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Abstract

This doctorate thesis focuses on the analysis, design and characteriza-
tion of Radio-Frequency (RF) Micro-FElectro-Mechanical System (MEMS)
switches for space applications. The work was inspired and supported by the
Furopean Space Agency (ESA) Contract No. ITT AO/1-5288/06/NL/GLC
High Reliability Redundancy Switch. The main purpose of the project is
the design and realization of high-reliability RF MEMS switches for satel-
lite payload redundancy networks. Up to now, the common satellite archi-
tecture implements redundancy networks by means of bulky devices. RF
MEMS switches allow for extremely miniaturized networks along with out-
standing performances in terms of losses, power consumption and linearity,
not really achievable with solid state devices. As requirements for such an
application, RF MEMS switches have to survive under extremely harsh
environmental and operating conditions. In particular the device should
handle continuous bias voltage (at least for 10 years), 5 W of RF input
power and around 1000 actuation cycles without meaningful electrical and
mechanical failure. The thesis proposes novel mechanical solutions to ac-
complish this task, exploiting active restoring mechanisms able to restore
the previous status of switch in case of reversible failure. This work also
provides a deep insight on the main reliability aspects of a RF MEMS device

such as dielectric charging, contact degradation and power handling.

Keywords
[RF MEMS Switches, Redundancy Networks, Active restoring mechanisms,
Reliability]
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Chapter 1

Introduction

In the last decade Micro-Electro-Mechanical System (MEMS) devices
have experienced a tremendous development in various fields of the In-
formation and Communication Technologies (ICT). Especially the recent
trends towards the interaction between integrated circuits (IC) components
and external environment pushed for the design of innovative devices and
technologies able to couple electrical properties with several different phys-
ical domains. In particular MEMS devices exploit a miniaturized movable
structure whose movement or position can interact with electrostatic, ther-
mal, magnetic, fluidics, electromagnetic signals. Reliability, compactness
and high integration were some of the key factors for the achievement of
successful market products, such as ST Microelectronics accelerometers for
car airbag and Nintendo Wii controller, Apple I-Phone gyroscopes, ink-jet
units, Texas Instruments digital micro-mirror devices (DMD) for projec-

tors.

One of the most promising application field of MEMS technology is
related to microwave and radio-frequency (RF) communication circuits and
devices. When MEMS technology is applied to the microwave world, one
usually refers to that as RF MEMS.
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1.1 Radio Frequency MEMS

In recent years, the spreading of novel wireless communications stan-
dards has introduced new challenges in the design of the transceiver hard-
ware. At the device level, low power consumption, high linearity and large
bandwitdh are among the most important requirements that every com-
ponent has to fulfill in order to achieve high performance wireless sys-
tems. At the system level, highly-reconfigurable circuits allow the modern
wireless systems to be multi-platform, that is, to integrate all the most-
diffused communication standards (such as UMTS, GSM, WiFI, Bluetooth,
WiMax) without loosing compactness and quality. RF MEMS technology
allows for the creation of devices and circuits that may respond to the

requirements and capabilities mentioned above.

The idea behind RF MEMS is to use miniaturized movable structures to
implement high performance resonators, varactors, inductors, and switches.
The application fields embrace mobile phone terminals, base stations, phased
array antennas, multi-purpose radars, high quality test instruments and
satellite payloads. Recently, most of the attention has been turned to
electrostatic RF MEMS switches.

RF MEMS switches exhibit superior performance in terms of losses,
linearity, power consumption and cut-off frequency with respect to com-
mercial solid-state devices, such as PIN diodes or FET (Field-Effect Tran-
sistor) switches. A MEMS switch is essentially a passive device, so it
may be employed to build low-power and low-loss re-configurable filters
and attenuators, impedance matching networks, digital phase shifters, and
switching networks. Still, it can be easily integrated in microstrip, slotline
and coplanar waveguides by means of the surface micro-machining fabri-

cation process.

An interesting application for RF MEMS switches is the switching ma-
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trix for satellite payload applications. Satellite systems usually consist of
several redundant payloads, which aim at improving the lifetime of the
whole system itself. For this purpose redundancy devices are implemented
into the system to commute among different payloads. Nowadays, satellite
systems employ bulky mechanical switches built in coaxial and waveguide
technology to implement the commutation circuits. Solid state switches
may be considered as a valid substitution of mechanical switches, but they
usually exhibit high loss, high power consumption and poor linearity. On
the other hand, RF MEMS switches may effectively replace such a tech-
nology offering comparable RF performances in terms of loss and linearity,
allowing also for a drastic reduction of the size.

The design and the development of high-reliability redundancy RF MEMS
switches in Ka-band for satellite payload applications is the main objec-
tive of an European project inspired and funded by the European Space
Agency (ESA) (Contract No. ITT AO/1-5288/06/NL/GLC High Relia-
bility Redundancy Switch). This thesis focuses on the deep study and
comprehension of the reliability aspects and failure mechanisms involving
the electrostatic RF MEMS switch functionalities.

1.2 Reliability of RF MEMS

The main concern about the usage of redundancy switches in RF MEMS
technology is their reliability. RF MEMS reliability may refer to their
capacity to survive to either a very large number of actuations (cycling
stress) or a long-time actuation (long-term stress) without any significant
degradation of electrical and mechanical performances. In addition, further
sources of stress like high power signal, temperature variation, shock and
vibration contribute to the reliability assessment of RF MEMS switches,

and often most of these physical and environmental phenomena are closely
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related among each other.

In particular, RF MEMS switches for satellite redundancy networks
have to accomplish to very strict requirements in terms of long term stress,
space radiation and high temperature variation. The main goal of a redun-
dancy switch is to keep the same state (ON or OFF) for very long time.
Then it is supposed to switch status in less than one second when required.
The worst case is when the switch is continuously biased and the mem-
brane is kept in the down position for 10-15 years. When the suspended
membrane is not able to self-recover after the removal of the bias voltage,
a stiction failure occurs.

There are two physical phenomena which may considerably impact on

the long term reliability and eventually cause stiction:

e Dielectric charging: a dielectric layer is usually put on the top of the
actuation pad to separate actuation pads and membrane after the
actuation. When a bias voltage is applied, charges are injected into
the oxide by strong the electric field. This may induce a shift in the
actuation voltage, and after a period of time the membrane may not
self-release and remain stuck to the actuation pad. In this case the
stiction is temporary since the dielectric tends to discharge, but the

prediction of the recovering is not straightforward.

e Contact degradation: RF currents can be concentrated on the small-
size contact spots, generating high density currents which locally pro-
duces a large amount of heat. At very high local temperature, microw-
elding can occur, and in some cases such a stiction is not reversible,

causing a permanent failure of the switch.

In addition, the following operating conditions highly influence the phe-

nomena described above:
e Temperature variation: A temperature stress can contribute to the
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relaxation or to the increase of the residual stress, which is always
present in suspended thin metal layers after the manufacturing pro-
cess. Moreover, at higher temperature values the dielectric charging

and discharging mechanisms can be accelerated.

o Medium and high RF Power: RF power may induce thermal, electric
and electro-mechanical stress on the switch, causing a variation of the
actuation voltage or in some cases a permanent degradation of the
material. In case of capacitive switches, high power levels can cause
the snap-down or the latching of the membrane, and induce charge
injection into the dielectric realizing the capacitance. In case of ohmic
switches, the power-dependent current densities can seriously and per-

manently affect the metal-to-metal contact as described previously.

1.3 Analysis and solutions

The long term reliability aspects of RF MEMS switches involve complex
physical mechanisms, and most of them are not completely understood.
The successful design of a reliable switch cannot be achieved regardless a
deep analysis and comprehension of these mechanisms.

In this thesis, some advances in the analysis of the stiction phenom-
ena and power handling capabilities are reported for the first time. These
analyses allow not only for a better insight into the reliability assessment,
but also for innovative design methodologies aiming at minimizing such
problems. As a proof of concept, different geometries and configurations
concerning the suspended membrane and the actuation pads are also inves-
tigated to minimize the charge injection and improve the power handling.

Furthermore, this thesis proposes the usage of an active push/pull mech-
anism to recover the RF MEMS switch from stiction. The up and down

positions of the membrane are actively driven by a couple of electrically-
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separated actuation pads. By biasing the pull-in pads, the membrane
switches to its down position. By applying a voltage to the pull-out pads,
the membrane is moved far from the RF line, assuming its up position.
The latter can be also used to effectively restore the up position when the
membrane remains stuck to the down position, and vice-versa. The same
concept is also exploited to realize a bi-stable switch, where the membrane
no longer needs a continuous bias voltage to keep its status. In this case,
the long-term dielectric charging problem is completely avoided.

All the proposed designs are manufactured by the in-house foundry of
Fondazione Bruno Kessler (FBK), and tested in the specialized laboratories

of University of Padova, University of Perugia and Lehigh University.

1.4 Structure of the Thesis

This thesis is organized as follows. Chapter [2| reports a deep anal-
ysis on the state-of-the-art of redundancy RF MEMS switches, focusing
on the failure models, process, and design solutions proposed so far. In
Chapter 3] a brief overview on the mechanical and electromagnetic mod-
els of RF MEMS switches is presented. Chapter [4] explains in details
the failure mechanisms involved in the stiction of the RF MEMS under
continuous stress, offering some important results concerning RF MEMS
switches manufactured in FBK. Chapter [5| offers a deep analysis on the
power handling capacity of RF MEMS switches, and presents for the first
time a compact multiphysics model useful both for design purposes and
prediction of failure. Novel design concepts for long-term reliability im-
provement are reported in Chapter [6, along with analytical model, finite
element analysis, and experimental characterization. Finally, Chapter

will conclude and summarize this work.



Chapter 2

State of the art

2.1 Introduction

Radio-frequency (RF) redundancy switches are extensively used to build
switching networks for satellite payloads applications. These switches need
to accomplish very strict requirements for their utilization in space envi-
ronment [1], such as low loss, low power consumption, high linearity, low
sensitivity to temperature variation, robustness to space radiation, me-
chanical shock and vibrations.

Nowadays redundancy switch units are realized in coaxial and waveguide
technologies. These units are essentially based on electro-mechanical de-
vices. The space reliability of mechanical switches has been widely demon-
strated and high RF performances can be achieved in K/Ka band [2].
However, they are extremely bulky, and this implies an additive cost in
both the satellite system implementation and the launch process. There-
fore recent research activities focused on the development of miniaturized
switches with comparable or superior performances with respect to me-
chanical switches.

In this chapter, a brief overview of the RF switches designed and manu-
factured in MEMS (Micro-Electro-Mechanical Systems) technology is pre-

sented, with a particular focus on their usage as redundancy switches for
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satellite communications. A critical comparison between RF MEMS and
solid state switches is also reported. In addition, the main failure mech-
anisms affecting the full functionality of RF MEMS switches are briefly

introduced.

2.2 RF MEMS switches

2.2.1 Basics of RF MEMS

RF MEMS refer to a large variety of miniaturized devices manufac-
tured by using a combination of CMOS (Complementary-Metal-Oxide-
Semiconductor) process, and surface and/or bulk micro-machining pro-
cess [3], which allows for the realization of physically movable parts.

RF MEMS components [4] have been extensively studied in the last
15 years. Although the idea behind MEMS technology is quite old, and
the first MEMS sensors and actuators were developed at the beginning of
Nineties, preliminary works about such a technology applied to RF and
microwave circuits started to appear at the end of the same decade [5].

In general it is important to distinguish between MEMS devices and
micro-machining devices for RF applications. The latter exploit surface
and bulk micro-machining technology to develop miniaturized antennas
and filters. On the other hand, although they can be realized with similar
techniques, devices can be considered as MEMS if they employ a movable
part for their full operability [6].

In a RF MEMS device, the position of the movable part can be adjusted
by providing an external control. According to the physics which describes
the relationship of such a control with the mechanical displacement, RF
MEMS are classified in electrostatic, magneto-static, electro-thermal, or
piezoelectric.

The electrostatic control is usually considered the best solution to em-
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ploy in complex wireless systems. In this case a difference of potential is
applied between a membrane, which acts as the movable electrode of a
capacitor, and a bias pad, which acts as the fixed electrode. The bias pad
can be a part of the transmission line or separated from the transmission
line. The bias pad is usually covered by a dielectric layer, in order to avoid
the direct metal-to-metal contact between the electrodes.

Also the preferential movement direction (lateral or wvertical) provides
a sort of classification, which basically depends on the adopted fabrication
technology.

The most common RF components that have been designed and man-

ufactured so far by means of MEMS technology are:

e RF Switches: A switch can assume two functional states, ON and
OFF. Conventionally the switch state is ON when a voltage higher
than a threshold voltage Vi is provided from the switch bias network.
RF switches can be monolithically integrated in microstrip, slotline
and coplanar transmission line, and, according to their topology, they

can be series or shunt.

e Switched capacitors: in this case, one or more RF switches are used
with or without metal-insulator-metal (MIM) capacitors in order to

realize a high-Q tunable capacitance integrated in microwave circuits.

e Varactors: A varactor is a variable capacitance where the position of
the moveable membrane can be slightly tuned by means of an analog
control. Varactors are usually implemented in circuits where an analog

control is needed in place of a digital control.

RF MEMS switches and switched capacitors represent one of the dom-
inant application fields of MEMS technology for RF. A switch can be seen
as a two-ports network. As shown in Fig. 2.1] a shunt switch is OFF when
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(a) Shunt switch: OFF (b) Shunt switch: ON
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Figure 2.1: RF switches in shunt configuration: a) OFF state and b) ON state.
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Figure 2.2: RF switches in series configuration: a) OFF state and b) ON state.

ideally all the delivered RF signal power can travel through it. From a RF
point of view, this means ideally no signal reflections (return loss [7] equal
to zero). The shunt switch is ON when it realizes a short to the ground,
which is achieved when a voltage Vgrag > Voun is provided.

On the other hand, when a series switch is OFF, no signal can go
through the device, and input and output are ideally isolated (Fig. [2.2)).
When the switch is ON, all the RF power flows from input to output.

The above classification is general and can be applied to any kind of
solid-state or mechanical switch.

RF MEMS switches can be also distinguished in capacitive and ohmic
according to the nature of the movable membrane - RF line contact.

In a capacitive switch, the status ON or OFF is given by the value of the

capacitance realized between the moveable membrane and the transmission
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line. Therefore a figure of merit of capacitive switches is the ratio between
ON and OFF capacitance, that is, the capacitance ratio. Because of their
characteristics, capacitive switches provide narrowband isolation.

In ohmic switches, the contact is between two metal surfaces. Typical
figures of merit are the values of the contact resistance Roy and the OFF
state capacitance Corp. Very low values of Rpy correspond to an excellent
insertion loss, whereas a low value for Cpopp means very high isolation for
a wide frequency band.

Since RF switches are usually adopted even in the realization of switched
capacitors, one usually considers them as the same family. A capacitive
switch usually shows a very high capacitance ratio, of the order of 100-
150:1. A switched capacitor may have a capacitance ratio of 4:1, which
is enough, for example, for high-Q filters [§]. A varactor can be realized
by using a capacitive switch as well, but it requires a fine control of the
capacitance value and a wide tuning range. Moreover, a drastic variation
of the capacitance, such as in capacitive switches, has to be avoided, so
varactors usually require more complex geometries.

From now on only wvertically-movable electrostatic RF MEMS switches

will be considered.

2.2.2 Advantages of RF MEMS

RF MEMS switches promise to replace solid-state switches such as PIN
diode or FET (Field Effect Transistor) on GaAs (Gallium-Arsenide) sub-
strates. The advantages with respect to these devices are numerous.

PIN diodes are largely utilized for re-configurable networks. They show
high cut-off frequency (around 3-4 THz), but power consumption can be up
to 100 mW. GaAs FETs have low power consumption, but they suffer from
intrinsic non-linearity. For both PIN diode and FET devices, microwave

losses are significantly high above 10 GHz [4].
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On the other hand, typical performances for a RF MEMS switch are [§]:

o Fxtremely low loss: insertion loss better than 1 dB and return loss
better than 20 dB have been demonstrated from 0.1 to 40 GHz.

e Power consumption: almost zero power (=~ pW) is needed for static

and dynamic operations.

e High linearity: 1IP3 is usually much higher than 60 dBm, which cor-
responds to 20-40 dBm more than what it is for switches on GaAs

technology for same input power.

e High () factor: since the suspended membrane electrical resistance is
usually low (< 0.2-0.4 ), quality factor is greater than 400 from 1 to
100 GHz.

e Power handling: some MEMS capacitive switch have been demon-

strated to handle up to 5 W without any performance degradation.
e Operating voltage: it is usually high (5-60 V, depending on the design).

In addition, since MEMS devices involve a mechanical movement rather
than a carrier transport mechanism, they are intrinsically slower than solid-
state devices. The switching time is in the order of few us, whereas FET
devices are much faster (around tens of ns). Recent works [9] presented
innovative MEMS switches showing a faster switching time (some hundreds
of ns). This property is accomplished by reducing membrane dimensions
and gap. However, for typical RF MEMS applications, the switching time
is not a relevant issue.

High operating voltage is still considered one of the factor that slowed
down the diffusion of RF MEMS in mobile handsets, which usually work

by means of a 3.3-5 V battery. However, recent development of dedicated
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DC-DC converters (such as charge pumping circuits) provided a successful
solution to this issue [10].

The main focus that needs to be put on MEMS switches concerns their
reltability. The difficulty in this task is that all the failure mechanisms
are often strictly related among each other, and they involve a wide set
of physical domains (mechanical, electrical, thermal, electro-thermal, elec-
tromagnetic, etc.). Innovative process techniques, design and packaging
solutions were proposed in order to improve RF switch lifetime and perfor-
mances. The demonstration of the MEMS reliability is the key factor for a

successful spreading of RF MEMS components in the commercial market.

2.2.3 RF MEMS today in research and market

RF MEMS switch performances and reliability have been largely im-
proving during the last years. Many examples of successful concepts for
RF switches can be found in academia and companies. Table reports
a summary of state-of-the-art MEMS switches. Some of them are also de-
picted in Fig. 2.3, Among all the listed devices, there are few switches
products which are up to be pushed into the market. WiSpry is now selling
different circuits and components based on tunable MEMS digital capaci-
tors [22]. Most of the WiSpry products, like impedance matching networks,
tunable antennas, and filters, are designed to be easily integrated in mobile
handsets [23]. One of the greatest advantages supplied by these compo-
nents is to prevent the frequent call drops that affect, for example [24].

Radant demonstrated the reliability of a metal-contact switch able to
handle 10 W up to 200 billion of cycles [11]. Omron [I5] company utilizes
a silicon movable membrane instead of a metal membrane. Such a solution
allows the switch to handle high power, at the expense of a decreased
quality factor.

Companies as WiSpry, Radant, MEMtronics [16] are fabless, so they are

13



CHAPTER 2. STATE OF THE ART

2.2. RF MEMS SWITCHES

Table 2.1: List of state-of-the-art RF MEMS switches from [§]

1

Company Contact Actuator Material Substrate Pull-in (V) Package Reliability Ron (92) MM%V
Radant [11 ohmic Cantilever Au Silicon 90 Hermetic >200 Bilions 4 -
: wafer cap
Raytheon [12] capacitive Air Bridge Al Silicon 30-40 Hermetic >200 Bilions - 50:1
] wafer cap
Hermetic
RFMD [13] ohmic Cantilever Au SOI 90 dielectric 1 Bilion 1-2 -
cap
MIT-LL [I4] ohmic  Cantilever Al Silicon 55-65 Hermetic >600 B - 150:1
] wafer cap
Omron [I5 ohmic Air bridge Silicon Silicon 10-20 Wafer 10 Milion 0.5 -
: package
Ceramic
XCOM [§] ohmic Cantilever Au Silicon 90 hermetic 100 Milion 1-2 -
cap
. " o Wafer Level -
MEMtronics [I6] | capacitive Air bridge Al Glass 25-40 Liquid >100 Bilion - 20:1
WiSpry [8] capacitive Cantilever Au Silicon 35 HWHMMB N/A - 20:1
. . . Fused -
UCSD [17] capacitive Cantilever Au Silica 30-40 Unpackaged 100 Bilion - 7:1
, .o N Fused .
UCSD [18] capacitive Air bridge Au Silica 30-40 Unpackaged >20 Bilion - 5:1
. : " . Fused .
Limoges [19] capacitive Cantilever Au Silica 60 Unpackaged >1 Bilion - 9:1
NXP [20] capacitive  Air bridge Al-Cu Silicon 20 Hermetic N/A - 50:1
: wafer cap
RFpTech [21] ohmic Cantilever Au Silicon 55 N/A > 1 milion 4 -
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EDclftMEMS

© RFUTECH

Figure 2.3: Pictures of state-of-the-art RE MEMS devices [§].

supported by external foundries (such as IBM, IMT, and others), which
in most of the cases are developing a MEMS process integrated with stan-
dard CMOS process or GaAs process. Instead Peregrine [25] is develop-
ing and stabilizing a promising fabrication process on silicon on sapphire
(SOS). Such a technology allows for the realization of low loss and highly-
linear FET devices, showing also high integration capabilities with MEMS
switches [26].

Despite the good promises for the near future, a mass production and a
demonstration of the RF MEMS process yield for large volume of devices

is what has been missing so far.
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Figure 2.4: Pictures of state-of-the-art RF MEMS circuits: a) tunable filter [27], b) power
divider [2§], ¢) phase shifter [29], d) impedance matching network [30]

2.2.4 RF MEMS applications

RF MEMS switches and switched capacitors are the fundamental blocks
for a large amount of circuits and components for the next generation
of wireless systems (Fig. . Due to their outstanding performances,
RF MEMS are still the preferential solution for the following microwave

component areas.

e Tunable filters and re-configurable networks: Nowadays RF front-end
transceivers require several components such as filters, diplexers and
impedance matching networks in order to support the modern com-
munication standard technologies. For this purpose the employment

of tunable filters [23] can easily guarantee complexity reduction and
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compactness. The high Q-factor of MEMS capacitive switches and
switched capacitors allows for the design and realization of very low-
loss tunable filters, with also an extremely fine tunable capability [27].
An example of MEMS tunable filter is shown in Fig. 2.5 In addi-
tion RF MEMS switches may be successfully used in re-configurable
impedance matching networks [30] and attenuator [31]. MEMS tech-
nology can be also used for multi-frequency antennas, where the phys-

ical dimensions of the antenna is changed by controlling a bank of
MEMS switches [32].

