. The
three devices BAT-S, BAT-M and BAT-L, are series ohmic switches with
wing shaped contacting electrodes. The mobile electrode, identical for all

three devices, consists in two rectangles connected with a central beam,
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Mobile Electrode
‘Actuation Electrode

Figure 5.1: a) Layout of devices BOO , and geometry of the actuation electrodes of b)
BOO, ¢) BO7a and d) BO7b .

all made in 2 pwm thick gold. Some parts of these rectangles and the
connecting beam are stiffened by a 3.8 um thick gold. Short but flexible
wings are attached at both sides of the central connection beam. In the
closed position these two wings realize the DC electric contact to small
dimples created in the transmission line. Fig 5.2 shows the general layout of
each device with equivalent actuation pad. The three designs differ for the
suspension springs and for the shape of the actuation pad. All three devices
feature meander type springs in 5.4 pum thick gold. BAT-S has a long
meander type spring, while the other two devices feature a meander spring
with shorter legs, which makes them much stiffer. The actuation pads are

different for all devices. BAT-S has the largest actuation electrode, which
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in this case has the same overall dimensions of the mobile electrode. BAT-
M has a smaller actuation electrode. In this case the actuation electrode
covers only about half of the two rectangles at the extremes of the mobile
electrode. BAT-L features the smallest actuation electrode. In this case
the area of the actuation electrode covers the connecting beam and part
of the two wing elements. All devices have stopping pillars and they are
not covered with oxide as these devices are intended to be dielectric free in

order to reduce or eliminate the possibility of charging during actuation.

] |

[

BAT-L BAT-M

Figure 5.2: General layout of devices BAT-S,BAT-M, BAT-L, associated with the specific

geometry of the actuation pad.
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5.3 Geometrical Characterization by 3-D Optical Pro-

filometer

A 3-D profilometer uses white light interferometry for characterizing and
quantifying surface roughness, step heights, critical dimensions, and other
topographical features with excellent precision and accuracy. Optical pro-
filometry is nondestructive, fast and requires no sample preparation. FBK
employs a NewView 6300 profilometer from ZY GO, together with the anal-
ysis and image processing software MetroPro, which provides extensive 2D
and 3D data analysis, visualization and data processing options. In ad-
dition to basic features a number of advanced application modules are
available to extend the capabilities of the instrument such as dynamic
metrology, segmentation analysis, field stitching, and thin film analysis.
Fig 5.3 shows the set up for optical 3-D measurements and Fig. 5.4 and
Fig. 5.5 show an example map and height profile of a BOO and BAT-S.
The instrument at FBK can be only used for static measurements. In this
thesis it has been employed to establish the height map and height profiles
of the studied samples. This allowed us to have a qualitative assessment of
the devices and to obtain a quantitative measurement of the thickness of
the layers. In addition the height maps provide the out-of-plane displace-
ments of the mobile electrodes, which in turn allow the determination of

the stress gradient affecting the single device.

5.4 Quasi-Static Capacitance-Voltage Measurements

In order to determine basic electromechanical parameters like actuation
voltage, C,, and C,;s capacitances and to ascertain the full mechanical
functionality of the devices, capacitance-voltage (CV) measurements have

been done on all the samples. The characterization consists in the measure-

121



CHAPTER 5. STATIC AND. .. 5.4. QUASI-STATIC. ..

Figure 5.3: The optical 3-D profilometer NewView 6300 from ZYGO.

Figure 5.4: Height map of device BOO obtained by the 3-D optical profilometer together

with a height profile of each sample taken along the central axis.

ment of the capacitance of the mobile electrode with respect to the signal
line while a slow voltage sweep is applied to the actuation electrodes. The
measurement is performed directly at wafer level by contacting the de-
vices with needle probes in a manual probe station. The capacitance is
measured with an LC[4285A] meter from HP and the voltage sweep is gen-
erated by a HP 4136C multiparameter tester. Fig. 5.6 shows the set up
of the static CV measurement. In detail the measurement procedure is
as follows: a) first a LABView routine is started on the PC that controls
the instruments of the probe station and properly initialized by providing

the parameters for the measurement, b) next the LC meter is powered up,
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Figure 5.5: Height map of device BAT-S obtained by the 3-D optical profilometer together

with a height profile of each sample taken along the central axis.

c) then the wafer is placed on the chuck of the probe station and fixed
with the vacuum (d) and the needles are placed in order to contact the
actuation pad, the ground and the two branches of the signal line, in case
of a series switch, or the signal line in case of a shunt switch (e). At this
point the LC meter has to be calibrated in order to correctly detract the
impedance of the connecting cables. To this purpose the needles must be
first pulled up to create an open circuit situation. Once the calibration
is finished the needles are lowered again and the measurement can start.
Typically in the first measurement a voltage sweep with a low maximum
voltage is performed. In the following sweeps the amplitude of the volt-
age sweep is then increased. Typically three to five measurements with
increasing voltage amplitudes are performed to fully characterize the me-
chanical behaviour of a switch. Fig 5.7 shows schematically the position
of the needles during a CV measurement of a shunt switch and Fig 5.8,
5.9 and 5.10 show respectively the CV curves obtained in case of device
BOO0O, BO7a and BO7b. From the CV curves it is possible to extract the
pull-in voltage and the pull-out voltage of the switch as well as the C,,
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and C,ss capacitance. A more detailed analysis of the CV curve branch
below the pull-in can also provide a measure of the spring constant of the
structure. Table 5.1 summarizes pull-in and pull-out voltages, as well as
Con and C,rs. In the case of the series ohmic switches the measurement
procedure differs from that of the shunt switches as in this case a current-
voltage (IV) curve is measured. Fig. 5.11 shows the position of the needles
for this case and Fig. 5.12, Fig.5.13 and Fig.5.14 respectively summarize
the IV curves obtained in case of device BAT-S, BAT-M and BAT-L . In
this case a small voltage difference is applied to the two signal terminals of
the switch and the current flowing through the device is monitored in as a
function of the applied voltage. Table 5.2 summarizes the main electrical

and electromechanical parameters extracted from the IV curves.