© IEEE
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Figure 2.5: Tunable 4-bit filter based on RF MEMS switched capacitors [33].

e Phase shifters: MEMS switches are extremely suitable to be em-
ployed in re-configurable reflect-type, distributed-loaded transmission
lines [34], true time delay phase shifters [29]. However, recent works
on phase shifters based on CMOS and SiGe technology up to 100 GHz
[35] slowed down the development of MEMS technology for this ap-
plication. In spite of that, the low-loss, high-isolation, and linearity
make RF MEMS still the best choice for wide-band true-time delay
networks for phased-arrays [36] [§].

e Single pole - N Throw (SPnT) and switching matrices: RF MEMS
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(b)

Figure 2.6: Examples of RF MEMS matrices from [37] (a) and [38] (b).

promise to replace solid-state or coaxial switches in order to have
high-linearity low-loss components in switching networks. This would
especially be an outstanding breakthrough for satellite applications,
where MEMS switches may replace bulky coaxial switches, and keep
similar performances. Example of manufactured RF MEMS matrices
are shown in Fig. 2.6, This kind of application will be discussed in
details in the next paragraph.

2.3 Redundancy networks for space applications

Satellite systems usually employ several payloads in order to avoid that
the breaking of one of them compromises the full functionality of the whole
system. Therefore switching networks are utilized to change the signal
paths between the different payloads. The switching mechanism is im-

plemented by means of high-performance RF switches named redundancy

18



CHAPTER 2. STATE OF THE ART 2.3. REDUNDANCY NETWORKS. ..

(a) SPDT (b) SPnT
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Figure 2.7: (a) Single Pole Double Throw(SPDT), and (b) Single Pole n Throw switch
unit schemes.

switches. In general, a switch unit (not necessarily designed for redundancy
systems) can consist of one or more switches according to the number of
inputs and outputs. Switch units with one input and one output are called
Single Pole Single Throw (SPST) switches. For example, a RF MEMS
switch or also a PIN diode are the simplest case of SPST.

The most common switch unit is the Single Pole Double Throw (SPDT)
switch, which consists of one input and two outputs. When the number
of outputs is greater than 3, the switch unit is referred as SPn'T, where n
is the number of outputs (Fig. 2.7). These kind of circuits are extensively
used in communication systems, where transmitter and receivers usually
share the same antenna.

A set of switch units can be combined together to achieve a more com-
plex switching network with several inputs and outputs. Such a configura-
tion is also called switching matriz.

For satellite communications, the operational and robustness require-
ments that a switch unit has to accomplish are extremely challenging.
Nowadays, satellite systems employ coaxial and electro-mechanical switches
as the ones shown in Fig. 2.8Fa. This is a very well-established technology
that assures high RF performances and proved reliability [39]. A switch
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Figure 2.8: (a) Typical coaxial redundancy switch matrix and switch basic building blocks
currently used in satellite systems, and (b) their application in a redundancy system [37].

unit will be an important part of a redundancy system inside the satellite,
similar to the one depicted in Fig. 2.8b.

The main disadvantage of mechanical switches is that they are extremely
bulky, and replacing such switches with miniaturized devices will save space
and reduce the overall cost of the system. RF MEMS switches are a good
candidates to do this since they have comparable RF performances (in-
sertion loss better than 1 dB and isolation better than 50 dB). As stated
before, RF MEMS devices show also lower power consumption and higher
linearity with respect to solid state devices. Up to now several works on RF
MEMS SPDT switches have been reported. They have been applied, for
example, as redundancy switches [37], and in switched line phase shifters
[29][40]. An example of RF MEMS SPDT based on a T-junction [3§] is
shown in Fig. 2.9 In this case, a set of two RF MEMS switches per path
is used. When a RF signal goes from Port 1 to Port 2, an ohmic series
switch along the Port 2 path is ON, providing the contact between the two
branches of signal line, and the capacitive switch next to it is OFF. Along
the path to port 3, the ohmic switch is OFF, and the capacitive switch

is ON, so that the isolation at higher frequencies is drastically improved
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Port 1

Figure 2.9: Single Pole Double Throw(SPDT) switch manufactured at FBK [3§].

(better than 40 dB up to 30 GHz).

Although the high performances in terms of loss and isolation of RF
MEMS switch units have been widely demonstrated, the reliability of
such devices is still an open issue. This is especially true for redundancy

switches, whose reliability assessment needs to accomplish rigorous require-

ments [41].

2.4 Reliability of RF MEMS

2.4.1 Definition

As mentioned previously, many aspects concerning the reliability of RF
MEMS have not been solved yet [42], and this has really limited the real
spreading of such a technology into commercial market. In micro-electronic

industry, the term reliability usually refers to a statistical description con-
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cerning the mass production of the devices, aiming at predicting, for exam-
ple, the mean time to failure (MTTF) [43]. In RF MEMS field, the term
reliability pertains to a set of complex physical phenomena which may lead
to a degradation of RF performances or also to the temporary o permanent
failure of the device.

There is not a defined standard for the evaluation of the reliability of RF
MEMS switches. However, it is extensively recognized that the goodness

of a MEMS device can be determined on a set of figures of merit such as:

o Life-cycle: number of ON-OFF fast repetitive commutations that the

device can handle without any sort of degradation or failure.

o Temperature range: Range of temperatures in which the switch can

be considered still working.

e Long-stress life-time: period of time in which the switch can contin-
uously keep the ON state and still commute to the OFF state when

required.

The above figures are usually provided at a certain RF input power, and
RF performances (isolation, insertion loss, linearity, operating frequency)
or electric properties (Vpuy) variations are monitored according to this fig-
ures. Shared criteria by which the variation of these parameters can be
considered acceptable are still not well-defined, although a 5-10 % of vari-
ation from the expected values is utilized in most of the cases.

Especially for satellite redundancy switches, the requirements in terms
of reliability are very stringent. In order to be suitable for space applica-
tions, an electronic device should be able to survive first to the satellite
launch stage, and then to an extremely harsh environment, in according
to the MIL-883E standard [I].

The long-stress lifetime is maybe the most important and difficult re-

quirement to accomplish in space communications. A switch unit should

22



CHAPTER 2. STATE OF THE ART 2.4. RELIABILITY OF RF MEMS

remain in the same state until a fault occurs inside the subsystems. This
means that, in case of a fault of an amplifier, a redundancy switch biased
for a long time (i.e. ten years) must change its state in a time that should
be as short as possible once the applied bias voltage is removed.

The phenomena affecting the lifetime of a RF MEMS switch embrace
more physical domains, and they are often closely correlated among each
other. Thus it is not easy to deal separately with a single failure mode
without facing the effect of another one. Nevertheless, the main failure

modes can be distinguished according to their origin.

2.4.2 Electrical-induced failures

Electrical-induced failure modes are related both to the propagation of
the RF signal through the MEMS switch and the use of localized high elec-
tric fields in case of electrostatic control. The most important electrical-
related physical phenomena which may cause a switch failure or degrada-

tion are:

e Dielectric charging

The dielectric layer covering the bias pad can undergo high-intensity
electric fields. When the suspended membrane touches the dielectric,
charges can be injected inside the dielectric itself, exploiting the exis-
tence of defects in the dielectric material. Depending on the electrodes
materials and dielectric material adopted for the switch, charges can
be injected from the membrane (when in contact with the dielectric)
or also from the bias electrode [44]. Mechanisms of slow dipole po-
larization may also be important for long stress even if the contact
between membrane and dielectric does not occur [45]. The quality of
the dielectric [46] [47], the operating temperature [48], and the sub-

strate [49] impact on the charging process significantly. The main
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effect of this phenomenon is the creation of a built-in voltage that
shifts the Vpn value of the switch. For a positive shift, the switching
operation no longer occurs if Vpoy becomes higher than Vgrag. For
negative shift, the switch could not turn back to the OFF state even
if Vgrag is put equal to zero. In this case, since the membrane is stuck
to the dielectric layer, such a phenomenon is conventionally called
stiction. For very high electric fields, even a not-reversible localized

breakdown of the dielectric can occur [50)].

e Contact Microwelding:

Ohmic switches operate by means of a metal-to-metal contact, which
involves a very complex physics dependent on the temperature, the
impact and the movement between the metals interfaces. The RF
current density, which is related to the power of the propagating RF
signal, has a strong impact on the metal-to-metal contact conditions.
When the current increases, very high current densities are concen-
trated in contact micro-spots [51]. As a consequence, a very high
temperature rise may occur, leading to a not-reversible degradation
of the material, and also to localized micro-weldings. Even in absence
of RF currents or with very low currents, welding phenomena can
occur because of surface adhesion forces [52]. Other phenomenon re-
lated to the physics of the contact such as wear, pitting and hardening
(which result from the impact and/or the sliding between two sur-
faces during the switching operations) may degrade the metal contact
surface even though no micro-welding actually occurs. This in turns
affects the equivalent contact resistance, leading to a deterioration of
the overall insertion loss of the RF switch [53].

e FElectro-migration:

Electro-migration refers to the removal and drift of the atoms of a
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conductive material under high current densities. This phenomenon
is especially evident at the metal-contact interface of ohmic switch.
However, high RF power inducing high currents on the conductors
may also cause electro-migration and material transfer in any points of
the conductor material where the current density is particularly high.
For example, some works [4] report that gold material can handle a

current density up to 4 MA /cm?.

Dielectric charging and contact micro-weldings give an upper limit to
the long-stress lifetime of RF MEMS switches, which is fundamental in
redundancy systems. Both the phenomena may lead to stiction, that is,
the switch OFF-state is no longer achievable from an ON-state biased
switch. In general stiction may be reversible, but the switch could take a

very long and unpredictable time to fully recover.

2.4.3 Operational-induced failures

Some failures are related to the switch operations, and they are usually

referred to as:

e Power handling:

This is the amount of RF power that a switch can handle without
failure or evident performance degradation. RF power may have sev-
eral implications on the functionality of the switch, since it involves
a lot of complex physical mechanisms. The root mean square (RMS)
voltage of the RF signal power acts on the membrane as a bias volt-
age causing in some cases unwanted switch status commutations or
also latching [54]. This phenomenon is referred to as self-biasing. The
high power dissipated on the membrane produces a high temperature
rise, which in turns affects the stress status of the membrane (self-

heating). Moreover, the high density currents may seriously affect
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the metal properties, and produce electromigration phenomena, plas-
tic deformation and material melting. Recently, some MEMS designs
demonstrate to handle up to 10 W [55]. This topic will be treated in
more detail in Chapter [5]

e FElectrostatic discharge:

An electrostatic discharge (ESD) is an instantaneous high current
flowing through a dielectric because of a sudden electric potential
difference between two points. This usually leads to an irreversible
breakdown of the dielectric layer, which starts behaving like a conduc-
tor. ESD is a common problems in all the electronic circuits and it is
prevented by the use of an appropriate protective circuitry. In MEMS

devices a similar mechanism is difficult to integrate [56].

2.4.4 Mechanical failure modes

Since MEMS involve fast and repetitive mechanical movements, includ-
ing large displacements (that is, the displacement of a movable struc-
ture is comparable with one of the dimension of the structure itself), also
mechanical-induced failure modes affect the full functionality of the MEMS
switch. The most important mechanical degradation mechanisms having

a significant impact on the switch performances and lifetime are:

e Fatigue

Fatigue consists in the progressive damage of a material subject to a
cycling stress load. For high aspect-ratio structures like RF MEMS
membranes, during the switching operations high concentrations of
stress are present on the hinges or on the membrane corners. The
effect of the cyclic loading is particularly important on these points.

Where the stress is very high, cycling load can lead to the formation
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of surface micro-cracks that cause the slow weakening of the material
over time and create localized plastic deformations and also brittle
fractures [57]. The damage or crack of the material is detected by
a degradation of electrical and electromagnetic parameters, since the

switch stops working as expected [11].

o (Clreep

Creep is the tendency of a material to move or deform permanently
if subject to a long stress. Unlike fracture, which happens suddenly,
creep is the result of a slow accumulation of strain in a long period
of time. Then creep is a time-dependent and also a temperature-
dependent phenomenon [5§]. For redundancy RF MEMS switch re-

quirements, it is then even more important than fatigue.

o Vibration and shock

External vibrations can have a disastrous impact on MEMS devices.
Vibrations contribute to accelerate the fatigue of the material, also
inducing localized fractures that can compromise the functioning of
the switch [59]. While a vibration is considered a set of random and
repetitive loads, a shock refers to a single short mechanical impact
that can lead to a significant break of the device. Basically it is a
sudden transfer of mechanical energy all along the device. Vibrations
and shocks are common events during the launch stage of a satellite

system to the space [41].

2.4.5 Environmental failure modes

Finally, the failure of a MEMS device may happen even because of a
change in the surrounding environmental conditions. The following aspects

give the major contribution to any environmental variations:
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e Temperature:

A temperature variation has a direct effect on the mechanics of the
MEMS switch. In fact, the residual stress of the deposited thin films
may significantly change due to temperature variations. This happens
because of the difference between the thermal expansion coefficients of
the layers forming the suspended membrane, and the substrate, work-
ing as a support for the switch [60]. Also the intrinsic stress of the
deposited materials due to molecular interaction or interfaces crys-
talline mismatch responds to a temperature variation. For very high
temperature variation, also plastic deformation and material melting
can be induced. Moreover the buckling of suspended structures may
occur if critical values of stress are reached. It is clear that the primary
effect of a stress variation is on the electro-mechanical parameters such
as the Vpy. Different materials [61] and different switch designs [62]
have been extensively studied to make the devices less sensitive to

temperature variations.

o Humidity:

Humidity has an important effect on increasing the adhesion forces
between two contacting surfaces. Therefore, if the switch operates in
a not-controlled environment, humidity affects its functionality, and
it can also cause stiction in case of both metal-to-metal and metal-to-
dielectric type of contact. Humidity also plays an important role in

the dielectric charging [63].

o Radiation:

High energy radiations are important especially in space environ-
ments. In electronic devices [I] radiations can cause bulk lattice dam-

age and make materials more susceptible to fracture. Radiations can
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also induce space charges in dielectric layers, and then create a perma-
nent electric field compromising the correct functioning of the device.
In devices with mechanical-movable structures, like MEMS switches,
some radiations can affect the Young modulus of the movable mate-

rials, causing a variation in the electro-mechanical properties [64].

2.4.6 RF MEMS Packaging

Another important reliability aspect of RF MEMS switches relies on
the package implementation. A reliable package is fundamental for RF
components high-volume production. For RF MEMS switches, a package
has to work first as a mechanical support for the device, and also provide a
protection from external humidity and any kind of contaminants. For this
reason the package should be preferably hermetic. A vacuum package is
largely used for MEMS resonators and sensors, but for RE MEMS switches
the utilization of inert gases such as nitrogen is preferred in order to dump
any sort of unnecessary mechanical oscillation [4].

In addition the evaluation of the reliability of a MEMS device in terms
of lifetime and robustness may drastically change once the device is pack-
aged. The design and the fabrication of an effective package for RF MEMS
are not easy tasks. The package should not significantly affect the elec-
tromagnetic properties of a RF switch. Moreover, the realization process
of a package should minimize the mechanical stresses on the switch die,
to prevent any implications in the correct mechanical functionalities of the
MEMS device [65].

Different packaging and chip assembly techniques have been developed
so far. For example, flip-chip assembly, ball-grid array, wafer level package
techniques can be found in literature [4]. Among these, an effective way
to package a RF MEMS switch is a 0-level package or wafer level package
(WLP) [66]. The package is implemented at the wafer level, allowing for
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an immediate protection of the device. This approach can help minimizing
the parasitics with respect to a 1-level package, and it can also facilitate
the subsequent device handling. However, many MEMS foundries are still
investigating an effective and reliable process for the wafer-level MEMS

packaging.

2.5 Review of the main anti-stiction mechanisms

Since the stiction is still the main concern related to the RF MEMS
reliability, a lot of work has been done to reduce or completely avoid such
a problem. The use of different metal alloys for a more robust ohmic
contact [11], or different dielectric layers [47] have been the main strategies
pursued so far.

The removal of the dielectric layer from the bias electrode, and, conse-
quently, the adoption of stoppers has demonstrated to drastically improve
the lifetime [19]. However, charging inside the substrate and/or dielectric
underneath the electrodes still occurs. In some cases ON-state stiction can
be reduced by improving the mechanical design in order to achieve a high
self-restoring force of the MEMS membrane [67]. However, this cannot be
enough to guarantee the switch functionality especially in case of very long
bias time.

An effective strategy against stiction is the design of an active mech-
anism to restore the OFF state of the switch when stiction occurs. This
approach promises to be an excellent solution especially for redundancy
RF MEMS switch units, where the prediction of the contact and dielectric
status in 10-15 years is not straightforward.

The idea of a third electrode, alternatively called pull-out or OFF elec-
trode, to actively control the position of the suspended membrane is pro-

posed in [68]. The pull-out electrode is added on top of the air-bridge by us-
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Figure 2.10: SEM photograph and schematic cross-sectional view of the switch fabricated
with top electrode [6§].

ing a two-stages sacrificial layer deposition. A SEM image and a schematic
cross-sectional view of the resulting structure is shown in Fig. 2.10, Such
a mechanism may be very effective in case of membrane stiction or latch-
ing. However, this device implies a more complex fabrication process and

further electromagnetic parasitic effects to be considered.

The switch reported in [69] employs a thermal mechanism to actively
restore the switch after the stiction. Buried high-resistivity polysilicon
serpentines are implemented under the anchor points of a simple clamped-
clamped structure. In case of stiction, a current flowing through the ser-
pentines heats up the overall structure. The deformation induced by the
temperature rise acts on the stiction area by means of a combination of

vertical and shear forces, which contribute in releasing the stuck membrane.

The OFF electrode is placed at the same level of the ON electrode in
[70], where the suspended membrane is anchor-less, and simply-supported
by two pillars (Fig. . Moreover each extremity of the membrane works
as a top electrode. The actuation electrodes are localized on both sides of
each pillar, realizing a two-states device. Such a mechanism provides high
flexibility and active control of the switch status. The concept has been
validated also for an ohmic switch. However, no reliability tests have been

available yet demonstrating the reliability of such a device for long term
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Figure 2.11: SEM photograph and schematic of the actively-controlled MEMS switch by
DelftMEMS [70].

actuation.

A toggle or push-pull mechanism has been implemented in [71] by an-
choring a cantilever by means of torsion springs. However high control of
the stress gradient is required in this kind of structures in order to preserve

their electro-mechanical performance.

Instead of using a cantilever, a symmetric toggle switch combining the
advantages of the designs presented in [71] and [70] has been reported in
[72]. The four torsion anchor springs allow for the implementation of the
toggle mechanism, providing a (theoretical) effective restoring force in case
of stiction over the ON-electrodes. This concept will be further analyzed
in Chapter [6]

Alternatively a bi-stable mechanism can be implemented in the switch.
The difference with the active control concepts described above is that the
switch may maintain both the ON and OFF status without the need of any
bias control. The bias voltage is provided only to switch from ON to OFF
and vice versa, thus the dielectric charging problem due to long voltage
stress could be completely avoided. Again, the bi-stable mechanism could

also be effective in case of stiction due microwelding.

There are many example of bi-stable MEMS structures where the bi-

stability is controlled thermally or electromagnetically. In [73] a thermally-
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Figure 2.13: Out-of-plane bi-stable RF MEMS switch with thermal actuation [74].

controlled MEMS switch is reported. The switch employs two thermal
actuators connected to two thin suspended arms which work as the signal
line of a coplanar waveguide (Fig. . The switch is latched or un-latched
when the actuators are sequentially activated, establishing the contacts

between the two signal lines.

Another example of thermally-activated bi-stable MEMS is reported

in [74]. In this case the membrane movement is out-of-plane. A schematic
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Figure 2.14: Bi-stable metal-contact RF MEMS switch integrated in a 3-D micro-

machined coplanar waveguide [75].

and a SEM image of the structure are reported in Fig.[2.13] Such a device is

not presented as a RF MEMS and its integration capability on a microwave

transmission line has still to be demonstrated.

An electromagnetic control is implemented in [76]. Two permanent

magnets are used to keep alternatively the two stable positions of a can-

tilever beam. The power consumption is then extremely low even during

the switching operation with respect to the thermally-activated device de-

scribed previously. However, the presence of magnets makes difficult to
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integrate such a device in a CMOS-compatible process.

In [75] an electrostatic bistable contact switch exploiting an active open-
ing mechanism is presented. Even in this case the horizontal movement
of the suspended beams is exploited, and the switch is part of the signal
line of a coplanar waveguide, as shown in Fig. 2.14 When a voltage is
sequentially applied to a couple of 30-um thick clamped-free beams, these
lock together with the corresponding couple of beams, closing the signal
line contacts. This concept is effectively implemented in a SPDT, showing
good performances from 0 to 25 GHz (insertion loss better than 2 dB and
return loss better than 15 dB). A detailed reliability study concerning the
lifetime of such a device is still missing.

Bi-stable designs have not been successful so far because of their me-
chanical design and fabrication process complexity. The bi-stability based
on an electrostatic control looks more difficult to implement with respect
to a thermal control. To the author’s knowledge, full-effective bi-stable RF
MEMS switches and switch capacitors compatible with an electrostatic bias
control and based on out-of-plane displacement are currently not available

in literature.

2.6 Advances in FBK manufacturing process

The fabrication of RF MEMS devices is usually based on the stan-
dard manufacturing techniques used for integrated circuits [77]. All the
devices that are described and analyzed in this thesis have been manu-
factured using a combination of CMOS-compatible process and surface
micro-machining techniques. A surface micro-machining process [3] allows
for the creation of movable or fixed metallic suspended structures, such as
cantilever beams and air bridges by means of a supporting sacrificial layer.