Figure 5.6: Set up for the quasi static CV measurement.

5.5 Transient Dyanmic measurment

Once the previous characterizations showed the functionality of the de-
vices and provided the basic mechanical parameters, the transient dynamic

behaviour of the devices was investigated. This investigation has been
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Actuation Pad

Ground

Figure 5.7: Picture of a device under test showing the position of the needles for CV

measurement in case of a shunt switch.
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Figure 5.8: Quasi static CV curves of BOO.

performed at the University of Padova with a Polytec MSA-500 optical

profilometer equipped for the dynamic characterization of MEMS struc-
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Figure 5.9: Quasi static CV curves of BO7a.
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Figure 5.10: Quasi static CV curves of BO7b.

tures. This optical profilometer is mounted on a Cascade R4800 probe-
station and isolated from environmental noise by means of a Newport
anti-vibrating table. The MSA-500 profilometer integrates a microscope

with Scanning Laser-Doppler Vibrometer, Stroboscopic Video Microscopy
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Pull in Pull in Voltage Pull out Con | Cory Curvature
Voltage [V] | [V] [Simulation] | Voltage [V] | [pF] | [pF] [m)]
BOO 67 66 42.5 7.58 | 3.36 | -3,70 | £2,73
BOT7a 79 77.5 68 7.06 | 2.8 |-1,45| £0,43
BO7b 76 74.5 69.5 1.12 | 2.98 | -0,61 | 0,80

Table 5.1: Summary the pull-in voltage,pull-out volatge,C,,,C,¢,extracted by CV

curve,together with simulated pull-in volatge and estimated radios of curvature of de-
vices BO0,BO7a and BO7b

Iout

Figure 5.11: Position of the needle probes for the IV characterization of a series ohmic

switch.

and White Light Interferometry, making possible topography analysis, as

well as out and in-plane vibration analysis both over time, and frequency.

A high voltage amplifier was employed to amplify the signal generated by

the internal arbitrary waveform generator of MSA-500. A pseudo-random

signal was applied to the device under test, measuring the LDV (Laser

Doppler Vibrometer) response over frequency, whereas a square pulse sig-

nal (f=100Hz, d.c.=50 %) was used to characterize the displacement over

time of the movable membrane during the actuation and release transients.

127



CHAPTER 5. STATIC AND. .. 5.5. TRANSIENT DYANMIC. ..

1.5E-04

1.0E-04 ~

5.0E-05

0.0E+00 T T T T T T T T

Current|[A]

-5.0E-05

-1.0E-04

I

-1.5E-04
0 10 20 30 40 50 60 70 80 90
Applied volatge[V]

Figure 5.12: The quasi static IV curves of BAT-L.
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Figure 5.13: The quasi static IV curves of BAT-M.
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Figure 5.14: The quasi static IV curves of BAT-s.

A Tektronix TDS6804B DSO[Digital Storage Oscilloscope] (8 GHz analogue
bandwidth) completed the system, in order to monitor applied signals. The
same DSO and an Hp 8114A pulse generator were used to characterize the
actuation and release transients from the electrical point of view. A 6 GHz
RF signal (0dBm, from the internal RF generator of an Hp 8753E Vector
Network Analyzer) was applied to the input port of the DUT and the sig-
nal at the output port was measured. By comparing the bias signal applied
to the actuator with the RF signal at the output port the actuation and
release times were extracted. Fig 5.15 shows the set up of the instrument
during the dynamic measurement. The dynamic measurement has been
done on the central part of the structures. With this instrument an exten-
sive characterization of the devices both in static and dynamic regime has

been performed. Here we present a summary of the measurements.
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Pull in L, Curvature

Voltage V] [A] [m]
BAT-L 68 -1.03x107% | 4,8 | £17,7
BAT-M 78.9 -3.99x107% | -7.7 | £7,2
BAT-S 64.9 2.58x10~1 | -0,5 | +10,4

Table 5.2: Summary of the main parameters of the IV curves together with the measured
curvature of devices BAT-S,BAT-M,BAT-L

Figure 5.15: Picture of the set up for dynamic measurement.

5.5.1 The shunt switch BOO (without pillars)

On this device transient dynamic measurements were performed at differ-
ent applied voltages. Fig. 5.16 shows a micrograph of the device highliting
the maesurment point,while Fig. 5.17 shows the resonance peak at a fre-
quency of 40kHz as measured by the vibration test. Fig. 5.18 summarizes
the displacement versus time curves at different applied voltages and Fig.
5.19 shows the same curves at the closure and release cycle at a much

higher temporal resolution. It has to be noted that the displacement is
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a relative measurement. It has been found that only the curves for 70 V
and higher showed full pull-in. From the damped oscillations of the dis-
placement versus time curves of the transients it was possible to measure
the oscillation frequency for different applied voltages. This value has been
compared with the measured resonace frequency of the structure. The re-
sults summarized in Table 5.3 show that for low applied voltages, less than
the pull-in voltage, the oscillation frequency is in good agreement with the
natural frequency of the structure, while at higher applied voltages the
oscillation frequency decreases, probably due to the higher damping which

reduces the resonant frequency.