The in-house clean room facilities available at Fondazione Bruno Kessler
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(FBK) provide an advanced eight-mask process platform for RE MEMS
switches, sensors, and actuators. A simplified sketch of the FBK process
mask layers is depicted in Fig. [2.15] The main process steps are described

as follows:

1. First, an appropriate substrate is chosen according to the target ap-
plication of the RF MEMS switches that are going to be fabricated.
For microwave applications, p-type high-resistivity silicon (HRSi) sub-
strate provides the best cost-performances compromise. Substrate
resistivity is in the order of 5000 €2-cm, against ~10 £2-cm of the stan-
dard silicon used for transistors. A 525-pm thick substrate is used for
switches integrated in coplanar transmission line, while 200-um thick
silicon substrates are preferred for switches on microstrip. A 1-pum-
thick thermal field oxide is grown on the silicon surface as insulating
layer. In order to reduce the fixed oxide charge, the oxide is also an-
nealed at 975°C in nitrogen. Also low-losses substrates such as quartz

or sapphire can be used in place of silicon for better RF performances.

2. Then the switch electrodes and the bias network connections are de-
fined. The material used is polysilicon. After growing 630-nm of
un-doped polysilicon layer by LPCVD (Low Pressure Chemical Va-
por Deposition), its conductivity properties are determined by the
doping dose of the subsequent boron ion implantation. A 1500 €2/
polysilicon layer results in 20-40 k{2 bias resistors, which have also a

meaningless impact on the switch loss if properly designed.

3. The electrical isolation between the switch bias electrodes and the
metallic beam structure is provided by a layer of 300-nm thick ox-
ide deposited by pyrolytic oxidation of tetraethylorthosilane (TEOS)
using LPCVD at 718°C. LPCVD silicon nitride can be used as an

alternative of the oxide layer. The dielectric layer is then removed by
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Figure 2.15: Side-view diagram of the 8-mask FBK base-line process. The thickness
dimensions are exaggerated to better highlight the mask layers.

plasma etching where a contact-hole between polysilicon electrodes

and the above metallic layer is needed.

4. The next step is the sputtering deposition of a Ti/TiN/Al/Ti/TiN
multilayer underpass which joins the two portions of the central con-
ductor or signal line under the suspended membrane. First 30-nm
thick Ti layer and 50-nm thick TiN layer are deposited at 400°C, then
a 410-nm thick Al—1%Si alloy and a 60-nm thick Ti layer are de-
posited at room temperature. Finally a 80-nm thick capping layer of
TiN is deposited at 300°C in order to have a diffusion barrier between
metal and gold. The total thickness of the multilayer was calculated
in order to have the same height of the polysilicon bias electrodes.
The multilayer underpass is also referred to as metal in the process

definition.

5. The multilayer is covered with low temperature oxide (LTO). This
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10.

11.

dielectric layer defines the ON-state capacitance in RF MEMS capac-
itive switches. The oxide is etched away where the contact (which in
this case is called via) between the underpass and the above gold layer

is needed.

. A 150-nm of gold is then evaporated. A 5-nm chromium layer is

deposited just before the gold and serves as an adhesive layer between
the gold and the bottom layers. This gold layer is named floating metal
since it can be used in capacitive switches to improve the capacitance
ratio [78]. However, its main purpose is to cover with a noble metal the
exposed electrical contacts of the ohmic switches in order to provide

a better metal-to-metal contacts.

A 3-pum thick sacrificial layer is deposited where a suspended structure,

clamped-clamped or free-clamped membrane, is needed.

. A 150/2-nm thick gold/platinum-alloy layer is evaporated over the sac-

rificial layer in correspondence of electric contacts in ohmic switches.
This solution aims at improving the hardness of the ohmic contact

and then their lifetime under repetitive stresses.

. A first 2-um thick gold layer is electroplated by means of a commercial

gold-cyanide bath on the top of a 2.5/25-nm thick chromium-gold seed

layer.

The second gold mask is defined, and then a 3.5-pum thick gold layer
is electroplated. This further gold layer can reinforce the suspended

structures to guarantee membrane flatness.

Finally the air-bridges are released with a modified plasma ashing pro-
cess (30 minutes at 200°C). An experimental low-temperature release
has been recently introduced [79] in order to minimize the beam stress
gradient (see Chapter [3)).
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A photo of the final result of the FBK RF MEMS switches fabrication
process is also shown in Fig. [2.16| The manufacturing process is still under
continuous development in order to improve the control of the process

uniformity.

2.7 Conclusion

This Chapter reported a brief overview of the state-of-the-art of RF
MEMS switches, presenting the main advantages with respect to solid state
switches and the best-case performances. The main applications of RF
MEMS switches were also described, with a particular focus on the their
employment as redundancy switches for satellite communications. The
most important failure modes affecting the MEMS reliability for short and
long term operating conditions, such as dielectric charging, contact microw-
eldings, and power handling, were also briefly described. The Chapter also
provided a critical assessment of some anti-stiction mechanisms proposed
in literature (such as the use of a third electrode, or the implementation of
a bi-stable membrane), which can be used to improve the switch lifetime
in case of long-term stress. Finally the Chapter reported some advances in
the manufacturing process of RF MEMS based on the technology facilities
available at FBK. Such a technology will be employed in the fabrication of

all the original devices presented in the next Chapters.
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Figure 2.16: RF MEMS 4-inches FBK wafer on quartz substrate.
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Chapter 3

Modeling of RF M EMS switches

3.1 Introduction

This chapter introduces the electro-mechanical and electro-magnetic
models of an electrostatic RE MEMS switch, with a particular focus on the
usage of numerical tools for the analysis of different typologies of MEMS
switches. Simple 1-D models for pull-in and pull-out voltages are presented,
along with the 2-port equivalent circuit network representation used for se-
ries and shunt switches. In addition, the main numerical tools for analysis
and simulation of RF switches are briefly described. Finally some case
studies are reported, focusing on the approach and methodology to be

followed for the multiphysics and full-wave simulations.

3.2 Mechanical model

3.2.1 Linear stiffness

A MEMS switch is made of a suspended conductive membrane con-
strained to a fixed support (substrate). The membrane can be a fized-fized
beam or a cantilever beam according to the type and the number of an-

chor points. A fixed-fixed beam or air bridge is usually anchored to the
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substrate by means of at least two anchor points or anchor springs. A
cantilever beam or free-clamped beam is anchored at one or more points

at the same side.

In electrostatic MEMS switches, the suspended membrane is flexible
enough to be considered elastically movable. The movement is driven by
an electrostatic force provided by applying a difference of potential between
the membrane and a fixed electrode. The reaction force depends on the
mechanical behavior of the membrane, which in most of the cases can be

easily modeled by a linear spring constant.

(a) (b)

—_——————— —
3
e
o
¥
—

. —
—
—
—
—
.—
—
—_—
-—
—
- —
—
—_—
—
—
—
—
—_—
- —
—
—
- E—
—_—
—
—
—
-—
e
—
—
—
—
————
—
—
—
—_—
—
e

I}
¥ 1
!
g .
-
&) |
e ———

(c) (d)

e e
—
—
—
——
—
—
- —
e———
- E—
—_—
—
—
—

—_
—
—
—_—
—
—
—
— —
—
—
-—
—
—
- —
& —
—
-
—
-
a—
—
—
—
—
-—
—
—
—

Figure 3.1: Sketch of fixed-fixed membrane used as shunt switch: (a) dimensions and
reference system identification, (b) uniform distributed load, (c) center-distributed load,
and (d) lateral-distributed load examples.

Fig. B.1}a depicts the 2-D model of a clamped-clamped beam, and its
related reference system. The beam is supposed to be rectangular-shaped,
with length [, width w;, (y-dimension, not shown in the Figure), and thick-
ness t;. The equivalent spring constant of such a structure is determined

as the ratio between the applied force or load F' (N) and the maximum
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displacement Az (m) along z-direction:

F

(3.1)

In the real case the force is not concentrated to one point but distributed
along a fraction of the length of the membrane, so the force per unit length
f must be considered. The value of k usually depends on the beam dimen-
sions and on the elastic characteristics of the material determined by the
Young Modulus E (Pa). In case of width comparable to length, the struc-
ture is modeled as a plate, and also the bi-axial elastic properties need
to be accounted by considering the material Poisson’s ratio v. The beam
dimensions and shape determine the moment of inertia ;. In addition it is
possible to distinguish three common situations according to the position
of the applied load [4]:

e Uniform load: If the load is uniformly distributed all along the mem-
brane length, as depicted in Fig. [3.1}b, the spring constant is:

¢ 3
k, = 32Ew, (z_b) . (3.2)
b

e Central load: If the load is distributed over the central part of the
membrane for a length defined with xy according to Fig. [3.1}c, the

spring constant becomes:

3

i tb 1

k. =32F — )
c wb(zb> 8(20/1y)® — 20(x0/1p)2 + 14(x0/ly) — 1

This situation occurs when the fixed electrode is a part of the RF

(3.3)

line, and the control voltage is provided together with the RF signal

by means of an appropriate de-coupling circuitry.

e Lateral load: In case of lateral distributed load, as depicted in Fig.
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d, the spring constant is:

ke = 3280, (3‘) eI

This case is applied when electrodes are placed beside the RF line,

(3.4)

and they are also electrically isolated from it. This is also the solution
adopted for the bias network of FBK switches.

The stiffness of a cantilever beam is derived in the same way. For

uniform load applied over the entire beam, the spring constant is

2 ty 5
kCL — _E - .

This case is illustrated in Fig. [3.2}a. For a load distributed over the tip of
the cantilever (Fig. [3.2}b), one has:

A e,
=2 (zb) 3= 4(wo/b) + (20/h)! (36)

where in this case [ is still the beam length, and z is the distance from

the anchoring point, so the load is spatially applied from zy up to [,. As a
good approximation, the model described by Eq. is usually employed
for the most of the cantilever switches, even if the bias electrode length is
a little bit shorter than the beam length.
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Figure 3.2: Sketch of a cantilever beam used as series switch: (a) uniform-distributed
load, and (b) tip-distributed load.
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3.2.2 Effect of residual stress

Since the clamped-clamped structures considered above are thin-film
membranes, the dominant component of stiffness is actually due to the
residual bi-axial stress. The residual stress oy in thin film material de-
pends on a combination of factors. First, changes in the thin-film materials
mainly due to some manufacturing process steps generate localized strain
and stress. In addition, some defects, such as vacancies and dislocations,
in the material crystalline structure may already exist. This kind of stress
is generally named as intrinsic stress. Moreover, the mismatch between
the thermal expansion coefficient of the thin material and the one of the
supporting substrate significantly contributes to the whole material stress.

Such a condition is referred to as thermal stress.

The residual stress induced by the thermal expansion mismatch between
a thin film layer, with expansion coefficient oy and Young modulus E;, and
a thick bulk material (such as a substrate), with expansion coefficient v,

Oth — Ef(Oéf — Oab)(Tl — TO) (37)

where T is the room temperature and T} is the temperature employed
for the removal of the sacrificial layer during the release of the suspended
structures (see Section [2.6). A negative stress (op < 0) is considered a
compressive stress, and for critical values of such a component the buckling
of the suspended beam can occur. A positive stress (oo > 0) is tensile,
which means that the clamped-clamped beam is stretched. The latter
significantly contributes to the stiffness of the beam. Then the part of
the spring constant due to residual stress is determined by modeling the

clamped-clamped suspended membrane as a stretched wire [4]. Under this
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assumption, the spring constant is found to be:

K = 800(1 — v)w, (t—b) | (3.8)

" ty 1
k. = 8oy(1 — v)wy (E) B 2u/h)’ (3.9)

k., = 4oo(1 — v)w, (Z;—Ib’) m (3.10)

for uniform, central and lateral distributed load, respectively. As men-

tioned previously, these formulas can be applied only in the case of tensile

residual stress.

The complete analytical expression for the spring constant is then:

Fuce = Kuce + Koo (3.11)
In case of cantilever beams, one side of the beam is clamped, while the
other side is free to expand or contract. The residual stress is then re-
leased after the removal of the sacrificial layer, so it has no effect on the
stiffness of the beam. However, manufacturing process of MEMS often
requires the utilization of multi-layer structures. For example, this is nec-
essary for those materials, like gold and copper, which require an adhesion
layer such as chromium, titanium, or nickel, in order to adhere completely
to the supporting substrate. Therefore different materials and different
deposition conditions are the responsible of a stress gradient along the
thickness direction of the suspended structure [79]. Such a stress gradient
induces a bending moment M, on the cantilever, which in turn is respon-
sible of the tip deflection u,,,,. This effect is clearly illustrated in the 3-D
optical profile reported in Fig. [3.3

The variation of the bi-axial stress along the deflection direction, which
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Figure 3.3: Optical profiler measurement of an array of cantilever beams used as test
structures for the monitoring of stress gradient.

is supposed to be the z-axis of the beam reference system, is given by:
oo(z) =Tz (3.12)

where T’y is the stress gradient, usually expressed in MPa/um. In general
the stress gradient is evaluated by measuring the tip displacement t,,,, of
a cantilever beam of length [;,, Young Modulus E and uniform cross-section

identified by a moment of inertia Iy:

M, E
P,= b ol 13
L, Bt (3.13)

Stress gradient is usually not significant in clamped-clamped structures,
even though it is still present and may lead to some unwanted deformations
if reenforcing membrane frames are used. However, it becomes important
in cantilever beams, where the curvature produced by the release of stress
gradient may change significantly the gap between the top and bottom elec-

trodes. This may also affect the ON state contact area in series switches.
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3.2.3 Electrostatic model

The movable part of an electrostatic RF MEMS switch, for both the
cases of a clamped-clamped bridge or a cantilever beam, can be described
in a compact form by using a 2-D model of the traditional parallel plates
capacitor, as depicted in Fig.[3.4. In this case, the anchors of the membrane
are modeled by a linear spring k, attached to the top electrode of the
capacitor, which is free to move along the z-direction. A thin dielectric layer
of thickness t; and dielectric constant e, lays over the bottom electrode,
which is fixed to the substrate, whereas the rest of the capacitor is filled
with air. Note that such a capacitor works as the series of two capacitance,
one filled only with air and one filled with the dielectric layer. When
Viias = 0 'V, the air gap is much larger than the dielectric thickness, then

the overall value of capacitance is:

C() = 6()é (314)
9

where A is the effective area of the parallel plates, ¢ is the distance between
the electrodes, which is equal to gy in the beginning, and ¢; is the vacuum
permittivity (8.854 x 10712 F/m).

When the bias voltage is applied, a potential difference is established
between the parallel plates, generating an electrostatic force F, acting on

the top electrode:

1 A
F, = _5505%3% (3.15)

The reaction force provided by anchor springs is:
F,, = kAz. (3.16)

where Az is the top electrode displacement due to the action of the elec-

trostatic force.
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Figure 3.4: Spring-capacitance system modeling the electro-mechanical coupling in a
MEMS switch.

As long as F, = F), for increasing values of ¢, the applied force and
the reaction force are in equilibrium. This means also that the bridge is
kept in a stable position (¢ = go — Az). The increase of Az causes an
increase of F,, which is then subject to a positive feedback. Therefore for
a certain value of Az the membrane reaches an unstable condition, after
which it snaps down to the bottom electrode. By differentiating F, = F,
with respect to g and calculating the zeros of the resulting Equation, it can
be demonstrated that the bridge collapse occurs when Az = (1/3)gg. The

value of Vj;,s resulting in the membrane snap down is found by equating

Eq. and Eq. and substituting Az with (1/3)go:

Sk
Ver = Vhias(90/3) = \/ 27501498. (3.17)

The voltage at which the instability occurs is also called actuation volt-

age or pull-in voltage. For both series and shunt switches, Von > Vpr.
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The limitations of Eq. concern the definition of k£, and gyg. The spring
constant £ may have a complex analytical expression if the cross section
of the beam is not uniform [80]. The definition of k£ also depends on the
deflection point used as a reference to evaluate the term Az in Eq. 3.1]
Moreover, the membrane profile is not completely flat once the bias volt-
age is applied (and neither before for some geometries if residual stress
or stress gradient are present). All these aspects make the pull-in voltage
difficult to be estimated a priori. However, Eq. still provides a good
method for a rough evaluation of the electro-mechanical properties of a

given membrane geometry.

After the actuation, the electro-static force acting on membrane ac-
counts for the effect of the thin dielectric layer covering the bottom elec-
trode. This layer usually provides the DC isolation between the electrodes.

Then the capacitance after the actuation or down-state capacitance is:

A
Cdown — gOEr_- (3.18)
tq

The switch remains actuated until the electrostatic force is higher than
the restoring force (Fig.[3.4)). The hold-down or pull-out voltage is defined

as:
2k, (ta\’
Vpo = — | . 3.19
o \/ Lo (2) 3.19)

The spring constant k,, is usually different from the one used in Eq. [3.17]

In fact the pull-in can be seen as a large displacement with respect to

the small thickness involved, so the linear mechanical model is no longer
valid. Then a stretched component of the stiffness must also be considered.
Moreover the top electrode contact surface may also change after the bias

voltage approaches the pull-out value.

According to the above considerations, the displacement characteristic
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Figure 3.5: Displacement along z-axis of a clamped-clamped bridge as a function of bias
voltage. Note the hysteresis loop that characterizes any kind of RF MEMS switch.

of the top electrode describes a hysteresis as a function of bias voltage,
as illustrated in Fig. [3.5 The pull-out voltage is always smaller than the
pull-in, since the electrostatic force, acting after the actuation and then
depending on the down-state capacitance, is higher then the one acting
before the snap-down. This situation is shown in Fig. in more details
by means of a spring-capacitance 2-D model. After the actuation occurs for
Viias > Vpr, the switch remains in its ON state for a bias voltage included
between Vpo and Vpy, with Vpo < Vpr. When the bias voltage is lowered
so that Vi.s < Vpo, the switch de-actuates, returning in its OFF state.

3.3 Electromagnetic model

As described in Section 2.2 a RF switch can assume a series or shunt
configuration, according to its position with respect to the microwave trans-
mission line (¢-line). Generally a switch is considered ON if the actuation

of the membrane occurs.
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(1) Viyias < Vpy (2) Viias™ Vpr
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0 - 0-
(3) VP0< Vbias< VPI (4) Vbias< VPO

 — +
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Figure 3.6: Spring-capacitance system configurations as a function of bias voltage: (a)
bridge before the actuation, (b) bridge after the actuation, (c¢) bridge before the pull-out,
and (d) bridge after the pull-out.

From an electromagnetic point of view, a MEMS switch is essentially
a passive linear two-ports network. Its electromagnetic properties can be
fully described by the scattering parameters (or S-parameters) of a two-
ports network. Then the main figures of merit characterizing the switch

performances at high frequencies are defined by means of S-parameters:

e Return Loss: provides the amount of power reflected back at the input
port:
RL = —-20 loglo ’Sll’ (320)

Ideally it should be infinite (in dB) when the shunt switch is OFF and
the series switch is ON, which means that all the power is delivered

to the output. It should be ideally equal to 0 dB (1 in linear scale)
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when the shunt switch is closed and the series switch is open.

e Insertion Loss: provides the amount of power delivered from port 1
to port 2 when the shunt switch is OFF or the series switch is ON:

Ideally it should be equal to 0 dB, that is, all the power can go through
the network and delivered to the output port.

e [solation: it is defined when the signal is supposed to be not trans-
mitted through the network, and it provides the amount of power
delivered from port 1 to port 2 when the shunt switch is ON or the

series switch is OFF:

Ideally it should be infinite, that is, no signal is allowed to go through

the network.

In the real case, a certain amount of power is reflected back even if the
switch is in the transmission mode, and at the same way it is delivered to
the output port when the switch is supposed to isolate the two ports. Fig.
8.7 and show the ideal networks for shunt and series switches respec-
tively, and the corresponding real networks, where the switch is modeled
as a complex impedance.

Since the suspended membrane is usually very small if compared to the
wavelength of the traveling wave, the complex impedance is represented
with a set of lumped elements. In case of shunt configuration, the suspended
membrane is usually anchored to the grounds of the transmission line,
realizing a capacitance with the signal line. Therefore the MEMS switch

is modeled as a wariable capacitance Cg, in series with an inductance Lg
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(a) Shunt switch: ideal case (b) Shunt switch: real case
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Figure 3.7: RF switches in shunt configuration: a) ideal network and b) real network
where the switch is modeled as a complex impedance.

(a) Series switch: ideal case (b) Series switch: real case
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Figure 3.8: RF switches in series configuration: a) ideal network and b) real network
where the switch is modeled as a complex impedance.

and a resistance Rg (Fig. B.9). The latter models the loss introduced
by the membrane. When the switch is OFF, the capacitance assumes its

lowest value or up state value Cs = Copp (or Cyp). The value of Copp is
calculated by using Eq. (3.14) with a slight modification, as follows:

A
Corr = 509— + C (3.23)
0

where C'y accounts for the fringing field at the borders of the parallel plates
of the capacitor, and it is usually considered equal to the 30 % of the total
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Figure 3.9: Equivalent circuit of a MEMS switch in shunt configuration.
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Figure 3.10: Equivalent circuit of a MEMS switch in series configuration.

When the switch is ON, the membrane snaps down to the stationary
electrode, then Cs = Con (or Cyoun):

A
CON = Eoért— (3.24)
d

where, as seen for Eq. (3.18)), t; and &, are the thickness and the permittiv-
ity of the dielectric layer. In general, the capacitance ratio Con/Corr is
considered an important figure of merit of capacitive switches. The higher

the better the performance in terms of return loss and isolation.
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Another figure of merit is the electromagnetic resonant frequency wy
= 1/v/LsCoy, and the corresponding quality factor, which particularly
depends on the membrane resistance Rg. In accordance to the electro-
magnetic model described above, capacitive switches exhibit an intrinsic
narrowband behavior, so that the maximum peak of isolation occurs at wy.

In general the real value of Cpy is significantly far from the geometrical
value, since a thin air gap between electric and top electrode still remains
because of the roughness of the dielectric. If Cpy is designed to be around
7-8 pF, the real capacitance is typically around 0.8 - 1 pF. This value can be
improved if the bias pad is in common with the RF line of the transmission
waveguide, so the movable top electrode is forced to have a better contact

with the dielectric surface, reducing the residual air-gap.

Another way to increase the ON state capacitance is to deposit a float-
ing metal over the dielectric layer, so the residual air gap is completely
avoided [78]. However, an ohmic contact between the floating metal and
the top metal occurs, introducing all the issues concerning a metal-to-metal
contact. Such a contact also affects the value of the equivalent membrane

resistance, which in turn influences the Q-factor of the switch.

In case of series configuration, the switch is usually ohmic, that is, the
membrane realizes a DC contact with the signal line. So the switch is
modeled as a resistance Rpony when the membrane is actuated, and as a
capacitance Copp when the membrane is in its up-state (Fig. . The
pair of values Copp-Ron is the main figure of merit characterizing ohmic
switches. These parameters are rather sensitive to process issues such as
stress gradient. The higher the stress gradient, the higher the beam tip

displacement, and then the lower the Copp value.

An ohmic switch is intrinsically wideband, since it should be able to
assure high isolation in up-state and high transmission capabilities in down
state from DC to the cut-off frequency (defined as fr = 1/(2nRonCorr)).
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In general, Coppr may be easily determined for both ohmic and capaci-
tive switches from S-parameters measurements performed when the mem-
brane is in the up-state. Conversely, Con, Rg, Ls (capacitive switches),
and Royn (ohmic switches) are extracted from S-parameters measurements
at the membrane down-state. The membrane resistance in up-state is
difficult to determine, and it is usually slightly different from Rg, since
the density current distribution inducing losses by means of Joule effects

changes between the two cases.

3.4 Simulation tools

3.4.1 Circuit simulators

The first tool easily applicable for the analysis of RF MEMS switches
is a circuit simulator. As explained in Section [3.3] a MEMS switch can be
represented by utilizing lumped elements for the modeling of the membrane
and transmission line sections for the modeling of the surrounding circuit
environment. Advanced Design System (ADS) from Agilent [81] offers a
rich library of circuit elements and analysis tools such as S-parameters, AC,
DC and harmonic balance analysis. Complex models for lumped elements
or any circuit components can be defined, accounting also for critical design

parameters. A typical use of this tool consists of the definition of a MEMS

equivalent circuit, as those depicted in Fig[3.9]and [3.10, Indeed, once the

S-parameters of a MEMS device have been measured and the resulting data
file is loaded in the simulator environment, it is possible to fit the circuit
model with the real data to extract the equivalent values of capacitance,
inductance and resistance. The main advantage of a switch or circuit
design approach based on circuit simulator is that it allows for fast design

and optimization of the devices
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3.4.2 Finite element method

Compact analytical models are extremely useful for a preliminary eval-
uation of RF MEMS switches at the design stage. However, the com-
plexity of the physics involved in the functioning of RF MEMS switches
requires the utilization of numerical tools for a more accurate and confi-
dent prediction of the switch behavior. This concept is valid especially
for electro-mechanical and electro-magnetic physical domains. The finite
element method or FEM [82] is a numerical method that discretizes a com-
plex physical problem by means of several sub-domains, named as elements.
The definition of such a discretization is the mesh of the model. The ele-
ments are connected among each other by means of nodes, and are modeled
by a set of mathematical functions (low and high-order polynomials) de-
scribing the physics of the problem. Such functions are used along with
the applied boundary conditions, in the definition of a set of linear equa-
tions, which is solved according to the available degrees of freedom of the

problem.

A commonly used FEM software is ANSYS™ Multiphysics [83]. ANSYS
provides a large element library for the modeling of very complex physics
problems (structural, thermal, electric, fluidics), and it can also perform
static or dynamic analyses. In Fig. the descriptive scheme of a high-
order structural 3D element (one of the most utilized elements for the

simulations presented in this thesis) is depicted.

Among ANSYS capabilities, it is possible to couple different physical
domains during the analysis, or to use special coupled-elements which pro-
vide a set of degrees of freedom related to more than one physics. This
makes such a tool extremely suitable for the simulation of MEMS struc-

tures, which intrinsically require a multi-physics approach.

The most common and simple utilization of ANSYS for electrostatic
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Figure 3.11: Structural 20-nodes SOLID186 element definition from ANSYS Help [83].

RF MEMS switches involves a special set of elements able to couple elec-
trical and mechanical domains. As an example, the TRANS126 elements,
sketched in Fig. [3.12] realize a direct electro-mechanical coupling between
an elastic structure and an applied voltage load. Such an element is ex-
tensively used for the simulation of the pull-in and pull-out of RF MEMS
switches.

Finite elements methods are also implemented for the modeling of elec-
tromagnetic problems [84]. Ansoft HFSS™ [83] is a full-wave tool for
the simulation of the field propagation in structures and antennas in the
frequency domain. One-order, second-order and mixed-order tetrahedra
elements are available, allowing for the easy modeling of not-regular 3D
structures, such as a planar MEMS circuit may be. It also provides com-
plete information about the S-parameters, electromagnetic field and RF
current density distribution. As it will be shown in Chapter [5], the solution

values concerning the power loss due to RF currents can be easily imported
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Figure 3.12: Coupled electro-mechanical TRANS126 element definition from ANSYS
Help [83].

in ANSYS as a further load for a structural-thermal simulation.

3.4.3 Method of Moments

The method of moments (MoM) is a numerical method based on the dis-
cretization of the physical domain as well. It was developed as an efficient
way to solve the Maxwell equations in planar structures [86] in frequency
domain. It is an integral method as FEM, but it is computationally less
expensive. A commercial software based on MoM is ADS Momentum [81],
which is meant to analyze complex planar structures embedded in a mul-
tilayered dielectric substrate. The definition of via layers allows for the
connection of conductors layers realizing the planar transmission line. A
typical discretization of a conductor layer performed by Momentum is de-
picted in Fig. [3.13] Based on such a definition, the models built with this
approach are usually considered 2.5 D. Such a method may be very fast
and efficient for the simulation of high aspect ratio structures, like MEMS
switches. Its integration capability with the circuit simulator implemented

in ADS allows for quick design and optimization of any kind of circuit.
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Figure 3.13: Equivalent network representation of the discretized MoM problem [85].
3.5 Case studies

3.5.1 Benchmark devices

In the following Section some examples of electromechanical and elec-
tromagnetic analysis of MEMS switches are reported. Electro-mechanical
analysis were performed in FBK, whereas electro-magnetic analysis were
performed by exploiting the software capabilities of University of Perugia
and Lehigh University. The modeling examples were performed on devices
manufactured at FBK according to the fabrication process described in
Section [2.60, Both the devices are integrated in a coplanar transmission
waveguide. One device is a fixed-fixed capacitive shunt switch, the other
one is a cantilever series switch. The first switch comprises a rectangle-
shaped movable membrane that is anchored on both ends to the ground

conductors of a coplanar transmission line, but suspended over the center
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conductor of the transmission line and two actuation pads beside the cen-
ter conductor. A picture of the capacitive switch is shown in Fig. a.
The second device is a free-clamped in-line series switch with the signal
conductor of the coplanar transmission waveguide. A set of five contact
bumps is placed under the tip of the cantilever, realizing the ohmic contact
with the suspended beam after the actuation. The picture of the ohmic
switch is reported in Fig. [3.14}b.
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Figure 3.14: Photo of MEMS devices used as benchmark: (a) shunt capacitive switch

("D” type), and (b) series ohmic switch ("C” type) and the corresponding cross-section
sketches. The colors of the layers are the same used for the process description reported

in Fig. 2.15]

3.5.2 Electromechanical model of a capacitive switch

ANSYS™Multiphysics software was utilized for the electro-mechanical

62



CHAPTER 3. MODELING OF RF ... 3.5. CASE STUDIES

finite-element model of such a device. A quarter of the switch geometry
was built by placing the membrane thickness along the z-axis and the mem-
brane longest dimension along the y-axis. Then the yz and zx symmetries
were set to save computational time. After choosing SOLID186 as struc-
tural elements, a set of coupled electro-mechanical elements TRANS126
was generated from the bottom side of the membrane in correspondence of
the actuation pads of the real structure. Each of these elements involves a
couple of nodes, one (I) attached to a structural node, and the other one
(J) mapped at a distance gy along the negative z-direction, emulating the
gap distance between bottom and top electrode. Table describes the
element technology and material properties used for the simulation. The
list of elements and the employed approach is not specific of the reported

device and it may be applied to any kind of electrostatic MEMS structure.

Table 3.1: Finite element properties used in ANSYS simulations.

Parameter Value
Structural element type SOLID186
Coupling element type TRANS126

Mesh type brick mapped mesh
Mesh size 3-5 pm
Residual stress 50 MPa
Gold Young modulus 75 GPa
Gold Poisson’s ratio 0.42
Act. pads gap 2.7 pm
RF line gap 2.4 pm

In the static analysis for the calculation of pull-in and pull-out voltages
the large-displacement option, considering a non-linear relationship be-
tween force and displacement, was activated, and a relaxed convergence
criteria regarding the displacement degree of freedom was also chosen.
Fig. shows the resulting nodal z-displacement solution when Vj;,s = 0
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bias

Figure 3.15: Displacement solution along the z-axis of the capacitive switch shown in
Fig. B.14}a at Vies = 0 V and 50 V.
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Figure 3.16: Capacitance versus bias voltage characteristic: comparison between mea-
surements (symbols) and simulation (dashed line) of the capacitive switch of Fig. a.

and Vj;s = 50 V are applied. In Fig. [3.16], simulation results are also com-
pared with capacitance-voltage (CV) measurements. Good agreement is
achieved with measured pull-in voltage (38 V) and pull-out voltage (29 V).
Note that in order to achieve this matching an initial residual stress of

50 MPa (which is reasonable for the employed fabrication process) needs
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to be applied to the bridge material, producing also an initial membrane

deformation (see next Section).

3.5.3 Residual stress modeling

As observed before, the residual stress in thin films arises from several
factors, such as intrinsic material stress and thermal expansion mismatch
between two contacting layers. The modeling of the initial stress conditions
in the electro-mechanical simulation of MEMS switches is fundamental for
the correct evaluation of the pull-in voltage. This task can be accomplished
in ANSYS by exploiting the INISTATE command, which allows for the
definition of an initial stress in all the directions of the selected material
and/or element. In particular, if 2 is the direction defining the thickness of
all the layers, the stress components to set up are along = and y directions,
so a realistic bi-axial stress of the thin film is reproduced. Another way
to apply a residual stress to a structure is by utilizing an initial thermal
load. However, although both the methods provide similar results, the
INISTATE command produces a structure stiffness status closer to the
reality, since it allows for considering the effect of the material intrinsic
stress. Fig. shows how the pull-in and pull-out voltage of the capacitive
switch depicted in Fig. [3.14}a changes by varying the residual stress.

In case of cantilever beams, the attention turns to the modeling of the
stress gradient by exploiting INISTATE command in the same way. The
bending of a free-clamped beam of thickness ¢, is easily simulated by di-
viding the beam in two layers of the same thickness t; = to = t;/2. Then
two values of residual stress are applied, o1 to the bottom layer and oo
to the top layer. For a given stress gradient I'y, the difference between

the equivalent stress values o9 and o; can be computed by balancing the
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bending moments induced to the two layers. Thus it results:

ts
Ao =09 — 01 = :l:Fsg. (3.25)

The cantilever tip bends upward for oc9—oq > 0, whereas it bends downward
if o9 — 01 < O.

MEMS structures manufactured by surface micro-machining are usually
very thin, and a very fine mesh is usually required to avoid high-aspect ratio
elements (i.e. length or width much higher than thickness), which may
compromise the correctness of the solution. Moreover, the mesh usually
consists of only one or two elements along the MEMS thickness, so high
order elements should be used [87]. In order to save computational time
when a layer subdivision is needed to model the stress gradient, a good
approach is to use layered brick elements (SOLID186 elements with layer
option activated) or also shells (SHELL181 elements). In this case a multi-
layered cross-section with different materials can be separately defined,

making easier to set up the initial conditions of the real beam.
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Figure 3.17: Simulated pull-in (continuous line) and pull-out (dashed line) voltage varia-
tion with residual bi-axial stress of the capacitive switch from Fig. a.

66



CHAPTER 3. MODELING OF RF ...

3.5. CASE STUDIES

; : t —/
% A
— .
s\ e I, =12 MPa/pm

Fixed edges

0 438 8.75 1312 175
219 656  10.94 1531 70 g9 [Mm]

Figure 3.18: Test structure cantilever beams array: (a) finite element model based on
layered brick elements, and (b) displacement nodal solution.

Fig. a shows the finite element model of the array of cantilevers

whose optical profiler image was previously reported in Fig. [3.3. A stress
gradient was applied in order to reproduce as the same tip displacement
as the one measured on test structures by optical profiler. A maximum
tip-deflection of around 20 um is achieved on the longest beam if the stress
gradient I'y is chosen equal to 12 MPa/um, as reported in Fig. b.
Parameters and settings used for this simulation are listed in Table [3.2]

Table 3.2: ANSYS finite element properties used to simulate stress and stress gradient in

the cantilever beams manufactured in FBK.

Parameter Value
Structural element type | SOLID186/SHELL181
Layered option ON
Mesh type brick mesh
Mesh size 2-5 pm
Stress gradient 12 MPa/pum
Gold Young modulus 75 GPa
Gold Poisson’s ratio 0.42
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3.5.4 Contact modeling for ohmic switches

The electro-mechanical finite-element modeling of a cantilever ohmic
switch is perfectly similar to the one presented in Section for a capac-
itive switch. Nevertheless the stress gradient should be carefully consid-
ered for cantilever beams in order to have an acceptable matching with the
measured switch actuation voltage. Table reports the settings used to
perform the simulation of the cantilever switch. Fig. [3.19a illustrates the
cantilever beam at the initial conditions, by assuming a stress gradient I’y
equal to 12 MPa/um, whereas Fig. [3.19}b shows the deformed shape after
the application of Vj;,s = 50 V. From Fig. [3.19}a it is also possible to note
that for I's = 12 MPa/um, the corresponding tip up-deflection is around
1.2 pm. The resulting actuation voltage is 48 V for I'y = 12 MPa/um,
while it is 34 V for I'y = 0 MPa/um.

Table 3.3: ANSYS finite element properties used to simulate the contact in the ohmic
switches manufactured in FBK.

Parameter Value
Structural element SOLID186
Contact-pairs element CONTA174-TARGE170
EM coupled element TRANS126
Layered option ON
Mesh type brick/prism mapped mesh
Mesh size 2-5 pm
Normal stiffness factor 0.01
Residual stress 50 MPa
Stress gradient 12 MPa/pm
Gold Young modulus 75 GPa
Gold Poisson’s ratio 0.42
Act. pads gap 2.7 pm
Contact bumps gap 1.7 pm

Another remarkable aspect to consider for this kind of simulations is
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Figure 3.19: FEM simulation of the cantilever switch from Fig. b: (a) nodal dis-
placement only due to stress gradient, and (b) nodal displacement when a bias voltage of
50 V is applied.

the modeling of the ohmic contact. For simulations involving the pull-
in/pull-out voltage calculations, TRANS126 elements behave also as con-
tact elements, but they are not dedicated for the simulation of the contacts.
Moreover TRANS126 elements do not provide any information about the
pressure, friction and status of the contact. Therefore this kind of analy-
sis requires the generation of contact-pairs elements (target elements and
contact elements) along the surfaces which are supposed to get in contact.
For an analysis employing a 3D model, a surface-to-surface contact be-
tween the membrane and the bumps is realized by generating TARGE170
and CONTA174 elements on the corresponding surfaces. An important
setting constant affecting the final results is the normal stiffness factor,
which could be set to 0.01 to help convergence in this kind of problems.
Also, the element key-options should be set in order for the contact stiff-
ness to be update at each sub-step, since some simulations can involve an
abrupt change of the status of the contact elements, leading to convergence
problems. These elements also allow for a multiphysics simulation of the

contact, involving structural, thermal, and electric degrees of freedom, use-
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Figure 3.20: Contact pressure applied on contact bumps by the actuated membrane from
Fig.|3.19(b).

ful for the study of the contact resistance evolution as a function of the
contact pressure [88].

As a result, the simulation requires more computational effort, but it
is able to provide information about the contact force. An example of the
results obtained by ANSYS simulations is reported in Fig. [3.20, showing
the contact pressure distribution on bumps of the case-study cantilever
device. In this case, the simulated contact force on bumps is equal to
13 uN at Vi;es = 50 V. Switch design may be optimized accounting for the

contact force value in order to achieve a low contact resistance.

3.5.5 2.5D electromagnetic model of a ohmic switch

A cantilever switch in a coplanar waveguide was simulated by means of
the full-wave software ADS Momentum. The simulation procedure con-

sists of the definition of the dielectric layers properties, the mapping as a
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strip (microstrip and coplanar) or slot (slotline) of the conductors and the
settings of the ports. Table |3.4] reports the material properties and mesh

settings employed for this kind of simulation. One of the most important
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Figure 3.21: Comparison between S-parameters Momentum simulations (— — —) and

measurements (—) of a series ohmic switch in OFF (a) and ON (b) state.

parameter to set is the thickness of the air layer, which provides informa-

tion about the membrane gap. The gap chosen for the simulation of the the
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Table 3.4: Material properties and settings used in Momentum and HFSS for the simula-
tions of FBK switches.

Parameter Momentum HFSS
Substrate Silicon Silicon
Er 11 11
tan § 0 0.006
Mesh (cell per wavelength) 40 -
DeltaS - 0.01
Port type Coplanar Wave Port
Air gap 2.7 pm 2.4 pm
Gold conductivity 4% 10" S/m 4 x 107 S/m

cantilever is 2.7 um, resulting in a OFF capacitance equal to about 10 fF.
In case of air-bridge switches, when the membrane is actuated the gap is
ideally 0 ym. However, an effective non-zero gap can be used to simulate
the residual air between the membrane and the capacitance dielectric, due
to the surface material roughness. The data generated by the simulation
can be loaded in the ADS circuit environment for further comparison with

circuit models and measurements, as in the way depicted in Fig. [3.21|

3.5.6 3D electromagnetic model of a capacitive switch

The electromagnetic model of the capacitive switch from Fig. a

was developed in HFSS™

, and the resulting S-parameters are compared
with measurements. The accuracy of the model is controlled by setting
the parameter DeltaS, which is utilized by the software as a criterion for
the solution convergence. The solution proceeds for a number of steps. At
each step the S-parameters are compared with the computed S-parameters
results from previous step. When the difference between S-parameters
calculated at two contiguous steps is less than the criterion defined by
means of DeltaS, convergence is considered accomplished. Therefore higher

accuracy is achieved for smaller values of DeltaS. Moreover, the model mesh
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Figure 3.22: Comparison between S-parameters HFSS simulations (— — —) and measure-

ments (—) of a shunt capacitive switch in OFF (a) and ON (b) state.

is refined at every step.

Fig. [3.22| shows the simulated S-parameters of the capacitive switch in
OFF and ON states compared to the measurement data up to 20 GHz. The
ON-state can be simulated with an acceptable approximation by drawing
the model of the membrane so that it contacts the bottom RF line. The
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material parameters and analysis settings employed for this simulation are
listed in Table [3.4 Material properties are basically the same as those
utilized for Momentum simulations. For a good compromise between ac-
curacy and simulation speed, DeltaS was chosen equal to 0.01. Unlike Mo-
mentum results, HF'SS simulation provides quantitative information about
electric and magnetic fields magnitude and distribution, and also about

power losses in each conductor or dielectric solid object.

3.6 Conclusions

This Chapter introduced the basic concepts concerning the mechanical
and electromagnetic modeling of RF MEMS capacitive and ohmic switches.
Some simulation tools such as ANSYS, ADS Momentum and HFSS were
briefly introduced and applied to some case studies for the modeling of
ohmic and capacitive switches.

The presented modeling methodologies can be used for the simulation
of various RF MEMS devices with different geometries, configurations, and
stress conditions. Therefore the usage of these tools represent an excellent
method for an accurate evaluation of important functional parameters such
as actuation and release voltages, contact force, insertion and return loss,
isolation, and their sensitivity to process and environmental conditions
such as temperature, operating power and stress. As a consequence the
described simulation procedures were extensively exploited to achieve the

results that will be presented in this thesis.
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Chapter 4

Long-Term Stress Reliability

4.1 Introduction

One of the most important requirement of redundancy switches for satel-
lite applications is their ability to change their status (from OFF to ON,
and vice-versa) after having been biased for a long-time period (at least
15 years). The accomplishment of this functionality is a very hard task
for MEMS switches. As illustrated in Chapter [2], dielectric charging and
contact micro-weldings may occur during switch lifetime, resulting in the
stiction of the moveable membrane. The former may happen in any kind
of switches when a bias voltage is applied. The latter is common in ohmic

switches, where a metal-to metal contact is employed.

In the following Chapter, a brief review about the main mechanisms in-
ducing stiction is presented, focusing on contact degradation and dielectric
charging phenomena. Especially the last aspect is discussed in detail, illus-
trating the most used predictive models for the charging-induced failure.
In addition the Chapter reports a long-term reliability characterization on
RF switches manufactured in FBK, highlighting how a different membrane

design may affect the switch lifetime.
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Real contact points

Figure 4.1: Cross-section schematic of the micro-asperities of two contacting surfaces [52].

4.2 Review of contact degradation mechanisms

The physics of the metal-to-metal contact is extremely complex and still
not completely understood. As already illustrated in Chapter [, two metal
surfaces contacting repeatedly each other may experience degrading phe-
nomena such as wear, hardening, and pitting, which may improve or worsen
the roughness of the surfaces. The effective contact area, which impacts on
the contact resistance and then on the switch insertion loss, is determined
by the shape and the topology of the asperities, as depicted in Fig. [4.1]
If a constant or variable current is forced to go through the contact, the
situation is even more complicated because of the high-temperature spots
which may arise from the Joule effect.