Figure 5.16: Micrograph of the BOO device with the measurement point,white point
(measurment point),the red cross indicate only the center of the screen,the green bar on
the top left corner is the strength of the received signal,the yellow dot shows that the

laser is switch on.
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Figure 5.17: Resonance peak measured on the device BOO.
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Transient dynamic behavior of BOO for different applied voltages.

5.5.2 The shunt switch BO7 (with pillars)

The same measurement has been performed on device BO7a and BO7b.

In case of device BO7a , Fig. 5.20 shows the resonant frequency peak as
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Figure 5.19: Close up of the transient dynamic behaviour of BOO in the closure and
release cycle. The displacement is a relative measurement. Only above 60 V the switch
goes in pull-in. the ringing observed at higher voltages indicates that the device resting

on the stopping pillars has residual vibrations even after pull-in.

measured by the vibration test, while Fig. 5.21 shows the results of the
transient dynamic measurements for different applied voltages and Fig.
5.22 shows the results for short time scale. In this case we observe a res-
onant frequency peak about 10 kHz higher than in the former case even
if the devices have the same mechanic structure. This is also reflected in
the frequency of oscillation of the structure. According to the simulations
shown in the previous chapter this is very likely due to a reduction of the
damping operated by the pillars since they limit the squeeze film effect. Ta-
ble 5.4 summarizes the the resonant frequencies of the structure extracted

from the displacement vs time curves with different applied voltage. In
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Applied voltage [V] | Frequency [kH z]
40 41
50 39.38
60 33.68

Table 5.3: Oscillation frequencies of device BOO for different applied voltages.
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Figure 5.20: Resonance peak measured on device BO7a.

addition a BO7b device has been characterized in the same way as above.
In this case the difference between the two devices is in the effective pillar
height. As already mentioned, in case of device BO7b the pillar height
with respect to the actuation electrode has been increased by removing
the oxide layer on top of the actuation electrode .Therefore at pull-in the
residual gap between the two electrodes is increased, which in turn reduces
the squeeze film effect and the consequently the damping. Fig. 5.23 and
Fig. 5.24 respectively show the displacement versus time curves for both
devices with an applied voltage of 60 V and the same curves at the closure

and release cycle with a shorter time scale. As already mentioned at the
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Figure 5.21: Transient dynamic behavior of BO7a for different applied voltages.
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Figure 5.22: Close up of the transient in the closure and release cycle. The displacement
is a relative measurement.
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Applied voltage [V] | Frequency [kH z]
40 48.30
50 47.41
60 48.30
40 45.71
70 44.92
80 40

Table 5.4: Oscillation frequencies of device BOT7a for different applied voltages.

beginning of this section, actuation and release transients were also char-
acterized from the electrical point of view. Figh.25 compares the actuation
time of the three BAT-x devices. The result shows that the BAT-S can
be faster than the BAT-L and BAT-M devices, and changing the mean-

der part of the structure can be effective on the dynamic behavior of the

device.
j e
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Figure 5.23: Transient dynamic behavior of BO7a and BOT7b devices with an applied
voltage of 60 V.
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Figure 5.24: Close up of the transient in the closure and release cycle. The displacement

is a relative measurement.
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Figure 5.25: Actuation times versus applied voltage measured for the three BAT devices

5.6 Discussion

The survey with the static optical profilometer has shown that all devices
substantially respect the geometrical specifications of the design. In partic-

ular the measured out-of-plane displacements are small and do not impair
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Figure 5.26: Compare the result of the simulation with measurment.

the functionality of the devices. This has been confirmed with the quasi
static CV and IV measurements, which showed that all devices are func-
tional. The electrical and electromechanical parameters extracted from the
curves are compared in Table 5.1. The comparison between the measured
and simulated actuation voltages is good . The differences are very likely
due to difference between the nominal and effective layer thickness of the
thin gold layer (BRIDGE layer) and the gap height. The first thickness is
one of the less controlled parameters in the process and has a significant
variation from the centre to the border of the wafer. This is also reflected
in the behaviour of the these test devices, since they were included in dif-
ferent regions of the wafer layout. The gap height of the structure also
exhibits non uniformities due to the processing, even if these are less ev-
ident than those due to the gold deposition. Nonetheless the comparison
between calculated and measured values is good and no tentative to reduce
the discrepancy was found necessary.The transient dynamic measurements

showed that the devices qualitatively behave as expected from the simula-
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tions. The comparison of the simulated and measured resonant frequencies
is again in good general agreement, see Table 5.3. Again no tentative to
achieve a perfect match between theory and experiment has been made.
The reason for this was similar as in the case of the static parameters, i.e.
the fact that the data are affected by some uncertainties due to the pro-
cess parameters, which makes it not possible to calibrate the simulation of
all devices with a single set of process data. Still these results show that
there is enough agreement between experimental and simulated data, thus
allowing the simulations to be used for future work on the optimization of
the electromechanical aspects of the devices.Fig 5.26 compare the result of
the measurment with simulation. The dynamic measurements also showed
that a small change in the design of the actuation pad has an impact on the
transient dynamic behaviour of the device. The addition of small pillars
to the actuation pad increased the resonant frequency of the devices by
25%.Very likely the pillars modify the air flow in the gap and influence in
this way the upcoming of the squeeze film. This is also evident from the
comparison of the BO7a and BO7b with different pillar height, even if in
this case a counter intuitive result has been found, i.e. the switching time
decreased with increasing pillar. Due to lack of time it was not possible
to investigate in more detail the dependence of the mechanical resonant
frequency on the pillar height and which role is played by the distribution
of the pillars. Anyway the dynamic measurements and the simulations
show that there exists space for improving the mechanical properties of
the switches and in particular for reducing the switching times, and the
most effective way to do this is to optimize the air flow in the device and

therefore the damping characteristics.
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Chapter 6