In many works the quality of the contact between two metals is mon-
itored by measuring the contact resistance for incremental mechanical

loads [89]. As a result, three different contact regimes, also depicted in
Fig. [4.2] may be commonly identified:

e An wunstable contact regime, that is the very beginning of contact
phenomenon, where contact resistance is still high both because the
roughness of the contact surface dominates among other effects and

surface contaminants are quite relevant [52].
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Figure 4.2: Measurement procedure and resulting contact resistance versus contact force
plot. Three contact behavioral regions are distinguished [89).

o A transition region where the asperity plastic deformation starts to
begin. In this case, a minimum contact resistance value may be ob-
served and chosen as a reference of the beginning of the transition
region. This value can also decrease when the current flowing through

the contact increases [89].

e A high contact force regime, where contact resistance assumes a low
constant value and some parameters like resistivity, hardness and
thickness of the contact material start to influence the quality of the
contact. It has been proved that a thicker film used for the contact

provides a lower contact resistance at the stable regime [90)].

The relationship between contact force and contact resistance depends
also on the amount of DC current used for the resistance measurement.
Two different behaviors may be detected in case of low current (< 1 mA)
or high current (> 1 mA) flowing through the contact [89].
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At low current, the softening of the contact can occur. This happens at
a so-called local super-temperature of 100 °C and it can facilitate the plastic
deformation of local bumps and then the asperities creep. However, at low
current adhesion phenomena dominate in the contact status. Adhesion
mainly depends on Van der Waals forces (about 0.01 - 2 mN from literature
[51]), which increase when the contact surface gets wider after asperities

smoothing. The separation between the two contact surfaces is brittle-type.

On the other hand, when a high current is applied, local temperature
may reach the melting temperature of the material. Nano wires may grow
during the separation causing short circuits due to the welding of the two
surfaces. In this case the separation is ductile-type [51]. Plastic deforma-
tions and erosion of asperities may increase the total roughness, providing
low adhesion forces. The dominating failure becomes the micro-welding

among localized asperities.

In addition, material properties assume a very important role in the
prevention of adhesion or welding mechanisms. An harder material like
platinum or other gold alloys provide better resistance to wear and ma-
terial transfer, but the most common gold-to-gold contact shows the best
performance in terms of contact resistance. As can be seen from Fig. [4.3}a
and Fig. 4.3}b, Au-Pt, Au-Ir and Pt-Pt contacts seem to be good candi-
dates for high power MEMS switches, despite sliglthly worse performances

in terms of insertion loss with respect to Au-Au contact [91].

For very thin metal layers, the hardness of a material depends also on
the bulk substrate. If r is the deformation radius, within a distance of 3r
the hardness of substrate influences plastic deformation.

If the utilization of different metal materials or alloys is not allowed
because of process compatibility, an improvement of the mechanical de-
sign could be the key solution to have an good contact force resulting in

low switch ON-state loss. High restoring force is also required in order
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Figure 4.3: (a) Plot of contact resistance versus contact force, and (b) contact resistance
evolution with respect to cycling load at 100 mA for different kind of contact materials
and material alloys [91].

to overcome adhesion and local welding problems also at high currents.
From literature [4] [92] the most used range of contact force in commercial
switches is 100 - 1000 uN.

4.3 Review of dielectric charging models

The charging is intrinsically related to the structure of the switch. A
common situation of dielectric charging can be described in a very simple
manner as follows.

The electro-mechanical energy transduction occurs since a potential dif-
ference is applied between a fized electrode and a movable or mobile elec-
trode. When the bias voltage is higher than the pull-in voltage, the movable
electrode collapses towards the fixed one, and an electrical insulating layer
is needed to prevent the formation of an electric short. Then a large volt-
age is applied to thin gap, resulting in a very high localized electric field.
Free electrons are then injected from the metal surfaces into the dielectric

layer, where they remain trapped because of its intrinsic defects (such as
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vacancies or interstitials). The trapping and de-trapping mechanisms are
ruled by different time constants and activation energies. Such a situation
is illustrated in Fig. [4.4]

If the whole effect of the injected charges is modeled with a sheet o, of

charges at the surface, its influence on the electrostatic force is given by:

A d.o,\?
Fe — (%ias - ad ) 5 (41)
2e090 E0Er

where d. and ¢, are the thickness and the permittivity of the dielectric layer
respectively, Vi is the bias voltage, and A is the electrode area. According
to the sign of charges, the built-in electrostatic force may increase or lower
the electrostatic force provided only by the bias voltage Vj.s. Thus the
main evidence of charging is a wvariation or shift of the pull-in/pull-out
voltages of the RF MEMS switch, given by:

dsas

AV

. 4.2
o (4.2)

Thus the charging process eventually may induce the stiction of the sus-
pended membrane in down-state if the built-in voltage expressed by Eq.
is higher than the switch pull-out voltage.

The dielectric charging effect on RF MEMS device has been extensively
studied in the last decade. Most of the works dealt with the physics of
the dielectrics, leveraging on previous studies developed for CMOS tech-
nology [93]. However, most of what was observed in MEMS switches could
not be fully explained and different models were proposed based on empir-
ical data.

In [94] and [44] authors distinguish between bulk and surface charges.
The former are injected from the bottom electrode to the dielectric and they
charge and discharge quickly, usually at the same rate. The latter charge

very fast and discharge very slowly, and also they are also particularly
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Figure 4.4: Charge injection in to the insulating layer on a parallel-plates capacitor MEMS
model: (a) initial dipole polarization; (b) charge injection after the membrane pull-in; (c)
surface charging influence on the electrostatic force.

dependent on external humidity [63]. In addition, the charging process is

fitted by a multiple trapping time constant expression, which influences
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the variation in pull-in voltage such as:
AV(t) =)V, [1 - e_(TJ‘)] (4.3)
j=1

where 7; is the time constant of the j-th trapping mechanism, usually

dependent on temperature, and V; is equal to:

Vbias )

V, = Viase (4.4)

where V) is another fitting parameter. The variation of pull-out voltage
follows a similar behavior, except than the fitting parameters may differ
a little bit. However, as explained before, the pull-out variation is the
most significant parameter to monitor, since, when it equals the pull-out
voltage value, the membrane is inevitably in stiction. Trapping mechanisms
can be activated or accelerated by increasing the working temperature or
the voltage stress. Again, all the parameters depend also on the kind of

material used as insulating layer and the quality of the material itself.

In [48], the charging description is based on the super-imposition of dif-
ferent polarization mechanisms. Also intrinsic and extrinsic space charges
are considered as polarization components, along with the dipole polar-
ization. The combination of all these effects is modeled by considering a

distribution of relaxation time constants:
B
AV(H) = Vi [1 — e () ] (4.5)

where 7( is a fitting time constant which depends on temperature, Vj is
the saturation value and 5 accounts for the distribution of time constants.
The parameter V) may have a similar dependency to the bias voltage as
the one explicated in Eq. [4.4] The activation of fast and slow polarization

mechanisms is observed by monitoring also the variation of the capacitance
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value with time, even if no contact between suspended membrane and

dielectric occurs [45].

All the above models assume that the charge distribution is uniform
along the dielectric covering the pad. Consider now a capacitance-voltage
(CV) characteristic, as the one shown in Fig. [3.16, but where also the
capacitance variation for negative values of bias voltages is reported. Ac-
cording to Eq. the primary effect of such a charge is to shift the whole
CV characteristic towards positive or negative directions of voltage axis.
The sign of the direction depends on the sign of charge (for example, it is

typically positive if negative charges are injected in to the dielectric layer).

On the other hand, in [95] the effect of a not-uniform charge distribution
on the pull-in/pull-out voltage variations is considered and modeled. The
non-uniformity may depend on the different positions of the dielectric-
membrane contact points, and on the non-uniformity of the dielectric-
membrane gap. According to the proposed model, the total mean value
of charge is the responsible of the shift, whereas the non-uniform charge
causes the narrowing of the CV-window characteristic. Both the effects

are accounted for in the following expression:

=

Vpo(t) =

(t)d \/ 2kgod?  d20%(¥(t)) (4.6)

E0Er goe2A g2e?

where 1(t) and o?(¢(t)) are respectively the mean and the variance of the
charge distribution. The same equation can be modified to account for the
direct effect of the non-uniform distribution of dielectric-membrane gap on
the voltage variations. In this case, the gap distribution is described with
mean and variance values as well, and also the co-variance of both gap and

charge distributions is included in the model.
A power law of time is instead adopted in [19] to described the voltage
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variation evolution, in the form:
AV (t) = Bt", (4.7)

where B and n are again fitting parameters. Eq. can be seen as a
particular case of Eq. (4.5]). This work was one of the first examples of long-
term stress characterization, where a constant bias voltage or stress voltage
was applied according to a specified duty-cycle. The authors showed that
the parameter n decreases with bias waveform duty cycle, proposing a prac-
tical approach aiming at the improvement of the long-term stress switch
lifetime.

The RF MEMS switches utilized for the above-described analysis are
dielectric-less, which means that all the insulator layer covering the actu-
ation pad has been removed by design. Therefore the dielectric charging
observed from measurements occurs mainly into the substrate (which is
quartz in this case) underneath the pad. This implies also an evidence
of the combined effects of both bottom-injected charges and not-uniform

charging, according to [44] and [95].

4.4 Dielectricless switches

4.4.1 Device description

Long-term stress characterization has been performed on FBK switches
in order to evaluate their reliability as redundancy switches. Measured
data were gathered and analyzed in comparison with the dielectric charg-
ing models described in Section 4.3 Especially the power law was employed
for the prediction of the time-to-failure of the switch, defined as the time
after a continuous applied voltage stress at which membrane stiction oc-

curs. Unlike other analysis that can be found in literature, the following
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-]

Figure 4.5: Pictures and corresponding equivalent circuits for (a) air-bridge and (b) can-
tilever switches. The lengths of the suspended beams and bias electrodes are also high-
lighted.

Table 4.1: Equivalent circuit parameters of the dielectric-less switches under test.

Parameter Air-bridge [96] Cantilever [21]
OFF-state capacitance Copp (fF) 40 10
ON-state capacitance Con (fF) 300 -
Contact resistance Ron (€) - 0.9
Mem. inductance Lg (pH) 20 -
Mem. resistance Rg (£2) 0.2 -

analysis aims at evaluating the effect of the switch geometry on the dielec-
tric charging and then on the switch lifetime, providing some hints for a
reliable switch design.

Two typologies of device are considered: a shunt capacitive air-bridge

[96] and a series DC-contact cantilever beam [21], both integrated in a
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Figure 4.6: Modified Paschen’s curve: breakdown voltage on the air at 1 atm [98)]

Zy = 50 Q coplanar transmission line over high-resistivity (> 5000 2-cm)
silicon substrate. These switches have been already described and modeled
in Section |3.5|, and their pictures are reported again in Fig. 4.5, along with
the equivalent circuit models. The lumped element values for the equivalent
circuits are reported in Table [4.1l For the following analysis the same
switches were designed dielectric-less in order to minimize the dielectric

charging problem for short-time stress, as mentioned also in Section [4.3]

If the insulator layer is removed from the actuation pad, the design of
mechanical stoppers is required in order to avoid the DC contact between
top and bottom electrodes after the bridge snap-down. Mechanical stop-
pers may be included in the movable membrane, by means of a dedicated
fabrication step [19] or placed besides or inside the bottom electrode [96].
Also the dielectric implemented in the RF capacitance (i.e. not used for
the actuation pad) [18] and the contact bumps in ohmic switches [97] can

serve as stoppers in dielectric-less switches.

In FBK switches, an array of mechanical stoppers or pillars is dis-
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(a) (b)

Stopper Actuation Pad
Substrate 8 nm
I Thermal Silicon Dioxide Polysilicon
TEOS Silicon Dioxide B Multi-metal
LTO Silicon Dioxide B Floating metal

Figure 4.7: Cross section (a) and top view (b) geometry of the stopping pillars used for
FBK dielectric-less switches.

tributed over the actuation pad, exploiting the metal and insulating layers
available from technology, such as polysilicon (POLY), tetraethylorthosi-
lane oxide (TEOS), TiN/Ti/Al/Ti/TiN multi-metal (METAL), low tem-
perature oxide (LTO), and floating gold metal (FLOMET) (see Section[2.6)).
The introduction of stoppers may drastically change the ratio between pull-

out and pull-in according to:

Vo 2—7K (90 — dp) (dp + d€/5T)2

Vo _ : | 48
Vpr 4 (g0 + d./e.)° (48)

where gg is the gap between membrane and actuation pad in up-state, and
d, is the pillar height with respect to the pad, which corresponds also to the
residual air-gap. The term K accounts for the ratio between the pull-out

and pull-in stiffnesses, which may be different according to what explained
in Section [3.2.3l

The preferable choice is to design a stopping pillar by using TEOS
(300 nm), METAL (630 nm), LTO (100 nm), and FLOMET (150 nm),
providing a pillar height equal to 1180 nm. Considering the thickness of
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Figure 4.8: Microphotograph of the pillars matrix over the actuation electrode of a can-
tilever MEMS switch.

the actuation pad (made of polysilicon, 630 nm), the effective residual gap
is ideally 550 nm. This solution is supposed to keep enough air-gap after
the membrane snap-down, intending to avoid possible air breakdown [98],
which can occur in microsystems for very small distances, according to the
modified Paschen curve (Fig. . In addition, it allows for an increasing
of pull-out/pull-in voltage ratio, which implies a higher restoring force
available in case of stiction. Fig. 4.7 shows the cross-sections of a stopping
pillar, whereas Fig. illustrates how the pillars should appear from the

top after the manufacturing process.

When the membrane snaps down, force distribution and stress change
with respect to the up-state situation. The membrane cannot be longer
modeled as a clamped-clamped or clamped-free bridge, but it is much more
similar to an infinite flat plate resting on a set of dot-like pillars. Such a
plate is subject to a very high electrostatic force F, due to the low residual

gap d, between the polysilicon electrode and the gold membrane. If the
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pillars are patterned like a square with a side length a,, the maximum

displacement of the plate towards the electrode is equal to:

E \t

P. (at
Agy = 00635 (a—> , (4.9)
where E is the Young’s modulus, ¢, is the plate thickness, and P. is the

electrostatic pressure given by:

F@ 1 eve 2
p, = Lo _ 120Wele Viias (4.10)

2 2 2
a; 2 dy  ag

where [, and w, are the length and the width of the electrode, respectively,
and Vj;,s is the bias voltage provided to the suspended bridge. Note that
Eq. does not account for the real stiffness of the membrane, which is
mostly affected by the residual stress, so it provides an overestimation of
the displacement. For a residual gap of 550 nm and a bias voltage of 50 V,
as should be chosen lower than 50 ym in order for the pillars matrix to be

effective.

Table 4.2: Finite elements properties used in the FEM simulation of the stoppers effect

Parameter Value
Structural element SOLID186
Contact-pairs element CONTA174-TARGE170
EM coupled element TRANS126
Layered option OFF
Mesh type brick/prism mapped mesh
Mesh size 2-5 pm
Residual stress 50 MPa
Gold Young modulus 75 GPa
Gold Poisson’s ratio 0.42
Act. pads gap 2.7 pm
Contact stiffness factor 0.1

As a further validation of the concept, FEM simulations were performed
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involving the snap-down of the capacitive switch of Fig. [3.14}a towards the
mechanical stoppers. Half of the membrane was considered by exploiting
the geometric symmetry with respect to the RF' line. The stoppers were
placed over the actuation electrode following either a square-shaped and
or a " X”-shaped pattern, in order to evaluate how such a distribution can

affect the switch performances. The parameters used for such a simulation
are listed in Table [4.2]

As a result of the coupled-field simulation involving electro-mechanical
and contact elements, information about the contact gap can be provided.
For square-patterned pillars, Fig. [£.9ta shows the resulting residual gap
between the snapped-down membrane and the electrode at 100 V. The
minimum distance is around 0.32 pm at 100 V, which is less than the
expected 0.55 i given by the pillar height. The gray areas are out-of-scale,
which means that the gap distance is lower than 0.32 pm, which happens
over the pillars where the contact is established. Conversely, Fig. 4.9b
reports the z-axis displacement of the membrane from the initial position
when bias voltages of 50 V and 100 V are applied. It is clear that for the
highest voltage value the membrane tends to be pulled-down towards the

electrode where the pillars are not present.

On the other hand, Fig. 4.10}a shows the membrane-electrode distance
at 100 V when the pillars are X-patterned, and the corresponding z axis
displacement at 50 V and 100 V is reported in Fig.[4.10}b. The comparison
between Fig. and Fig. shows that in the former a couple of grey
spots are present over the electrode, corresponding to the largest distance

points among the pillars.

The X-pattern seems to provide a slightly higher residual gap with re-
spect to the square pattern at the same bias voltage conditions. However,
this may not guarantee the functionality of the switch at such a high bias

voltage. In fact, in the real case the nominal residual gap provided by the
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Figure 4.9: FEM simulation of the FBK capacitive switch with square-patterned pillars:
(a) contact gap distance plot over the actuation electrode, and (b) membrane displacement
at 50 V (dashed line) and 100 V (continuous line). The areas in gray are out-of-scale,
meaning that the minimum distance is less than 0.32 pym.

pillars height (550 nm) can be smaller. Even if the simulation confirms
the presence of a 300-nm large residual gap even at 100 V, the process
uncertainties related to the thickness of the metal layers and the planarity
property of the sacrificial layer need to be considered. Moreover, electro-

static discharge may occur for very small gaps, as stated before.

As a result the welding between membrane and electrodes on dielectric-
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Figure 4.10: FEM simulation of the FBK capacitive switch with X-patterned pillars: (a)
contact gap distance plot over the actuation electrode, and (b) membrane displacement
at 50 V (dashed line) and 100 V (continuous line). The areas in gray are out-of-scale,
meaning that the minimum distance is less than 0.32 pym.

less switch can happen even for values of bias voltages lower than 100 V if
not only the pillars distance but also the pillar distribution is not designed
properly. In addition, a stiffer membrane (for example, 5-um thick instead
of 2-um thick) can be less subject to the bending due to high electrostatic
force after the snap-down. Nevertheless, this could not be enough because

the air breakdown may happen in any case. For this reason, a design
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providing a pull-in voltage lower than 60 V is preferable in order to avoid

high localized electrostatic forces and air breakdown.

4.4.2 Experimental

The measurement setup utilized for long-term stress characterization is
illustrated in Fig. . A constant bias voltage Vj;qs (higher than actuation
voltages) is continuously applied to the devices under test for increasing
time intervals (from a minimum of 5 minutes to a maximum of 2 hours) by
means of a source monitor unit. At the end of each interval, the instrument
provides a positive and negative triangular voltage sweep up to 50 V and
—50 V, and the capacitance (for air-bridge switches) or the resistance (for
cantilever switches) variations are measured by a LCR meter. Sweep data
are then recorded and processed to monitor the evolution of pull-in (Vpy)
and pull-out (Vpp) voltages. The chosen voltage step was 0.25 V and the
sweep totally lasts 50 s. Such a long sweep time affected the accuracy of
the points taken for the first minutes of the stress, but it was observed to
be not influent for more than 1-hour-long measurements.

Fig. m reports the air-bridge capacitance-voltage (CV) characteristic

Probe Station

SMU Impedance
(Keithley 2430) = Analyzer
©O ) (Agilent 4284)
—- -
DUT

il

Figure 4.11: Measurement setup used for the long-term stress characterization.
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Figure 4.12: Capacitance-voltage characteristic of an air-bridge switch at a stress time of
t =0 s (black curve) and ¢t = t; = 8 hours (blue curve).

at t = 0 s and after t = 8 hrs. Although the dielectric has been removed
from the top of the bias electrode, measurements clearly show that charg-
ing still occurs probably in the silicon oxide around and underneath the
pad [99]. Two different CV characteristic variations may be identified: a
shift of the minimum capacitance value and the narrowing of the CV win-
dow. The former is commonly considered due to charge injection [94], the
latter is probably a symptom of not-uniform charge distribution [95]. Dual
considerations can be made for resistance-voltage (RV) measurements in

case of cantilever switches.

For a better understanding of the charging mechanisms, the phenom-
ena of the C-V shift and C-V narrowing were processed separately. The
positive and negative pull-in voltages are referred as Vp; and V5, while

V5o and Vp, are the positive and negative pull-out voltages, respectively.
According to Fig one has:

dVe(t) = -~ LAV (4.11)
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and
AVialt) = Vi (£) = Vi (). (4.12)

T

where the subscript = stands alternatively for PI or PO. Eq. pro-
vides information about the asymmetry of the CV characteristic, whereas
Eq. determines the width of the CV window at a time t. The values
resulting at ¢t = 0 s are extracted and adopted as reference values. Ideally,
dVs.(0) = 0 V. However, a residual charge could exist. After a time ¢ of

continuous stress, the variations with respect to the reference values are:
AVSm(t) - deac(t) - dVSm(O)a (413)

and
AViu(t) = Wia© . V(1) (4.14)

Eq. (4.13) provides the voltage shift, while Eq. (4.14) is the voltage nar-

rowing. Then the total voltage variation along time is:

AV, (t) = |AVsa(t)] + AVia(8). (4.15)

Note that the narrowing value is always positive according to Eq. (4.14).
Instead the voltage shift can be negative or positive according to the sign
of the charge injected in to the dielectric [44]. Thus the described data
processing, already utilized in [99], is a generalization of other analysis
techniques employing only positive or negative sweeps.

Fig.[4.13a and Fig. [4.13}b report the measured parameters AVs, (¢) and
AV, (t) for both the switch typologies under about totally 8 hours of 50 V
stress. The voltage shift is clearly lower than the narrowing, which results
to be the dominant effect of voltage variation, as expected for dielectric-less
switches. Moreover one may observe that the voltage shift and narrowing
are higher for cantilever switches.

Further measurements were performed with a voltage stress equal to
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Figure 4.13: Measured evolution of voltage shift (a) and narrowing (b) for air bridge
switch (in black) and cantilever switch (in red) for pull in (continuous line) and pull-out
(dashed line). Applied voltage stress: 50 V.