Electromechanical Aspects of
Tuneable Capacitors with In-plane

Movement

6.1 Introduction

In this chapter we extend our investigation of the electromechanic aspects
of RF MEMS devices build with the RF MEM switch technology to the
design of tunable capacitors based on a specific shape that allows to exploit
the in plane forces that develops in a parallel plate capacitor with partially
overlapping electrodes to produce a rotation of the two electrodes against
each other. In the recent past some limited research has been already
performed on switches with lateral movement [39]. The devices discussed
here are based partly on similar principles, but the design has been adapted
to the specific technology concept of FBK. Actually such components are
the basic ones that will be exploited, within the same technology platform,
to develop complex networks. Eight design variants have been developed
and realized. All designs show the general behavior of MEMS switches,
while four designs show in addition also a behavior that is compatible with

a rotation after the pull-down has been reached.
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6.2 Concept and Design Description

In case of a parallel plate capacitor with partially overlapped electrodes,
where the mobile electrode is allowed to move horizontally with respect
to the fixed electrode, an in plane force develops once polarized due to
the tendency of the system to minimize the energy stored in the electrical
field [38]. In order to exploit this force to generate a rotation of the mo-
bile electrode in a physical device and especially in a varactor, a butterfly
shape obtained from two segments of a circle joined in the centre and sus-
pended with a very flexible spring has been adopted. The fixed electrodes
are placed in such a way that the developed in-plane forces are tangential
and should induce a rotation of the overall butterfly structure. The device
has two fixed electrodes; one is intended for ”actuation”, i.e. for rotating
slightly the structure under polarization, while the second one is the fixed
electrode of the variable capacitance. These two electrodes are also par-
tially interdigitated in order to separate electrically the actuation circuit
from the variable capacitor while still allowing to apply the voltage during
the rotation of the structure and maximing the capacitive sensing. A sec-
ond reason for the interdigitated design was that, in case the supporting
spring should be too weak and the structures would collapse before rotat-
ing (i.e. vertical movement), the friction force should be lowered and the
fingers of the electrodes could act as "rails” which still allow rotation after
the collapse of the mobile electrode. The design of the device has been
based on the FBK technology. The mobile electrode is in gold, suspended
above the two fixed electrodes respectively in poly-silicon and metal. The
latter ones have a reciprocal comb structure. In order to stiffen the mobile
electrode a frame was added in thicker gold. The whole gold electrode is
suspended with springs either straight or meander type. Fig 6.1 shows the

cross section of the general design . Fig.6.2 shows one of the layouts as
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designed in Tanner EDA L-Edit. Fig. 6.3 and Fig. 6.4 show respectively
the gold layer with the reinforcement frame in thick gold and the two fixed
electrodes in poly and metal. The pictures were taken from the GDS file
of the final wafer layout for the fabrication. The other variants of this ba-
sic design concept have been developed by changing the spring design and
will be described in the next sections. In order to test other ideas about
this concept, two modified designs have been also prepared and added to

a subsequent fabrication run.

] Silicon Substrate B utimetal - Spacer
Filed Oxide | 1000nm ) Bridge
Palysilicon W
TEDQS (300nm)

LTO {100mm)

Figure 6.1: shows the cross section of the general design.

6.3 3-D Optical Profilometer Characterization

After device fabrication all 6 designs have been inspected with the optical
3-D Profilometer. In Fig. 6.5 the height map of a device with meander
type suspension spring is shown and in Fig.6.6 the height map of a device
with stiff suspension springs. These profiles revealed a slight out-of-plane

deformation of the mobile electrode of about 3 um between the outer rim
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Figure 6.2: The layout as designed in L-EDT A: Actuation pad G: Ground C:capacitance.

and the centre point of the suspended membrane, as it can be seen in
Fig 6.5 and also in Fig. 6.6. This deformation is caused by the built-in
stress gradient within the gold layer. From the out of plane deformation
a mean residual stress gradient of ~2M Pa/pm can be estimated from
the curvature of the structure that extracted from the 3-D profilometer
measurment. All in all these surveys on the devices showed that the realized
devices are sufficiently close to ideally flat structures to be submitted to

the electromechanic tests.
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Figure 6.3: The gold layer and the reinforcement layer in thick gold .

6.4 Quasi-Static Capacitance-Voltage Characteriza-

tion

As in the case of the RF MEMS switches the method of the quasi-static
CV (Capacitance vs. Voltage) measurement has been employed in order to
establish the basic electromechanic properties of these devices. The mea-
surement procedure is identical to the one presented in chapter 5 with the
only minor difference that in this case the capacitance has been measured
between the mobile electrode and the fixed metal electrode, while the volt-
age has been applied to the fixed polysilicon electrode. All 6 designs are
based on the general design introduced and will be referred to as Varactor

1 to 6 .The only significant differences between designs regard the shape
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Figure 6.4: The two electrodes in poly and metal.

Surface Profile

Figure 6.5: 3-D view of the varactor obtained by means of 3D profilometer measure b)

Height profile across the central axis of the mobile electrode.
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Figure 6.6: 3-D view of the varactor obtained by means of 3D profilometer measure b)

Height profile across the central axis of the mobile electrode.

and dimension of the suspension springs and the radius of the arch. The
two modified geometries fabricated by a subsequent run will be referred to

as Varactor 7 and Varctor 8.