Viias = 40, 50, 60 V for air bridge and Vs = 50, 60, 70 V stress for
cantilever switches. Data can be fitted with a power law, such as AV = At"
[19]. According to [94] and [100], A can be also written as kVj, where V) =
Viias €XP(Viias/Va). The total variation AV, (t) can be then normalized to

achieve overlapping curves for each value of voltage stress Vj;qs:

AV, (1)
Vo
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= " (4.16)
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Figure 4.14: Average of the pull-out voltage variation data normalized to the correspond-
ing stress voltages plotted versus the stress time.

In case of air bridge, V4 = 1000 V, which implies Vj &~ Vj;us. For
cantilever, V), is found to be around 85 V. The average normalized pull-
out variation and the corresponding 3o-deviations are plotted in Fig.
for both the devices. The log-log scale clearly highlights the power trend
of the data with time. It also allows for a successful fitting of the mea-
sured data with Eq. , and the consequent extraction of the param-
eter n and k. By inverting Eq. , and putting AVpo(tr) = Vpo =
min(V5,(0), |Vpp(0)]), it results:

tp A~ (E) " (4.17)

which may be used for a rough prediction of the time ¢z at which stiction

can occur.

4.4.3 Discussion

Table reports the value of n, and k extracted for the measured pull-
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out variation of both the switch typologies, and the corresponding time-
to-stiction prediction tp, computed for Vi = 50 V. Three samples per
typologies were characterized in order to have a better assessment of the
results. Despite a wide dispersion of the pull-in/pull-out voltages of the
devices under test due to thickness and residual stress process uncertainties,

there is only a minor difference among the fitting parameters for the same

typology.

Table 4.3: List of parameters extracted from the Eq. (4.16) fitting with average measured
pull-out variations.

Ver (V) Vpo (V) k n tr(days)
S1 32.75 27.5 23 %1073 0.32 209
Air bridge | S2 36.5 29.5 3.6x107%  0.27 1900
S3 40.25 33 2x 1073 0.34 240
S1 44.25 35.5 0.6 x 1073 0.53 4
Cantilever | S2 49.25 45.25 0.3x 1073  0.55 5
S3 43 40.5 0.7x 1073 0.48 11

On the other hand, the values differ significantly between the two typolo-
gies. Especially the parameter n, most sensitive to the voltage variation
rate, is found to be around 0.3 for air bridge devices and around 0.5 for
cantilever devices. Similar values are achieved if the fitting is performed on
pull-in variation. As a result air bridge switches are expected to survive up
to 200 days in the worst case, whereas in cantilever switches stiction can
occur after only 4 days. One possible explanation is that such a difference
is mostly, but not only, related to the geometry of the specific design, in
particular to the shape assumed by the membrane after the snap-down.

To better understand this aspect, finite element simulations were per-
formed with ANSYST™Multiphysics. First, preliminary electrostatic sim-
ulations were used to confirm the location of the not-uniform charge. A

cross-section of the cantilever switch was considered as a proof of the con-
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Figure 4.15: Cross-sectional view of the simulated electrostatic field distribution around
the electrode of the cantilever switch when a voltage of 50 V is applied.

cept, but the results can be generalized to any kind of electrostatic MEMS
switch. The results reported in Fig. clearly show how the electric field
is concentrated all along the edges of the polysilicon electrodes. Thus, if
the dielectric is removed from the top of the electrode, it is likely that
charges are injected into the dielectric layer surrounding the electrode bor-
ders, because of the high-intensity electric field localized at the electrode
edges and corners. The possible cloud of charges may in turn contribute
to the fringing electrostatic force acting on the suspended membrane, and
this could also affect the potential at the electrode when V3, is applied.
Moreover, their distribution is intrinsically not uniform along the plane
parallel to the electrode.

In addition, electro-mechanical simulations were performed by follow-
ing the procedures reported in Section [3.5 A residual stress of 50 MPa
for air bridge and a stress gradient of 12 MPa/um for the cantilever were
considered to reproduce the initial conditions at Vj;.s = 0 V. The shape
profile along the membrane length at 0 and 50 V were extracted and re-
ported in Fig. 4.16}a (cantilever) and Fig. [1.16}b (air-bridge). Air bridge
profile results quite flat over most of the electrode length, whereas the can-

tilever profile varies with a linear slope along the electrode length (around
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Figure 4.16: Displacement profile of cantilever switch (a) and air-bridge switch (b) at
Vhias = OV (dashed curve) and Vj;es = 50 V (continuous curve).

0.0125 gm/pm from contact bumps to anchors). The not-uniform displace-
ment causes a not-uniform intensity of the electric field, and this affects in
turn the amount of injected charges. The difference in the deformed profile
may be a possible and reasonable explanation for the voltage narrowing,
which is mainly caused by a combination of non-uniform gap and charge

distribution, as also stated in [95]
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4.5 Conclusions

The influence of two different geometry configurations (air bridge and
cantiliver) on the dielectric charging rate was analyzed in detail in this
Chapter. Long-term characterization was performed on dielectric-less air-
bridge capacitive and cantilever ohmic switches. Measured data were ana-
lyzed by evaluating the narrowing and the shift of the CV/RV characteris-
tics. This approach was very helpful in order to separate the effects of the
different charging contributions, offering a great insight of the dominant
charging mechanism. Among the charging models available in literature,
the power law of time was able to fit very well the measured data, provid-
ing a reliable prediction of the switch failure due to stiction. As a result of
such analysis, the air bridge switch showed a predicted time to failure of
about 200 days, whereas the cantilever was supposed to fail after 5 days.
Finite element simulations showed that the different deformed profile of
the two configurations may be a possible and reasonable explanation for

the different charging rate.
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Chapter 5

Power Handling

5.1 Introduction

As mentioned in Chapter [2, RF MEMS capacitive switches show ex-
traordinary performances in terms of loss, power consumption and lin-
earity. All these advantages make RF MEMS technology attractive also
for applications in phased-array radar and communication systems [36].
However, before the switches can be deployed in these systems, robustness
issues such as power-handling capacity must be addressed [I01]. Presently,
RF MEMS capacitive switches can typically handle RF power on the order
of 1 W, but certain phased-array systems involve RF powers on the order
of 10-100 W. Such high powers can significantly affect the electrical, me-
chanical and thermal properties of the switches and even cause temporary
or permanent failures.

The following chapter reports measurements and characterization of the
power handling capacity of RF MEMS capacitive switches manufactured at
FBK. A compact model for power handling prediction is also proposed for
the first time based on an advanced finite elements multi-physics analysis.
Results show that FBK switch provides a power capacity comparable or
even better than the best-in-practice air bridge switches, even without a

geometry optimization.

103



5.2. BASIC THEORY CHAPTER 5. POWER HANDLING

5.2 Basic Theory

The main task of a RF MEMS switch is to permit or interdict the
propagation of a microwave signal along a transmission line. A microwave
signal is characterized by a given power level depending on the application.
A MEMS switch may work in two operating modes related to the RF power
traveling through it:

e (Cold suitching: the RF signal is turned off during the switching op-
eration. This means that when the capacitive or ohmic contact is
established at the actuation, no signal is going through the contact

and the dynamics of the structure is not affected by the RF power.

e Hot switching: the RF signal is continuously propagating through the

switch, even during the switching operation.

As a consequence of the RF signal propagation, the following phenomena

can be observed:

e DC' contact degradation

As discussed in Chapter [d] several thermally-related issues affecting
the quality of a DC contact may arise because of the RF power prop-
agation. As a consequence of the Joule effect, the RF current flowing
through an ohmic contact may lead to localized high temperature
spots. The contact degradation involves a set of complex physical
phenomena concerning the contact surface, such as softening, pitting,
material transfer, and in some cases material melting. Most of them
can be observed also at low and medium signal power, leading mainly
to a drastic degradation of insertion loss and isolation properties of
the MEMS switch. The use of particular metal alloys [55], and switch
geometries providing high contact force [92] can reduce but not com-

pletely avoid these problems.
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o Self-biasing:

Self-biasing effect is related to the equivalent voltage, usually referred
to as root mean square (RMS) voltage, provided by the power Prp of
the propagating signal. For a RF MEMS shunt capacitive switch that
is matched to a transmission line with Z; characteristic impedance

(|S11| &= 0), the amplitude of the propagating wave is [54]:

Vo'l = V/2PrrZy. (5.1)

Therefore the corresponding RMS voltage is:

V+
Vems = % =/ PrrZ. (5.2)

The voltage expressed by Eq. acts as a bias voltage for the sus-
pended membrane, especially on capacitive switch where the OFF-
state capacitance is usually large (=~ 50 — 100 fF). For Pgrr = 1 W and
Zy =50, Vgrars = 7.07 V. This contribution is already significant for
a centrally-actuated membrane with nominal pull-in voltage around
15-20 V. For higher values of power, the electrostatic force provided
by Vrurs may exceed the reacting force of the anchor springs, causing

eventually the snap-down of the membrane even if Vj;,s = 0 V.

e Latching:

This phenomenon happens when the RMS voltage related to the input
power is equal or higher than the hold-down voltage Vpp of the switch.
This means that the membrane is no longer able to assume its up-
position even if the bias voltage is removed. When a shunt capacitive
switch is in down-position, the switch characteristic impedance is no

longer matched with the port impedance 7, and, according to t-line
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theory, the RMS voltage is:

1 Vi o/ Pril,
VRMS _ \/_ | 0 ’ ~ RF4() (53)

2 ownZ 7
2 wcdownZO de ’
14+ | ———

2

for wCyouwnso > 1, where Cyyyn is the down-state capacitance and w

is the working angular frequency.

e Self-heating:

Self-heating is the not-uniform temperature rise of the switch due to
RF power dissipation. Firstly the not-uniform distribution of RF cur-
rents may lead to high current density concentrations at the edges
of the conductors and of the suspended membrane. For critical val-
ues of current density (above 1 MA /cm? for gold) electro-migration
and material thermal failure can occur, and this provides a sort of
upper limitation for the switch power handling. However, a prelimi-
nary degradation mechanism is revealed by the temperature rise due
to the power dissipated on the membrane. For a given material of
thermal conductivity kj, the temperature distribution due to a dissi-
pated power p,, per unit volume [W/m?] is derived by the generalized

steady-state conduction equation:

VP
VAT 4+ P (5.4)
Ky
The bridge is usually modeled with a thermal resistance RLE., - defined

as.
1 1,/2
RTH —— __ 202 5.5
MEM 2wbtbkb ( )

where [,, w, and t; are respectively the length, width and thickness

of the membrane. From literature, this value is on the order of 1000
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K/W, and it has been demonstrated that this is much smaller than
the radiation and convention thermal resistances, making the conduc-
tion the main mode of heat transfer in MEMS switches [102]. The
temperature rise acts on the thermal residual stress, which in turn
reflects to the electro-mechanical properties of the membrane. This
implies a reduction of the actuation and release voltages of a clamped-
clamped membrane with initial tensile stress. Such an effect obviously
amplifies the action of the RMS voltage on the membrane itself. The
temperature rise is instead less effective in case of cantilever beam,
although the limitations due to high current densities and self-biasing

still remain.

The power handling of a capacitive switch can be evaluated in different
ways. In ohmic switches, lifetime-cycling test are a good indicator of the
contact degradation, which in turn reflects on the insertion loss or isolation
electromagnetic parameters. In capacitive switches, electromagnetic pa-
rameters degradation still occurs if the membrane material is permanently
damaged by critical values of high current densities spots [4]. However,
the main failure indicator is the pull-in/pull-out voltage shift versus input
power. As a general agreement, a capacitive switch is considered no longer

functionally compliant for a 10 % of variation of pull-in voltage.

5.3 State-of-the-art for high power switches

Nowadays the design and reliability of RF MEMS switches for high
power applications is one of the hottest topic in the RF MEMS field, along
with the MEMS sensitivity to temperature variations. The approach re-
ported in [62] is to optimize the anchor springs in order to reduce the
temperature and residual stress variation sensitivity. As a result a MEMS

switch capacitor characterized by a circular shape, and four anchor springs
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Figure 5.1: Circular-shape RF MEMS switched capacitor: (a) micrograph and (b) evolu-
tion of pull-in and pull-out voltages versus input RF power [62].

with central cutouts (Fig. [5.1)), was manufactured and tested. The de-
vice showed a temperature sensitivity of -55mV /°C, which is one of the
best result available in literature. Moreover, power handling tests was per-
formed in hot-switching operations by monitoring the pull-in/pull-out volt-
ages evolution. As a result, authors observed improved performances up
to 5 W with respect to the rectangular-shaped clamped-clamped switches

manufactured with the same technology.

A different approach was adopted in [61], where the low temperature
sensitivity is achieved by using molybdenum (Mo) as membrane material.
The use of a membrane material with a thermal expansion coefficient
(4.8 ppm/°C) similar to the one of the substrate material (pyrex glass,
3.25 ppm/°C) results in a temperature sensitivity of 35 mV /°C. However,
power handling is still below 1 W, despite the similar thermal properties
of membrane and substrate. This is a further symptom of the not-uniform
temperature load produced by the self-heating effect.

A different membrane material was also tested in [I03]. A thick silicon
membrane was employed as movable electrode, so that the metal loss is
given only by the coplanar transmission line conductors. The semicon-

ductor material guarantees the correct ground polarization to the DC bias
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Figure 5.2: Sketch and pictures of the dielectric-block MEMS switch reported in [103].
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Figure 5.3: MEMS varactor from [I04]: (a) device sketch, and (b) Vp;/Vpo evolution
under high power conditions.

network. Although a drastic reduction of the temperature rise over the
membrane is demonstrated, no further reliability tests about cycling or
pull-in voltage evolution have been reported so far for such a switch.

In [104] a MEMS varactor composed by a cantilever beam was presented.
The cantilever configuration allows the device to be less sensitive to self-
heating effect, showing a power handling capability up to 30 W.

Radant DC-contact switches [I1] were demonstrated to handle at least
1000 cycles under 10 W RF power in hot-switching mode, up to 1-million
cycles under 1 W power in cold-switching mode, and up to 1-trillion cycles
under low-power signals. A picture of the device and related cycling char-
acterization are shown in Fig. . Recent developments [55] demonstrated
the employment of these devices for a 5-W phase shifter able to handle
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Figure 5.4: High power Radant switch [I1]: (a) Micrograph and (b) RF parameters
evolution under cycling actuations.

up to 1-billion cycles. These outstanding performances have been achieved
by means of a careful choice, and manufacturing process of the contact
materials. Similar high power performances still need to be demonstrated

for MEMS switches based on clamped-clamped beams.

5.4 Multiphysics Analysis of a FBK capacitive switch

5.4.1 The Multiphysics approach

As mentioned so far, the power handling problem of RF MEMS switches
involves complex electric and thermal phenomena which are strictly related
between each other. Analytical closed-formulas often are not enough to un-
derstand or predict the shift in the pull-in voltage or the complete failure
of RF switches under high power conditions. This is especially true when
RF switches are adopted in complex high-power impedance matching net-
works or phase shifters, where the characteristic impedance of the network

usually changes during the circuit operations.
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A multi-physics numerical analysis is then required to accurately evalu-
ate both the self-biasing and the self-heating effects, and see how different
materials and different geometries may affect the power handling of the
MEMS switch. Although such an analysis is usually computationally de-
manding, it offers a great insight in the identification of the significant
parameters to be optimized for the improvement of the switch power han-
dling capacity.

Such a multi-physics approach was applied to a MEMS capacitive switch
manufactured at FBK and characterized at high powers in collaboration
with Lehigh University. It involves the coupled-utilization of an electro-
magnetic numerical software (HFSS™][83], see Section and a multi-
physics numerical software for the thermal and electro-mechanical numer-
ical models (ANSYST™][83], see Section [3.5.2). The switch was fabricated
on high-resistivity silicon, and quartz substrates for a better understanding
of the electro-magnetic and thermal aspects of the problem.

The following analysis was performed considering hot-switching condi-

tions, and it is limited to the up-state position of the membrane.

5.4.2 Device under test

Fig. [5.5ta illustrates a photograph of the electrostatically actuated RF
MEMS capacitive shunt switch used for the following analysis and already
described in Section B.5.2l The cross section view of the switch is also
reported again for clarity in Fig. [5.5}b. To evaluate the substrate effect on
switch power handling, the same device was fabricated on high-resistivity
silicon, and quartz. Table compares the thermal and electromagnetic
properties of the silicon and quartz substrates. Table [5.2] shows that the
switches on silicon and quartz have slightly different residual stresses and
pull-in voltages due to some parameters uncertainties in fabrication. The

switches typically have a pull-in voltage of 39 V on silicon and 43 V on
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quartz. The difference is mostly related to observed deviations in nominal

thickness and residual stress values given by the process flow.

(a)

580 pm

-
P

w,=100 pm

Actuation Pad St..ﬂ;n.ry a]em lll

Substrate

Figure 5.5: (a) Top view, and (b) cross-sectional schematic of an electrostatic RE MEMS
capacitive shunt switch under test. See Fig. for the meaning of the layer colors

Fig. [5.6| represents the equivalent circuit model of the capacitive switch.
At 15 GHz, the insertion losses are 0.3 dB, and 0.2 dB on high-resistivity
silicon, and quartz, respectively, which are inversely proportional to the

substrate resistivity.
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Table 5.1: Substrate properties and equivalent circuit parameters.

Parameter Silicon Quartz
Substrate dielectric constant (¢) 11 3.8
Substrate resistivity p (€2-cm) 5000 1019
Substrate loss tangent 0.006 0.0001
Subst. thermal expansion coeff. a (ppm/°C) 2.6 0.4
Subst. shunt resistance Rsyp (€2) 2000 6000
Subst. shunt capacitance Csyp (pF) 1.89 0.0015
Transmission line impedance Zry, (2) 50 75
Transmission line length 677, (°) 25 16
Transmission line resistance Ry (€2) 0.4
OFF-state membrane capacitance Cy (fF) 40
ON-state membrane capacitance Cp (fF) 300
Membrane inductance Lg (pH) 2
Membrane resistance Rg (€2) 0.2 0.18

5.4.3 Simulation Procedure

Fig. illustrates the multiphysics simulation procedure for analyzing
the power-handling capacity of RF MEMS capacitive switches. First, the
finite-element electromagnetic simulator HF'SS was used to analyze the en-
tire switch die under both small- and large-signal conditions. Small-signal
simulations between 0.5 and 20 GHz of the insertion and return losses were

validated through S-parameter measurements (Fig. [5.8)). Large-signal sim-

Zy, Op Ry, Ry Zp O,

Figure 5.6: Equivalent circuit model of the capacitive RF MEMS switches under test.
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Table 5.2: Air bridge dimensions and electromechanical properties.

Parameter Silicon Quartz
Membrane length I (pm) 620
Membrane width wy (pm) 100
Membrane thickness ¢, (pum) 1.9 2.3
Membrane stress op (MPa) 60 45
Membrane pull-in voltage Vpy (V) 39 43

ulations at different frequencies and input powers were then performed
to obtain the field and current distributions across the entire die. Di-
electrics and conductors are considered lossy to include all the dissipated
power. Further accuracy is provided by the utilization of mized-order ele-
ments for the model. From the field distribution, the RMS average voltage
Vrms inducing the self-biasing was extracted and validated through the
equivalent-circuit model. This value was determined by integrating the
simulated electric field E across the 2.7 um air gap gy between the mem-

brane and the stationary electrode:

1 0
—90

Fig. reports that the values of RMS voltages from HFSS agree with
those extracted from the equivalent-circuit model under Prp = 1 W be-
tween 3 GHz and 18 GHz. This confirms that the self-biasing effect can be
accurately simulated by using HF'SS.

From the HFSS-simulated current distribution, power losses on the sur-
face of conductors and in the bulk of dielectrics were exported to ANSYS
to analyze the thermal domain. Using ANSYS, surface losses are mapped
into heat flux loads while volume losses are mapped into heat generation
loads. A scaling factor is used to account for the different mesh sizes of
HFSS and ANSYS. The heat transfer is assumed to be through conduction
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Figure 5.7: Simulation procedure for the evaluation of pull-in voltage RF power depen-

dence.

with negligible convection and radiation [102].

Finally, an electro-mechanical analysis of the same model is performed in

order to simulate the pull-in of the membrane. Self-heating is applied as a

temperature load (resulting from the previous thermal analysis), whereas

self-biasing is modeled by applying a voltage to the central part of the

membrane depending on the electric field distribution (which is a result

obtained from the previous electromagnetic analysis).
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Figure 5.8: HFSS-simulated (dashed) vs. measured (continuous) small-signal insertion
and return losses.
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Figure 5.9: Circuit (curve) and HFSS (symbols) simulated equivalent RF voltage under
the membrane in up position.

5.4.4 Results

The procedure described above is applied to the capacitive RF MEMS
switch finite-element model in case of high-resistivity silicon and quartz

substrates, accounting also for some thickness and residual stress uncer-
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Figure 5.10: Simulated surface (a, b) current and (c, d) temperature distributions for the
switches on (a, ¢) silicon and (b, d) quartz under 1 W input signal at 15 GHz.

tainties. A more complex analysis would involve a feedback iteration be-
tween the structural and electromagnetic domains to account for the up-
state capacitance variation effect due to the self-bias on S-parameters and
membrane losses.

The electromagnetic models of the RF MEMS switches are built in HF'SS
and validated from 0.5 to 20 GHz by comparing the S-parameters simu-
lation results with the corresponding measurements. A single frequency
simulation at 15 GHz is then performed with very fine mesh in order to
improve the accuracy in the calculation of losses. The surface RF currents
distribution at 15 GHz is reported in Fig. [5.10[along with the corresponding
temperature distribution achieved from ANSYS. As reported in Fig.[5.10}a
and Fig. [5.10Fb the surface current distribution has just slightly differences

117



5.5. EXPERIMENTAL VALIDATION CHAPTER 5. POWER HANDLING

between the two substrates in terms of absolute values. On the other hand,
Fig. 5.10Fc and Fig. [5.10kd show vividly the difference between the simu-
lated temperatures on silicon and quartz. According to the color scale
of the figure, in case of silicon there is only appreciable temperature rise,
whose maximum is at the center of the membrane. In comparison, the
peak temperature on quartz is higher and the entire switch including the
center and ground conductors of the coplanar transmission line is heated
up. Fig. shows the anchor-to-anchor temperature profile along the
membrane under 1 W, 3 W and 5 W RF power inputs at 15 GHz. It can
be seen that in general the membrane on quartz is always hotter than that
on silicon and the difference increases with increasing power. In addition,
the anchor temperature also increases with increasing power, especially
on quartz. This implies that for thermally insulating substrates such as
quartz, the anchor should not be assumed to be at the ambient tempera-
ture and heat transfer needs to be considered across both the membrane
and the substrate. The above observation is further illustrated in Fig. [5.12]
Since no dependency of the conductor resistivity on heating is considered
at these temperature values, the relationship between temperature rise and

power appears linear.

5.5 Experimental validation

To evaluate the robustness of the switches in handling hot-switching RF
power, power measurements were performed in a 50-) system at 15 GHz
and 25 °C. Each measurement was performed under a constant input power
with the bias voltage gradually increased until the output power abruptly
dropped. The bias voltage at this point was deemed the pull-in voltage.
The maximum input power was limited to 5.6 W by the power amplifier

and wafer probes used in the measurements. Measurement results are

118



EXPERIMENTAL VALIDATION

CHAPTER 5. POWER HANDLING 5.5.
80 .
. 5W
00 T Silicon

Temperature (°C)

~
~

2 1 1 1
—0300 -200 -100 0

100

200 300

Distance from Center (uwm)

Figure 5.11: Simulated anchor-to-anchor temperature profiles along the membrane under

different RF power at 15 GHz
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Figure 5.12: Simulated temperature rise at the (left axis) center and (right axis) anchor
of the membrane on (— — —) silicon and (—) quartz under different RF powers at 15
GHz

compared to the electromechanical simulations which followed the thermal

simulations described previously, showing perfect agreement as reported in

Fig. [5.13.
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Such a result confirms the importance of substrate thermal conductivity
in the evaluation of the power handling. If the self-heating was neglected,
the pull-in voltage characteristic for both the switches would assume a
behavior much more similar to the iso-thermal characteristic plotted also in
Fig. [5.13] Only the pull-in characteristic of the switch on silicon substrate
is close to isothermal curve, underlining the self-biasing as the dominant
effect in the shift of the pull-in voltage. The dominant effect in case of
switch on quartz substrate is instead the self-heating, since the slope of
the characteristic is much higher than the silicon case and in turn than
the isothermal case. Moreover, a switch failure occurs slightly above 3 W
in case of quartz substrate, while the switch on silicon keep working up
to 5.6 W. The switch pull-in on quartz is no longer detected probably
because the equivalent RF voltage is enough to produce the snap-down of
the membrane, whose residual stress and, as a result, the whole stiffness
is decreased by the temperature rise. Simulations performed at 5 W also
showed that the application of both the thermal load and the equivalent RF
voltage is enough to actuate the switch on quartz, without any application

of bias voltage.

Since measured and simulated pull-in voltages appear to decrease quite
linearly with RF' power, they can be fitted by a linear trend line, whose
slope, expressed in V/W., is a good indicator of the power-handling capabil-
ity of the switches. Therefore, simulations were performed and compared
with power measurements also at 6, 9 and 12 GHz, in addition to the
above-described results at 15 GHz. Fig. shows that the simulated and
measured slopes in the pull-in voltage were in general agreement for both
the silicon and quartz switches. Moreover, the slope values increase with
frequency following a trend that can be considered approximatively linear

within the frequency range explored.

It is worthwhile to not that the simulation procedure described pre-
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as a function of different frequencies.

viously could be iterated to account for the temperature dependence of

electric resistivity and the effect of structural deformation on the field and

current distributions. However, the typical maximum temperature rise is
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on the order of 10 °C over a 1 W power range and the electrical resistivity
does not vary by more than 3 % [105]. In addition, the switch capaci-
tance with the membrane suspended varies only by few fF as extracted
from power measurements (Fig. [96]. For these reasons the iterative

analysis is not critically required to the present switches.
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Figure 5.15: ON state and OFF state capacitances extracted from power measurements
for (— — —) silicon and (—) quartz substrate.

Once the multiphysics simulation was validated through experimental
data, it could be used to determine the parameter values in a compact

model as discussed in the next section.

5.6 Self-biasing

The root-mean-square RF voltage acting on the suspended membrane
is different in case of different substrates because of the different trans-
mission line impedances. In case of quartz, standing waves in the switch
can have a significant effect on the overall self-biasing of the membrane.

Fig. reports the general situation in terms of multiple reflections when
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Figure 5.16: Circuit model for both unmatched load and generator.

the transmission line impedance Zpy is different from generator and load
impedances as in the case of quartz substrate. The generator and load
impedances model the measurement setup ports and are both equal to
Za = Z; = 50 . According to the transmission line theory, a signal gen-
erator of voltage Vi and impedance Zg is able to provide an input power
Prx so that:

Ve = 2¢/PinZe. (5.7)

The voltage and current at the membrane are:

o VgZTL (1 + FL) 6_j20TL
- ZG —+ ZTL 1 — FLFGe_jZGTL7

s (5.8)

o VG (1 — FL) €_j29TL
 Zag+ Zpp 1 =T Tgei20re’

where Zp;, and 6p; are the impedance and electrical length of the trans-

Is (5.9)

mission line between the generator and the switch, and:

ZG + jZTL tan QTL

Lo = 2 .
Lo TLZTL + jZqg tan 07y,

(5.10)

123



5.6. SELF-BIASING CHAPTER 5. POWER HANDLING

Moreover, according to Figlb.16| one can define:

Za — ZrrL,

¢~ ZG—i—ZTL7

(5.11)

and :
~ Yrp — (Yo + jwCy)

Yy + (Yoo + jwCp)’
where Yrp, = 1/Z7p, Yoo = 1/Z10, and Cy is the up-state capacitance. The

L'y

(5.12)

power delivered to the membrane is then equal to:

1
PS = 5 Re {Vslg}
Y eVZius 1— |FL‘2
2 1 _ F F _j29TL 2
Zg—i—ZTL) | Lt ge ’
Za 1—T'r)?
Zrp |1+ Tp)?

27 1+T 2
nRF:( T Ly ) (5.14)

= 4P]N(

= NrrPIN (5.13)

where:

ZG -+ ZTL |1 — FLFGe_jQGTL‘
is a power scaling factor which is convenient to account for the increased
power at the switch due to impedance mismatching. As a general case,

finally the RMS voltage acting on the suspended membrane is:

v
Vems = % = /NrrPINZg. (5.15)

In case of quartz substrate, Zg = Z;, = 50 ), while Zrp, 071, and Cy are
listed in Table [5.1 Consequently, I'¢ = 0.2/180° and I', = 0.155£176°.
Moroever, ngrr is found to be around 1.07 at 15 GHz. This shows that
in the mismatched case the power experienced by the membrane may be
approximately 10 % higher than that in the matched case. On the other
hand, for matched transmission line, as in the case of silicon substrate, Zr,
=70=500,Tg=Ty=0s0ngr =1, Vg = /2PgrZy, and Ps = Py, in
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accordance with the well-known theory already presented in Section [5.2]

5.7 Self-heating

The linear behavior reported in Fig. suggests the possibility to use
a linear thermal model accounting for the effect of the substrate thermal
conductivity. Despite the high complexity of the problem, which involves
not-uniform current and temperature distributions, the thermal model can
be consistently enclosed in the lumped circuit pictured in Fig. [5.17]

T ATy~

Tyiax R™, ey T ync R™
O—————AA— O—— NN
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ATyem AT jnc
D ™ 0D
e To

Figure 5.17: Equivalent thermal lumped model accounting for substrate thermal resis-
tance.

According to this, the maximum temperature rise at the center of the

membrane is:

ATvax = ATvyipn + ATune

The values of RLY, and RI[L,, can be extracted from simulation data.
In fact, from ANSYS thermal simulation we have ATy gy = 32 °C and
35 °C, AT nc = 25.2 °C and 27.8 °C for silicon and quartz respectively,
whereas from HFSS results and Pygy = 2.15 mW, Prp = 18.2 mW for
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silicon, and Pygy = 1.76 mW, Ppp = 14.7 mW for quartz substrate.
As a result, RTH, = 3159.5 °C/W, RLll, = 11.5 °C/W for silicon and
RTH . = 3722°C/W, RLH, = 155.5 °C/W for quartz. To better illustrate

the difference between quartz and silicon, Eq. can be rearranged as:

B Pri \ Rilp TH
PMEM RMEM

- BTHPMEMRME]\@ (5.17)

where:

Prp ) Rl
=14+11+
BTH < Pyey RM}J{EM

Prp Rijp

~ 1+ (5.18)

Pryeym RMEM

is a figure of merit accounting for the effect of the substrate on the thermal
characteristics of the switch. In fact such a notation is also useful to
highlight the ratio between power losses and between substrate and thermal
resistances. It is easy to prove that Prp/Pyey ~ 10 for any substrate,
whereas RLH,/RIE., ~ 0.1 and 0.01 for quartz and silicon respectively.
Therefore in case of high thermal conductivity substrate Sry ~ 1 and the
membrane thermal resistance is enough to account for self-heating. For
low thermal conductivity substrate, Sry is greater than 1, so it needs to

be considered in self-heating prediction.

A useful approximation may be employed to estimate the thermal re-
sistance values without performing the thermal simulation. Membrane

thermal resistance can be achieved with [106]:

Y1l
2/<;btbwb
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Table 5.3: Lumped Thermal Parameters extracted from simulation results.

Parameter Silicon Quartz
Membrane thermal conductivity &, (W/cm°C) 3.18

Subst. thermal conductivity ksyp (W/cm°C) 1.56 0.02
Membrane Loss (Q1W) Pygyr (mW) 2.15 1.76
Transmission Line Loss (Q1W) Pry, (mW) 18.2 14.7
Membrane thermal resistance RIIL, ~(°C/W) 3159 3722
Substrate thermal resistance RLH, (°C/W) 11.56 155.5
Shape parameter 1 1.23 1.75
Shape parameter o 0.36 0.063

Shape parameter 3 0.7 0.95

Matching coefficient ngrr 1 1.07

Thermal coefficient Sy 1.04 1.6

where [, wy, and t;, and are length, width, and thickness of the suspended
membrane respectively, whereas kj is the thermal conductivity of the mem-
brane material and v; is a parameter accounting for the geometry com-
plexity and the not-uniform distribution of the RF current. The substrate

thermal resistance is:

TH Yotsup

fsus = ksUBlSUBWEFF (5:20)
where [gyp is the length of the die, tgyp is the thickness of the substrate,
and wgpp is an effective width accounting for the region of the coplanar
conductors where the RF currents are mostly concentrated. For the ana-
lyzed geometry at 15 GHz, wgpp is chosen equal to 80 um. The parameter
ksup is the thermal conductivity of the substrate, whereas 75 is a shape-
factor with the same function of v;. The same values of simulated thermal
resistances are achieved by an appropriate choice of v and ~,. In Table[5.3
the extracted parameters for the thermal lumped circuit that models the
measured RF MEMS switches are listed. As a result, the parameter Sry

is exactly equal to 1.035 for silicon and 1.6 for quartz. This demonstrates
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the effectiveness of the figure of merit Sry in considering the effect of the

substrate. The power dissipated on the membrane may be also calculated
analytically by applying Eq. [5.15]

1
Pyen = §RS|IMEM|2

1
= §Rsc%w2nRFZGPRF

= ¢runrrPrr (5.21)

where Ryg is the series resistance of the membrane extracted from S-parameter
measurements, and:
1
¢ro = §RSCz2jw2ZG (5.22)

is a parameter accounting in a compact way for the factors contributing
to the membrane loss. The above expression is useful to relate approxima-
tively the value of Pypy extracted from HFSS simulation with the input

RF power.

5.8 Pull-in shift estimation

Assuming a uniform stress distribution along the suspended membrane,

the effect of RF power on the membrane residual stress variation is achieved
combining Eq. and Eq. [61]:
AO’O = EAOJ(ATMA)()

= EAaBry R} [pvdremer Pre

= druBSrunrr Prr, (5.23)

where F is the Young’s modulus of the membrane, Aa = aj gy — asyp is

the difference between the thermal expansion coefficients of the membrane
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and the substrate, and
5TH = EACER?\}%M¢TH (524)

Note that the parameter Sry does not depend on the input power since
it depends on the ratio between membrane loss and transmission line loss.

Again, Sy includes the ratio between shape parameters v, /71.

Eq. apparently fails when the suspended membrane and the sub-
strate has pretty much similar expansion coefficient. This situation leads
to a stress variation theoretically equal to zero, but this is actually true
only if both the membrane and the substrate are subject to a uniform tem-
perature load, which is not the case described here. Thus an alternative
way to account for the stress change is to consider the different tempera-
ture rise which actually occurs in the membrane and in the substrate for
a thermal load given by the RF power. Consequently Eq. changes as

follows:

Aoy = E |aypmATverm + (aney — asup) AT anc]

= ElayemATveym + (amen — asup) (ATyax — ATyen)]

asup ATvEr
= EAaAT 1
@ MAX ( + ACY ATMAX)
= 67y BrunrrPre, (5.25)
where: AT
5 = EAaRTH | 4 XSUBSEMEM ) 5.26

In case of metal membrane and ceramic substrate, which is in general
the most common situation, asyp/Aa is much lower than 1. However
when the membrane material is chosen to have a thermal expansion coef-
ficient similar to the substrate for low temperature sensitivity design [61],

asyp/Aa > 1, and the term acquires significant importance on the mem-
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brane stress variation.
Considering the effect of both the self-heating from Eq5.23| and the
RMS voltage expressed in Eq. |5.15, the pull-in voltage for the analyzed

capacitive switches may be approximated to:

16 — 0 P 1— 3
) Z
= me\/l — < ribrn + VzG ) nrr PR (5.27)
00 PI0

where Vpjq is the pull-in voltage when Prr = 0 W, g is the vacuum permit-
tivity, go is the gap between membrane and electrodes, v is the membrane
material Poisson’s ratio, L. is the electrode length, and 3 compensates the
deviations of the above formula due to geometry complexity. For low val-
ues of Prp, the above expression can be linearized around a working RF
power, retrieving the pull-in variation with respect to the initial pull-in

voltage:
dVpr

dPgrr
so the power handling sensitivity is defined as

1 /6 Z,
<TH5TH+ G

Spg = 5

AVp[ ~

Prp = SpuPrr (5.28)

> nRFVPIO- (529)

Such a value can be easily employed as a figure of merit for the power han-
dling prediction, as already used previously in Fig. for the evaluation
of the simulated voltage shift at different frequencies. For the analyzed
cases, the power handling sensitivity at 15 GHz of the switch on silicon is
lower than 2 V/W, while it is around 7 V/W for the switch on quartz. In
case of drgfBry ~ 0, the switch operates in isothermal behavior and the
self-biasing is the dominant effect due to high power, as already shown in
Fig. 5.13] Moreover, also the residual stress has a significant effect on the
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switch power capacity. In fact Eq. emphasizes that low values of o

make the overall stiffness more sensitive to the stress variations accounted

with 5TH6TH-

5.9 Conclusions

In conclusion, finite element simulations showed that for switches fabri-
cated on thermally insulating substrates, the self heating of the substrate
has a significant impact on the temperature rise of the membrane and
it needs to be taken into account. The simulation also showed that for
switches embedded in mismatched transmission lines, the RF power deliv-
ered and dissipated in the switches could be increased by standing waves.
The parameter values extracted from the simulation data were incorpo-
rated into the above-described compact model to enable quick evaluation
of the pull-in voltage decrease with increasing RF power. The whole ap-
proach has been validated by power measurements performed from 6 to
15 GHz, and provides good hints for the future design of power-robust
MEMS switches.
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Chapter 6

Design Solutions for Redundancy

Switches

6.1 Introduction

In this Chapter, the problem of long-term reliability is addressed from
a design point of view. As shown in Chapter [4] dielectric charging and/or
contact degradation may induce the stiction of the suspended membrane
especially after a long-term continuous bias voltage. Design solutions such
as the use of dielectric-less electrodes or high-restoring force geometries
could be not enough to avoid this problem. Therefore a dedicated mecha-
nism able to actively pull-up the membrane in case of down-state stiction
seems to be a more suitable solution to guarantee the stiction recovering
after a very long stress voltage time, since it can counteract against possible
sticking forces.

Here an active push/pull or toggle mechanism is proposed and imple-
mented in different switch typologies. The mechanical model, based on the
work reported in [72], is briefly described accounting also for the effect of
a uniform charging in the insulating layer. The fabrication and the char-
acterization of a capacitive MEMS switch based on this toggle mechanism

are also reported, along with a deep analysis of the switch reliability under
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a continuous long-term stress voltage. The toggle concept is also imple-
mented in the design of a bistable switch, where the bistability property can

be accomplished by using a tensile-compressive stress converter geometry.

6.2 Toggle mechanism concept

6.2.1 Description

The active push/pull or toggle MEMS switch exploits torsional anchor
springs and a third electrode to mechanically restore the OFF-state of the
switch in case of ON-state stiction. Fig. shows the top and cross-section
view of the MEMS switch employing this concept. The switch consists of a
suspended membrane anchored to a fixed support by means of four torsion
springs. Such a membrane is composed of different parts: a central part
realizing the mobile plate of the variable capacitor, two mobile electrodes
implementing the toggle mechanism, and two couples of levers connecting
the central part and the mobile electrodes. The bridge can be pushed up
or down by applying a voltage on two couples of fixed electrodes, which are
symmetric with respect to the central RF line underneath the membrane.
The couple of fixed electrodes closer to the RF line are referred to as pull-
in (PI) electrodes, whereas the couple of fixed electrodes placed at the
extremities of the membrane are called pull-out (PO) electrodes. In order
to distinguish the toggle pull-in and pull-out active mechanisms from the
pull-in and pull-out voltages of a standard switch configuration, the latter
will be referred to as actuation and release voltages. The mechanism works
as follows. When no voltage is applied, the membrane is flat with respect

to the RF line, and this situation can be referred to as the zero-bias state
(Fig. a). When VL > 0V and V;/9 = 0 V, the anchor springs start to

bias 1as

torque, allowing the central part to move towards the underpass RF signal

line, thus producing an increase of capacitance. The capacitance assumes
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(a)

Mobile electrode Levers Torsion spring

- Stoppers ~ gOI Underpass

| I | L1 P71 .
PI Electrodes PO Electrodes
(b)
I ;

Vi)

l

m

BN Thermal Oxide Polysilicon
[ Silicon oxide (DC insulator) . Metal
Silicon oxide (RF capacitance) ™ Gold

Figure 6.1: Sketch illustrating the cross section (a) and the top view (b) of the device
along with the corresponding description of the layers.

its maximum value Coy (Fig. [6.2tb) when V'L > VPI On the other

bias act *

hand, when becg > 0V and V;/L = 0 V, the bridge central part starts

bias

moving upwards, lowering the device capacitance down to its minimum
value Copp, which is achieved when VIO > VPO (Fig. 6.2-c).

act

6.2.2 Model

The analytical model describing the toggle mechanism is extensively
explained in [107] and [72]. Here a brief outline is reported, where half of
the model from Fig. [6.2}a is considered. Fig. [6.3}a and Fig. [6.3}b depict
the model of half the switch in case of bias on PI and PO fixed electrodes,
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(a) Zero-Bias State

% ] %
| ¥ 1 == == 1! 1 =
VPO,PI — OV

bias

(b) Pull-in Actuation

S

(c) Pull-out Actuation
% w\
| I 1|

VPO > VPO I

bias act

Figure 6.2: Sketch illustrating the cross section of the device when (a) zero bias voltage
is applied, (b) pull in actuation or (c¢) pull-out actuation occurs.

respectively. The electrostatic force f) (where v stands for PI, PO) acting
on the mobile electrodes after the application of a bias voltage is also
annotated, with the corresponding reaction moment M4 at the point A and
the reaction forces F)y and Fp at the points A (anchors) and B (connecting

levers) respectively.