6.4.1 Varactorl

In this case the outer radius of the butterfly structure is 370 um. Fig. 6.7
a,b) show the layout of the varactor together with the suspension spring and
the actuation pad and Fig.6.8 shows the result of the CV measurement.
As the in plane force developed by the parallel plate capacitor is likely
very small the force exerted by the suspension springs must be very weak.
Therefore this design features a meander type suspension spring with two
meanders each in order to minimize the opposing torque exerted by the
spring. As in the case of the switches the CV curve shows pull-in and pull-
out of the structure. Due to the weakness of the spring the device reaches
pull-in at relatively low voltages. Unlike the switches, once pull-in occurs
the device continues to change in capacitance till finally the capacitance
reaches a plateau. On the return sweep the capacitance follows initially

the same curve till to a point were suddenly the capacitance raises at a
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higher, nearly constant, value till reaching pull-out. The negative sweep of

the curve is essentially symmetrical to the positive one.

a b

Figure 6.7: a) The layout and b) the actuation pad of varactor 1.

6.4.2 Varactor2

This design has again an outer radius of the butterfly structure of 370
pm. In this case the suspension spring is a much stiffer rectangular shaped
spring with a conical width reduction at the joint in the centre in order to
reduce the torque resistance of the joint.The layout of varactor 2 and the
actuation pad are shown in Fig 6.9 a, b)respectively and Fig. 6.10 reports
a typical CV curve of this structure. Also in this CV curve we observe the
switch-like behaviour characterized by pull-in and pull-out. Evidently the
much stiffer spring structure is not stiff enough to prevent the structure
from collapsing at higher voltages. Again after pull-in and before pull-out

the capacitance curve departs from the ideal switch like behaviour, i.e.
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Figure 6.8: The Experimental CV Curve of varactorl.

instead of remaining constant the capacitance voltage curve has a distinct
parabolic slope that is maintained in the return sweep until pull-out is

reached. Also in this case the CV characteristics is reasonably symmetric.

6.4.3 Varactor3

In this design variant the outer radius of the butterfly shape is reduced to
345 pum. For the rest the geometry of the device is the same as those of
the previous ones except for the suspension spring and the actuation pad
that replace with the simple actuation pad . The latter one is again of the
leaf type, again reduced in width near the centre joint in order to reduce
the torsion force necessary for rotation and, in addition, with spring centre

axes offset in order to favour the rotational movement.The layout of the
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a b

Figure 6.9: a )The layout and b) the actuation pad of varactor 2.

structure , the actuation pad are shown in Fig 6.11 a) and b) respectively
and Fig. 6.12 shows the obtained result of the CV curve. The CV curve
of this device shows a switch-like behaviour. Also in this case the vertical
stiffness of the suspension springs is not enough to prevent the structure
from collapse. After pull-in the capacitance reaches a fairly constant value.
The slight increase of the capacitance can be due to an increased flattening
of the structure, which initially has a positive curvature, operated by the
increasing electric field. In the release branch of the voltage sweep the CV
curve shows an unusual parabolic change prior final pull-out, similar in

shape as the CV curve of varactor 1. The CV curve is symmetrical.
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Figure 6.10: The CV Experimental data of varactor 2 .

6.4.4 Varactor4

The outer radius of the butterfly shape of this design variant is 345 pum.
Again the structure differs for the suspension spring. In this case a very
long and slender meander type spring has been realized in thin gold shown
in Fig. 6.13 a) in order to provide an anchoring of the butterfly structure
which applies a minimal torsion force on the mobile butterfly structure.
Also in this case it is expected that the structure will collapse before rotat-
ing. In fig 6.13 b) the actuation pad of the structure is shown. A typical
CV curve obtained on this structure is shown in Fig 6.14 ). Also for this
device we observe next to the usual switch-like behaviour a capacitance
change after pull-in and before pull-out. After pull-in the curve shows a
very steep parabolic change that reaches a fairly constant value within a
small voltage step, while on the return sweep the capacitance value de-

grades first suddenly and then very gradually till complete pull-out. As
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Figure 6.11: a )The layout and b) the actuation pad of Varactor 3.

expected from the very slender suspension spring the pull-out voltage is

very low. Also in this case the curve is very symmetrical.

6.4.5 Varactorb

The outer radius of the butterfly structure of varactor 5 is 400 um and the
suspension spring is a meander with two bends. In this case the spring is
build out of the two electroplated gold layers, i.e. both thin and the thick
gold for a total thickness of 5.4 um. The choice was motivated by the

intention to make the suspension springs , stiffer with respect to vertical
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Figure 6.12: The experimental CV curve of Varactor 3.

Figure 6.13: a )The layout and b) the actuation pad of varactor 4.

bending than to lateral bending, within the possibilities offered by the fab-
rication process.The layout of the structure, the actuation pad are shown

in Fig 6.15 ,and obtained experimental CV curve are shown in fig 6.16.
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Figure 6.14: The experimental CV curve of Varactor 4.

The CV curve of this device is dominated by the switch behaviour. The
first part of the voltage sweep shows a parabolic shape as expected from
the slowly narrowing of the gap operated by the increasing electric force.
After pull-in the curve shows some irregularities but no clear behaviour.

Nonetheless the curve is perfectly symmetric with respect to voltage.

6.4.6 Varactor6

The outer radius of the butterfly structure of varactor 6 is 350um. The
suspension spring is a meander spring similar to the previous device, in this
case with a single bend. Also this spring is build by stacking the thin gold
and the thick gold for a total thickness of 5.4 um. The reduced number
of bends in the meander springs makes them even stiffer in the vertical
direction but, in turn, increases the torsion stiffness. The layout of the

structure and the actuation pad are shown in Fig 5.17 a and b respectively
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Figure 6.15: a )The layout and b) the actuation pad of Varactor 5.
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Figure 6.16: The experimental CV curve of Varactor 5.

155



CHAPTER6.... 6.4. QUASI-STATIC. ..

the obtained CV curve are shown in fig 6.18. This design variant shows a
true switch like behavior without any additional features. The first part
of the polarization ramp has a parabolic shape as expected in a switch.
Then pull-in occurs when the capacitance reaches a fairly constant plateau
value. The slight increase still observed is very likely due to the bending
of the mobile electrode, which after pull-in is pulled flatter and flatter on
the fixed electrode at increasing voltages. Pull-out occurs at intermediated
values, as expected for a stiffer suspension spring. Also in this case the CV

curve is symmetrical with respect to voltage.

5 88 R FE SN
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d

Figure 6.17: a )The layout and b) the actuation pad of Varactor 6.
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Figure 6.18: The experimental CV curve of Varactor 6.

6.4.7 Varactor?7

This device differs from the other variants presented up to now as the
overlapping fixed actuation electrode has been removed and substituted by
a laterally placed electrode in the attempt to increase the pull in voltage,
i.e. reduce the chance of premature pull-in of the whole structure as shown
by the excerpt of the layout reported in Fig 6.19. Fig 6.19 respectively
show a) the layout b) the actuation pad, while fig. 6.20 shows the obtained
experimental data. Already from a purely qualitative point of view it is
clear that in this way the forces developing between the mobile electrode
and the fixed actuation pad are much more in plane with the wafer surface
and much less orthogonal to the wafer surface. The rest of the design has
been kept as before except for the digits of the sensing electrode which
have been removed. As suspension spring a meander type spring with one

bend has been chosen.
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a b
Figure 6.19: a )The layout and b) the actuation pad of Varactor 7.

6.4.8 Varactor8

The last device variant designed is based on the general layout presented
above (varactor 1-6). In this case the major change has been a pillar added
in the centre of rotation of the structure, about 1/3 of the gap height, that
should act as a stopper, i.e. a turning point after the collapse of the
structure onto the fixed electrodes. In this case if the mobile structure is
stiff enough a complete collapse of the structure on the electrodes can be
avoided. Fig 6.21 show a) the general layout of the device b) the actuation
pad and the obtained CV curve are shown in Fig 6.22 . Also this design

shows a true switch behavior like varactor design 6 without any additional
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Figure 6.20: The experimental CV curve of Varactor 7.

features. Also in this case the CV characteristic is symmetrical with respect

to the voltage.

6.5 Transient Dynamic Characterization

Due to the fact that the basic characteristic of the varactors is in any
case dominated by a switch-like behaviour also some transient dynamic
characterizations have been performed on these devices. At first for this
measurment two device types have been selected , varactor 5 and varactor
6 which only differ for the number of meander type suspension spring and
in the case of varactor 5 both thin and thick gold layer used in all of the
meander. Fig 6.23 shows the set up for dynamic maesurmnet ,Fig 6.24 and
6.25 respectively show the result of the transient dynamic measurment of
varactor 5 for different applied voltage and for shorter time scale. Fig 6.26
and fig 6.27 shows the result of the varactor 6 respectively for different ap-

plied voltage and for shorter time scale. The comparison between varactor
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a b

Figure 6.21: a )The layout and b) the actuation pad Of Varactor 8.

3 and varactor 6, where varactor 3 has stiffer suspention springs, can be
seen in Fig 6.28 and Fig 6.29 for an applied voltage of 80 V. The varactor
with the meander spring shows a damped ringing in the release transient,
while the device with the much stiffer suspension springs shows no ringing
at all. The height difference in the displacement after actuation is very
likely due to a non complete actuation of this device. As shown in chapter
5 the closure time of the structure becomes shorter with higher applied
voltages. In this case the times lowers from ~25 ps at 50 V to less than 5
s at 80 V, which implies that in spite of the odd shape of the structure

the response time can be really fast.
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Figure 6.22: The experimental CV curve of varactor 8.
6.6 Analysis and Discussion

As described above the devices differ slightly in the radius of the outer
border of the butterfly structure, which is 345-350 um for variants 3, 4
and 6, 370 mm for varactors 1 and 2, and 400 pum for variant 5, while the
overall shape of the mobile and fixed electrodes is the same for all devices.
The main effect of this parameter is a change in the absolute value of the
capacitance, i.e. larger devices have higher capacitance values. The real
difference between devices lies in the type of the suspension springs. In
this respect Three different types of designs have been tested: meander
type springs in thin gold layer in varactor 1 and 4, straight leaf springs in
varactors 2 and 3 and meander type springs in thin and thick gold in var-
actor 5. Fig 6.30 shows in detail the meander type spring and the leaf type
spring in thin gold, while Fig. 6.31 shows the meander spring in both thin
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Figure 6.24: Transient behaviour of varactor 5 at different applied voltages.

and thick gold of the varactor 5. The primary objective of the different

spring designs was to test different torsion spring constants as this will be
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Figure 6.25: Transient at closure and release on a short time scale of Varactor 5.

one of the antagonist forces to the weak in plane electrostatic force. In this
technology it is not possible to design a spring with a high spring constant
for vertical bending and a very low spring constant for lateral bending.
In fact this would require structures with an extremely high aspect ratio,
that is not feasible because of technology limitations. As a result, from
the beginning of the project it was accepted that the devices will go into
pull-in. This happened for all devices and according to the stiffness of the
single springs the devices are characterized by different values of pull-in

and pull-out voltages. In Table 6.1 these values are summarized for all 8
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Figure 6.26: Transient behavior of varactor 6 at different applied voltages .

design variants. As pointed out above, 4 devices out of 8 show next to
a basic switch-like behaviour also additional features in the CV curve, i.e.
after pull-in and prior to pull-out these devices show a significant change in
the capacitance value, which one would expect if the structure rotates after
pull-in. In order to estimate the degree of rotation that could correspond
to this capacitance change one has first to determine the capacitance value
immediately after pull-in or prior pull-out (C1) and the capacitance of the
plateau value (C2). Where possible these values have been reported in Ta-
ble.6.1. The rotation eventually corresponding to this capacitance change
can be roughly estimated by considering that the capacitance difference is
due to an increased overlap between the two electrodes. Considering in
any case a small angle of rotation, the area of this overlap is twice the area
of the small triangle formed by the radius of the outer circular border of

the butterfly structure and the small segment due to the rotation:

Ap = a*0 (6.1)
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Figure 6.27: Transient at closure and release on a short time scale of varactor 6.

where a is the outer radius of the butterfly wing and 6 is the angle of

rotation. The corresponding capacitance difference is:

. E0€0s A0

AC
deff

(6.2)
where ¢( is the permittivity of the vacuum, ey, the dielectric constant of
oxide and d.¢s the effective oxide thickness. The effective oxide thickness
is the oxide thickness increased of a term taking into account the residual

air gap created by the surface roughness of the two touching surfaces and
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Figure 6.28: Transient behaviour of varactor 6 and varactor 3 at different applied voltage.

is expressed as:
deff = dox + 5oxdair (63)

where d,;, is the residual air gap caused by the surface roughness, typically
in the order of 60 nm. These expressions have been used to estimate the
rotation angle for those devices that show this peculiar CV characteristic
and the obtained values have been listed in Table 6.1. The values are
in the order of a few degrees, ranging from a minimum value of 42 arc
min to a maximum value of 1 degree and 46 arc min, consistent with the
expectations. In order to fully describe the expected CV characteristic
due to rotation one has to start considering all forces acting on the mobile
electrode. As only in plane forces are of importance once pull-in has been
reached and the problem has radial symmetry, one has to consider actually
the moment of these forces with respect to the centre of the structure,

i.e. the turning point. Three moments govern the problem and balance
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Figure 6.29: Transient at closure and release on a shorter time scale of Varactor 6 and 3.

each other: the moment generated by the lateral electrostatic force M,;, the
opposing torsion moment of the suspension springsM; and the antagonistic

moment generated by the friction between the two electrodes Mjy.

M, = M; + Mf (64)
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a b

Figure 6.30: Detailed view of the a ) meander spring and b) leaf type spring in thin gold.

The lateral electrostatic force F,; developed between the two electrodes is
independent from the overlap and depends only on the voltage applied and

can be expressed as:

0] oxv2
Fy= ool (6.5)
defy
while the friction force FY is
V2
Fy = pyeocos(Ao + GQ@)d 2 (6.6)
eff

where g is the friction coefficient, a material constant specific to the two
touching surfaces, their materials and surface roughness and Ay is the fixed
area overlap due to the interdigits of the two fixed electrodes. The torque

moment M; generated by the suspension springs is expressed as :

where k; is the torque constant of the suspension springs. Substituting
these expressions in the balance equation of the moments gives:
2,2 2
€0Eoz AV |74
“0%or® T = Kte + ,uf(A() + a29)5060xa—2 (68)
defy deff
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Figure 6.31: Detailed view of the meander type spring in thin and thick gold.

Expressing the rotation € in terms of applied voltage gives the following

formula:
2
0 = 5050x(fﬁ _ ’quOde?f?)V2 (6.9)
K + /Lféoé’()xagdz;; '

Once the dependence of the rotation on the applied voltage is known one
can easily express the capacitance curve in terms of the rotation:
a’0

deff

C = Cy + gpeps (610)
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Device Pull in Pull out | C1 Pull | C1 Pull | C2[pF]| Estimated
Voltage [V] | Voltage [V] | in [pF]| | out [pF] rotation
[Grad] | [Min]

Varactorl 40 20 0.553 0.278 0.688 1 46
Varactor2 41 20 0.404 0.289 0.577 1 9
Varactor3 9.5 2 0.404 0.206 0.457 1 14
Varactor4 61 57.5 0.452 0.373 0.518 0 42
Varactord 44.5 42.5 0.753 0.827
Varactor 6 53 24 0.604 0.324
Varactor 7 64 0.456
Varactor 8 21 13 0.346 0.218

Table 6.1: Summary of the principal electromechanic parameters of the devices.

The dependence of the rotation angle on the applied voltage has the general

expression:

.’L‘2

B 1+ 22

Y (6.11)

In Fig. 6.32 the graph of this generic curve is shown. The distinctive fea-
tures of the curve are the parabolic part near the zero and the saturation
at high values. These can also be found in all curves analyzed above which
show an additional change in capacitance after pull-in. All of them have a
first part that is similar to a parabola, i.e. after the pull-in the capacitance
increases more than linearly with the applied voltage. Depending on the
stiffness of the suspension springs this feature can be more evident like
for varactor 2 and 4 or less evident as for varactor 1 and 3. The second
characteristic of the general curve, i.e. the saturation, can be seen only in
device 2. In all other cases the transition to a constant capacitance value
is abrupt. The reason for this may be an additional friction resistance not
accounted for in the very simple expression used for the model. Nonethe-
less the qualitative correspondence, at least in selected cases, between this

very simple model and the measurements is good and suggests that the
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additional capacitance changes in the CV curves observed together with
the classical switch type behaviour is actually due to a small rotation of
the structure. From this analysis we can conclude that all those structures
which have a sufficiently weak suspension spring that generates only a
small torsion moment can rotate after pull-in, while those structures which
have stiffer suspension springs don’t give rise to a rotation. Of course this
work is for the moment only a preliminary proof of principle. In order to
design and realize a tuneable capacitor on this electro-mechanic principle
also a quantitative fit of the model with the measurements will have to be
achieved. This refined and validated model can then be used to design a

device optimized for an RF application.

1

— b2

C(Y)
=]
=)

|

=«
=
|

Figure 6.32: General shape of the curve of the expression of the rotation angle vs the

applied voltage.
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Chapter 7

Conclusion

The research work reported and summarized in this thesis contributed to
the field of RF MEMS devices, which nowadays are gaining more and more
importance due to the widespread use of RF applications both in consumer
electronics and telecommunication. Europe is heavily involved in the de-
velopment of Micro System Technologies and a small but active community
is involved in the RF MEMS field. Inside this community FBK is active
in the development of technologies which play a crucial role. In particular
FBK has been developing since years a proprietary platform concept for RF
MEMS switches and low loss RF components finalized to the monolithic
integration of complex RF circuits such as switching matrixes, filters and
phase shifters, for ground based and satellite applications. While in the
early stages of the technology development the RF aspects of the devices
played a major role, now the attention is shifting more and more towards
the mechanical and electromechanical aspects because these subjects deter-
mine important characteristics like switching speed and partially influence
the long term reliability of the devices. This thesis is focused on the dy-
namic behavior of RF MEMS devices, which is of great interest not only for
the switching speed of RF switches but also for some reliability aspects and

for a new and unusual varactor concept, where an attempt is made to ex-
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ploit an in-plane movement in order to build a compact and robust tunable
capacitor. In the first part of the research work considerable time has been
invested in developing a numerical modeling procedure able to describe the
devices both from static and dynamic point of view. With ANSYS Mul-
tiphysics a three-step modeling procedure has been set up and validated
on devices build with the well established FBK RF MEMS process. The
numerical simulation first establishes static device characteristics as pull-
in and pull-out voltages. Next a modal analysis identifies the mechanical
frequency spectrum of the structures. Finally a full dynamic model is built
which takes into account the mechanics of the structure and the fluid dy-
namics of the surrounding gas. This modeling concept has been validated
on selected devices and a good agreement has been found with the mea-
surements. The procedure has then been used to investigate the relevance
of the dynamic characteristics of devices to different design parameters.
A total of six parameters or conditions have been studied. Among these
the most significant ones are the applied voltage, the gap height, the ma-
terial and, last but not least, the introduction of specific stoppers. The
latter solution, originally designed to reduce the oxide charging, which is a
common problem of these devices, showed to be quite effective in reducing
the squeeze film effect. The second part of the work has been dedicated
to the electromechanical characterization of the devices. To this end a
bottom up approach was followed. First a structural characterization was
performed with an optical profilometer in order to assess the topography
of the devices. This analysis was then followed by the measurement of the
principal electromechanical parameters of the structures and the results
were compared with the simulated values. In general a good agreement
could be found. Finally, with the help of the equipment of the University
of Padova , a full transient dynamic characterization was successfully per-

formed. Future work on these topics will have to focus on the optimization
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of the device parameters that have a significant impact on the dynamic
performance. The validated modeling procedure can now be adopted to
evaluate the new designs. In parallel to this work a new concept of tunable
capacitor has been developed as well. This device is based on the in-plane
forces which develop in a parallel plate capacitor. This work is mainly
done with an experimental approach rather than a modeling approach, be-
cause it was clear from the beginning that modeling of the structure would
be simple. Therefore 8 different structures have been designed, fabricated
and measured. All design variants are based on a butterfly structure with
different types of suspension springs and with variations of the actuation
electrodes. The optical characterization shows that all realized structures
fulfill the minimum requirements of planarity to be sufficiently compliant
to the project. The electromechanical characterization has been carried
out with CV measurements. As expected the general behavior of all de-
vices is dominated by a switch like behavior, but 4 out of 8 devices show
also additional features in the CV characteristics that are compatible with
a small rotation of the structure in the collapsed state. The devices with
the weakest springs present this behavior very clearly and in a repeatable
manner. Anyway the detected rotations are very small, in the order of
a few degrees only. The small entity of rotation prevented up to now a
direct measurement (e.g. by optical means) of the displacement. Nonethe-
less the capacitance variation associated with the rotation is not negligible.
Moreover, it was possible to develop a simple mechanical model that qual-
itatively reproduces the measured CV characteristics, endorsing the claim
that there is an in-plane rotation of the structure during polarization. All
of these first results on this very unusual concept are very encouraging,
as they show that a mechanical tunable capacitor with in-plane motion
is feasible, even if this could be done only in the collapsed mode and not

in the suspended mode. The latter feature is not necessarily a negative
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aspect as this implies that device works without suspended parts, which,
during operation, will make it less sensitive to vibrations and sudden ac-
celerations. Future work on the tunable capacitor should concentrate both
on the consolidation of the experimental evidence of the functionality of
the concept and on the optimization of the mechanics of the device. In
addition some other aspects such as the friction of the rotating structure
should be addressed as well, and included in a quantitative model. Also
the tuning range has to be increased in order to fully develop the device
and to become of interest for practical applications. This PhD research
work proved to be successful in providing a validated numerical modeling
approach for the dynamic behavior of RF MEM structures. In addition
the main parameters in-fluencing the dynamic characteristics of the MEMS
switches have been identified. In the second part of the work an interesting

new concept for a tunable capacitor has been demonstrated.
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