Under the assumption that the anchor springs experiment a pure ro-
tation movement (i.e., the spring bending stiffness is infinite, so the z

displacement of point A is zero), it is considered only the balance of mo-
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Figure 6.3: Schematic diagram representing the left half of the switch, including forces
and moments acting on the mobile electrode in case of PI bias (a) and PO bias (b).

ments affecting the membrane rotation with respect to the anchor points.
The membrane displacement is defined in terms of rotation by means of a
tilt angle a;;,. Thus the whole mechanical system depicted in Fig. is in

equilibrium if the sum of moments is equal to zero, which means that:

MQZMA—}—FBlpm (6.1)

137



6.2. TOGGLE MECHANISM CONCEPT CHAPTER 6. DESIGN SOLUTIONS...

where M) (with v = PI, PO) is the electrostatic moment resulting from
the application of the distributed electrostatic force f) at the fixed elec-
trode, I, indicated in Fig. [6.1}b is the distance between point A and B,
and My and Mp = Fgl,, are the reaction moments provided by the springs
and the connecting levers. For a given bias voltage V}! . the distributed

electrostatic force is:

dF) V!
= — () = —£,E0Wy—21L — (6.2)

dx go — QT

fe

where w,, is the membrane width, gy is the gap between membrane and
fixed electrode, and z is the distance from the anchor point according to
the reference system used in Fig. [6.3] Assuming that the distance between
the fixed electrode and the anchor point A is negligible with respect to
the electrode length, the electrostatic moment is calculated by integrating
the partial electrostatic moment dM) = xdF) from 0 to [, (fixed electrode

length), so one has:

Vidoo [ 1
M) = S —1+4+1In(1l— ol 6.3
e cow 057271 1 — @mle/go +In ( Q /gO) ( )
- ﬁ(am)‘/giyaSQ' (64)

Given wy, [;, and t; respectively the width, length and thickness of the
lever, and wy, l;, and t; the width, length and thickness of the anchor spring,

the reaction moment at the anchors is:
MA = 2l€tOém, (65)

and the reaction force due to the lever can be demonstrated to be [72]:

2
FB = Z_QEIlama (66)
l
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where E is the Young’s modulus of the membrane material, [; = wyt} /12
is the moment of inertia of the lever, and k; is the torsional constant of the

anchor spring. This last parameter is defined as [108§]:

E wttg’

T (6.7)

kt=C12

The constant Cy of Eq. ( depends on the w,/t; ratio and it is called
torsion coefficient. For a rectangular-shaped beam with w;/t; ~ 5, C} is
approximatively equal to 0.25. For w;/t; > 10, C} is equal to 0.33 [108].
Such a stiffness is accounted for twice in Eq. because of the presence
of the two torsion springs in parallel. By considering the maximum tilt
angle lyn/go = tan umee X Ques, and rearranging together Eq. and
Eq. as follows:

1
K= 2?E1ﬂpm + 2k, (6.8)

so that Mp + Fply, = Koy, Eq. can be solved according to «,,. Thus
it can be demonstrated that the actuation voltage due to torsion movement
is equal to:

K g

V), =4/ ——— %
2.4egwy, I3

act —

(6.9)

For the above expressions, the effect of the residual stress and other non-
linear effect such as the spring bending are neglected. Moreover, Eq.
is applicable to the force and moment balance for a bias voltage applied
alternatively to both pull-in and pull-out electrode, as depicted also in
Fig. 6.3

The tilt angle a,,, defines also a maximum range A, along the z-axis
where the membrane can move up and down without incurring in a sudden
snap-through (i.e. a snap-down on the PI or PO electrodes), behaving like
a wide-tuning varactor device [109]. In this range the moment balance

expressed in Eq. is still valid. The maximum displacement from the
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Figure 6.4: Schematic diagram representing the left half of the switch, where the effect of
the equivalent force due to the charging at the PI is considered in absence of stiction (a)
and in case of stiction (b).

zero-bias position allowed before the snap-through is [72]:

1 1
A, = (zpm + ng) Cmaz = (zpm + gll) % (6.10)

where a,,,q; is the tilt angle at which the PI or PO actuation occurs. The

half of the mobile electrode length [, and the lever length [; along with
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the fixed electrode length [, can be dimensioned in order to avoid the
membrane snap-down, i.e. the instability point in the moment balance,
resulting in a soft actuation. Such a condition occurs when A, = go. So it

can be demonstrated that:

I

11
lo = 0.45 (1 + §—l> . (6.11)

When the switch is kept in the ON state (Vi1 > V2T and V'O = 0 V)
for a time ¢, charging occurs on the dielectric covering or around the pull-in
electrode. Now let’s consider that a uniform surface charge Q(t) is present
over the insulating layer at the top of the PI electrodes after a time t.

According to Fig. a, If VP9 > 0V and V2 = 0 V at the time ¢, the

bias

moment balance leads to:
MPO(t) = MP(t) + Ma + Fglym, (6.12)
where M4 and Fp are given by Eq. and Eq. [6.6], and:
ME(®) = Blaw) [V ()] (6.13)

is the electrostatic moment due to an equivalent voltage Vi (¢) induced
by injected charge Q(¢). The pull-out actuation (expressed by Eq. for

t =0 s) is then modified as follows:

1
2

vEI() ]
VT(O)] . (6.14)

act

xﬁ%w—¢@Kun?@szmm>l+

act

From Eq. [6.16], the PO actuation voltage is expected to increase re-
gardless the sign of the charge injected inside the dielectric around the PI
electrode. In addition, the pull-out actuation shift AV.PO(t) = VEO(¢) —

act act

VIO(0) qualitatively follows the same trend as the PI variation, but it is
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also scaled by a factor equal to the square of the pull-out actuation voltage
at t =0 s.
If the amount of charge is large enough to cause the stiction of the

mobile electrode at the PI electrodes, the balance of moments changes as
depicted in Fig. [6.4}b, and it results in:

MPO = M@ — My — Fplyn, (6.15)

which eventually leads to:

, Y VOO’
vac?(t):\/mt - B v (1%[@{% ) (6.16)

le EoWm

where V11(t) is the equivalent voltage which keeps the membrane stuck in
the down position, and it is higher than V.£?(0) by definition.

a

6.2.3 Optimization

The initial approach in the design of the toggle switch aimed at the opti-
mization of the membrane dimensions in order to have an actuation voltage
lower than 60 V. Moreover, anchor springs could exhibit a tendency to bend
because of the electrostatic force applied to the mobile electrode, making
the toggle mechanism ineffective. The spring constant due to bending re-
lated to an anchor spring of the same geometry as the previously described
is:

ky = ngt? (6.17)
l;

Consequently, if the mobile electrode is much more stiff than anchor

springs and it moves rigidly and flat toward the fixed electrodes, the pull-

in voltage is:

E 2k
27 60wmle

Vactp = %- (6.18)
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In the real case, the bending and the torsion of the spring occur simul-
taneously, and the respective stiffness may influence each other, resulting
in a non-linear relationship between forces and spring stiffness. To simplify
the modeling, these two effects were considered decoupled, so the bending

and torsion flexures are both considered linear.

The resulting actuation voltages due to spring bending and torsion were
modeled and analyzed accordingly as a function of the device geometric
parameters. Fig. shows the variation of the actuation voltage due to
the torsion and the bending of the anchor springs as a function of spring
wy/l; ratio. In this case, top electrode length [,, and lever length [; are
fixed to 120 pm and 60 pm respectively. The dashed line in red indicates
the upper limit for the acceptable torsion actuation voltage. From the
graphs it is possible to note that for ¢t;, = 5 ym (BRIDGE + CPW layers
in FBK process, see Chapter [2|) the actuation voltage due to the spring
bending is safely much higher than the torsion actuation voltage, which
is however much higher than the required voltage value. For t; = 2 um
(only BRIDGE layer) the actuation voltage due to torsion stiffness remains
widely under 60 V, and the choice of a w;/l; ratio equal to 0.3 represent a

good compromise for having a high bending actuation voltage as well.

Fig. shows the actuation voltage dependent only on torsion stiffness
as a function of half of the mobile electrode length [,,,, for different values
of connecting lever length. A w;/l; ratio equal to 0.3 was considered as a
result of the previous analysis. Even in this case the red dashed line marks
an upper limit for the acceptable value of the actuation voltage. Moreover,
the length of the half-mobile electrode should be chosen lower than 200 ym
in order to make the membrane less sensitive to stress gradient. A good
compromise between actuation voltage and low stress gradient sensitivity
is to choose [, = 120 pym (and consequently l,, = 250 pum, accounting

also for the spring width w; = 10 pym), {; = 60 pm and [, = 65 pum. Since
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Figure 6.5: Toggle switch actuation voltage due to the torsion (continuous line) and the
bending (dashed line) of the anchor springs as a function of spring width/length ratio
for different values of spring thickness. The dashed red line marks the upper limit for the
acceptable actuation voltage.
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Figure 6.6: Toggle switch actuation voltage as a function of the mobile electrode length

for different values of connecting lever length. The dashed red line marks the upper limit
for the acceptable actuation voltage.

lpm < l¢, this choice allows the membrane to avoid the contact with the

fixed electrodes when it actuates. Nevertheless, the condition expressed by
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Eq. is not accomplished, but this is not a relevant issue since the toggle
mechanism is implemented in a switch and not in a varactor. As a result,
the theoretical actuation voltage due to spring torsion is found to be about
57 V, while the snap-down of the membrane caused by the spring bending
occurs at around 200 V. Table [6.1 summarizes all the chosen dimensions

for the toggle capacitive switch.

Table 6.1: Geometrical dimensions and material properties of the toggle switch.

Membrane Young’s Modulus (E) 75 GPa
Membrane Poisson’s ration (v) 0.44
Membrane residual stress (og) 50 MPa

Spring length (I;) 30 pm
Spring width (wy) 10 pm
Mobile electrode length (I,,) 250 pm
Membrane width (w,y,) 90 pm
Central part length (I.) 90 pm
Lever length (1) 60 pm
Lever width (wy) 10 pm
Fixed electrodes length (I.) 65 pm
Air gap (go) 2.75 pm

Since the analytical model neglects some non-linearities such as the ef-
fect of residual stress in thin layers, a finite element method (FEM) simula-
tion was performed by using ANSYST™Multiphysics [83]. A residual stress
of 0g = 50 MPa (typical value for the available fabrication process) was
considered. FEM results confirmed that actuation occurs mostly because
of the rotation of anchor springs, whereas exhibit insignificant bending for
VPLPO — g V, as reported in Fig. [6.7|

bias
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OFF state ON state

Figure 6.7: FEM displacement solution of the toggle switch for (a) PI and (b) PO actu-
ation when Vj;,s = 80 V is applied alternatively to PI and PO electrodes.

6.3 Experimental results on toggle switch

6.3.1 Fabrication

A picture of the fabricated device is shown in Fig.[6.8] The toggle switch
was manufactured on a high resistivity 525-pm thick silicon substrate by
using the well-established 8-mask process of the FBK foundry [I10]. The
switch is integrated in a 50 €2 coplanar waveguide (CPW), and consists of
a 720-pm long and 2-pm thick electroplated gold membrane anchored to
CPW ground by means of four 30-um long springs. The central part of
the membrane and the movable electrodes are also reinforced by an addi-
tional 3.5-pum thick layer of electroplated gold for increased stiffness. The
two couples of pull-in and pull-out electrodes are made of 0.63-um thick
polysilicon layer. The central part of the membrane is a 90-um x 90-pum
square suspended above 0.63-pm thick Ti/TiN/Al/Ti/TiN layer and 0.1-
pm thick low temperature oxide (LTO) underpass. An experimental low
temperature release step was performed at the end of the manufacturing

process in order to guarantee minimal stress gradient and good planarity
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Figure 6.8: Micrograph of the manufactured toggle switch with an indication of the most
relevant geometrical parameters.
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Figure 6.9: Profile measurement of a realized device obtained with a Zygo Optical Profiler.
(a) 3-D view. (b) Longitudinal profile along the switch.

of the gold membrane, as shown in Fig. [79].

Mechanical stoppers are introduced under the movable electrodes, next
to the fixed actuation electrodes. This allows for the removal of the in-
sulating layer from the top of the fixed electrodes. Since some dielectric

layer still surrounds the dielectric-less electrode, a certain amount of charge
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injected from the electrodes to such a dielectric layer (which in this case
is thermal oxide) is expected. The effect of this charging is relevant es-
pecially for continuous long actuation [19]. In addition, the mechanical
stoppers are designed thicker than the underpass layer, so that a 0.1-um
air-gap is still present when the switch is ON. This allows for a repeatable
Con/Corr ratio of about 12.

6.3.2 Characterization

The manufactured device was experimentally characterized to evaluate
its electromechanical and electromagnetic properties. First of all PI-PO
actuation voltages and mechanical resonance were measured as a further
validation of the FEM model. The mechanical resonant frequency was mea-
sured by means of the Laser Doppler Vibrometer integrated into a Polytec
MSA-500 optical profilometer. The comparison between simulations and

measurements showed excellent agreement, as reported in Table [6.2]

Table 6.2: Mechanical Properties of the capacitive toggle switch.

Simulation Measurements
Resonant frequency (fo) 12.1 kHz 12.6 kHz
PI actuation voltage (V.2]) 54.5 V 54V
PI release voltage (V.IF) 48 'V 50 V
PO actuation voltage (V,29) 54.5 V 52V
PO release voltage (V.£9) 48V 50 V

Then the electromagnetic properties of the switch were extracted from S-
parameter measurements, by using a simple equivalent circuit model where
the membrane works as a variable capacitance. In case of the toggle switch,
Con is the capacitance assumed at the pull-in actuation, whereas Copp is
the value of the capacitance at the pull-out actuation. Moreover, if C is
the capacitance value when no bias is applied to either the pull-in or pull-

out electrodes, Corr is lower than Cj by design, allowing for an enhanced
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Figure 6.10: S-parameters measurements (continuous line) and circuit simulations (dashed
line) for the OFF (a) and ON (b) state of the toggle switch.

capacitance ratio C, = Con/Corp.

Fig. reports OFF and ON state S-parameter measurements per-
formed from 0.1 to 40 GHz, and the corresponding fitting with the equiva-
lent circuit, which is reported in Fig. [6.11} Such a curve fitting allowed for
the extraction of the circuit element values reported in Table [6.3] Measure-

ments show insertion loss better than 0.5 dB and return loss better than
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Figure 6.11: Equivalent lumped circuit of the toggle switch.

Table 6.3: Electromagnetic properties and equivalent circuit parameters of the capacitive
toggle switch.

Substrate dielectric constant (eg;) 11
Oxide dielectric constant (€oy) 4
Substrate capacitance (Cgyp) 500 fF
Substrate resistance (Rgyp) 3000 kQ
Substrate loss (tan ¢) 0.002
TL characteristic impedance (Z) 50 Q
Membrane inductance (Ls) 19 pH
Membrane resistance (Ry) 0.2 Q
Zero-bias capacitance (Cp) 27.6 fF
OFF-state capacitance (Corr) 20.6 fF
ON-state capacitance (Con) 249.4 fF
Capacitance ratio (C;) 12

15 dB over the whole frequency range. In the ON state the switch presents
an isolation of about 10 dB at 40 GHz corresponding to a Coy/Copr ratio
of 12, which is in a good agreement with the theoretical one. The stoppers
placed besides the actuation electrodes indeed prevent the toggle central
part to contact the RF line underneath, and consequently high values of
Con cannot be reached. On the other hand this allows for a very pre-
dictable and repeatable Coy since the latter is not sensitive to dielectric
roughness, bridge shape factors or applied voltage.

The adopted circuital model does not account for the transmission line
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impedance variation in correspondence of the MEMS membrane due to
the larger CPW slot width, which is needed to pattern the pull-in and
pull-out electrodes. This cause a slight mismatch between the equivalent
and measured return loss around 20 GHz, even though the envelopes of
the two curves are pretty similar in the entire 0.1-40 GHz frequency band.
This allows also for the usage of the simple equivalent circuit of Fig. [6.11
to model with pretty high accuracy the capacitance variation for different
values of PI/PO bias voltages [109].

In addition, the switch was tested by monitoring the S-parameters evo-
lution for more than 50 million cycles. The test was performed by means of
a Hp 8114A pulse generator, generating a 1 KHz, 50% duty cycle, square
waveform with a peak value equal to 80 V, which was applied at the PI
electrodes while the PO electrodes were set to 0 V. Electric and mechanical

parameters did not exhibit significant changes up to 52 million cycles, as
illustrated in Fig. [6.12]

300

3
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=

(tF)
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150}
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g
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Figure 6.12: Zero-bias (A) and ON-capacitance (O) evolution extracted from the mea-
sured S-parameters as a function of the number of cycles.
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6.3.3 Long-term reliability

The long term reliability of the switch was analyzed by keeping the tog-
gle switch ON for a considerable amount of time. Then the effect of the
dielectric charging on the whole switch operation is evaluated by monitor-
ing the evolution of the electromechanical and electromagnetic properties
during the test. For this purpose the measurement setup depicted in Fig.
6.13Fa was employed. The setup is based on a Hp 8753E Vector Network
Analyzer and a dual channel Keithley 2612 source meter, which allows for
a simultaneous control of PI and PO electrodes. The control waveforms
utilized for the test are represented in Fig. [6.13}b for clarity.

Hp 8753E

-}
LR

Ex E

Py = 0 dBm, T, = 6 GHz

P
Viias £ 8 1,

m\i N - I_ o Ch. A: PI

0V \/ \/ :

P PO
L h

HZ: ] /\ /\ Ch. B: PO
\YIE

Pl PO | PI Stress| PI PO
Sweep| Sweep 80V |Sweep |Sweep

Figure 6.13: (a) Schematic of the measurement setup employed for long term performance
evaluation of the switches under test, and (b) resulting waveforms applied to the PI and
PO electrodes to monitor the S-parameters evolution at 6 GHz.

A continuous stress voltage of 80 V is provided to PI electrodes for
increasingly longer time intervals ¢; (from few seconds up to ~ 1 hour).
Meanwhile, PO electrodes are biased at 0 V. After the stress interval, a t,-
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long triangular voltage waveform is applied to the PI electrodes, sweeping
from 0 V up to 80 V, and then back to —80 V and 0 V. Immediately
after, the same waveform is applied to the PO electrodes, keeping the
PI electrodes at 0 V. This procedure is then repeated for a longer time
t;r1. During the sweep time t; the Vector Network Analyzer acquires the
S-parameters at selected sample intervals, constantly applying a 6 GHz,

0 dBm RF signal at the switch input port.

As a result, for t, << t; this procedure guarantees the simultaneous
evaluation of the pull-in (V2 VP and pull-out (VEC VEO) voltages, by
monitoring the S-parameters evolution at 6 GHz with respect to the test
time. As expected, the PI actuation voltage decreases in time since the

electrodes under stress inject charges into the substrate.

After about 6 hrs 36 min, the switch is stuck in down position. Nev-
ertheless, after the application of a voltage sweep on the PO electrodes,
the membrane is able to release and assumes again its up-state position
(Fig. [6.14ta), even if charges still remain on the substrate underneath
the PI electrodes. Moreover, the OFF state capacitance Copp remains
mostly constant over the same time range (Fig. [6.14}b), ensuring also con-
stant long-term switch performances even in presence of dielectric charging.
Fig. [6.14}b shows also a decrease of the ON state capacitance, which was
unexpected. This is probably due to some mechanical deformations of the
membrane induced by the pressing of the mobile electrodes on the stop-
pers. However, the capacitance ratio C, experiments just a slight change
of about 10% of its value at ¢ = 0 s.

The effectiveness of the toggle mechanism can be proved empirically for
periods of time longer than 10 hours (i.e. the test duration) by extrapolat-

ing the trend of actuation and release voltages over time. Thus the voltage
shifts AVFPI(t) = |[VPI(t) — VPI(0)| and AVFO(t) = |VIO(t) — V,PO(0)]
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Figure 6.14: Long term reliability results:
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(a) evolution of actuation (o) and release (A)

voltages for PI (black) and PO (grey) electrodes, and (b) evolution of ON (black) and
OFF (grey) capacitances and capacitance ratio (blue) over stress time. Note that in case
of ON-state stiction, the sweep on PO electrodes allows the switch to restore the OFF

position.

are calculated and fitted by the following power law [19]:

AVI(t

) = At", (6.19)
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Figure 6.15: Evolution of actuation (o) and release (A) voltage shifts for PI (black) and
PO (grey) electrodes.

where the subscript = stands for act (actuation) and rel (release), and the

superscript v stands for PI and PO.
Fig. shows the log-log scale plot of PI-PO voltage shifts evolution

versus time and the corresponding fitting curves. The data points measured
in the first 10 s have not been considered since the corresponding stress
intervals were comparable with the sweep time t,. The extracted fitting
parameters A and n are reported in Table for all cases. The PI release
trend provides information about the temporary ON-state stiction. In
this case, the best fit values for A and n are 0.14 and 0.6, respectively.

Thus ON-state stiction is estimated to occur at a time ¢y oy, which can be
calculated from Eq. (6.19) when AV (t;on) = V.EI(0) as follows:

rel

VPI 0 %
tron = (—Tejlél( )> : (6.20)

By using the values of A and n found for the PI release, t; oy is found to

be approximatively 6 hours, as also observed previously.
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Table 6.4: Voltage shift fitting parameters.
A n

PI act. shift (AVED) | 0.3 0.5

act

PI rel shift (AVED) 0.14 0.6

rel

PO act. shift (AV,L9) | 0.05 0.5

act

PO rel shift (AVE?) | 0.09 0.3

For a switch in standard configuration (i.e. without pull-out mecha-
nism), the value of ¢ oy represents the time-to-failure at which the mem-
brane is no longer able to change its status through the mechanical restor-
ing force of the anchor springs. Conversely, in the toggle switch the total
restoring force can be increased by the bias voltage provided at the PO
electrodes, thus the upper lifetime limit of the switch depends no longer on
the PI release shift but on the PO actuation shift. According to Fig. [6.15],
PO actuation voltage shift follows qualitatively the same trend as the PI
actuation /release shift, with n = 0.5. However, A is equal to 0.3 and 0.05
for PI and PO actuation, respectively. This implies that PO actuation
shift is scaled by a factor 0.3/0.05 = 6 with respect to the PI actuation
shift. On the other hand, the PO release evolution is not easy to evaluate

since the related voltage shift is comparable with the voltage sweep step

(~1V).

The switch effectively fails working when the bias voltage provided to
PO electrodes is not enough to recover the stuck membrane, and this hap-
pens for AVEO(t;.r1) = ViEQ —V.PO(0), where ¢,/ is the effective switch
time-to-failure. As a result, supposing that the PO actuation shift pre-
serves the same trend after the ON-state stiction of the membrane, for

VPO =80 V t;.rp can be calculated as:

bias
VPO . VPO 0 %
tfjeff — ( bias Aact ( )) . (621)
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By utilizing A and n extracted from the PO actuation, the effective time-to-
failure is around 180 hours. Therefore the switch lifetime is improved by a
factor of ~30 because of the toggle mechanism. Note that the contribution
of the PO shift is only due to the charging occurring at the PI electrodes.
Note also that this calculation supposes that the charging mechanism at
the PI electrodes is following the exponential law forever, i.e. no saturation
effects are present. In real case we can expect that at a certain time the
charging effect reaches a saturation level and the corresponding down-state
electric force becomes almost constant. Once this force will be known, the
toggle switch can be designed so to have a pull-out force larger than the
charging force at the pull-in and consequently being able to recover the

switch at any time.

6.4 Ohmic toggle switch

The toggle mechanism can be easily implemented in series DC-contact
switches. In this case, its main advantage with respect to the standard
MEMS switch is that it allows for the recovering of the switch OFF-state
position not only in case of dielectric charging but also in case of contact
microwelding. The latter can occur even for short-term actuation, because
of high current density flowing through the contact or because of the pres-
ence of contaminants on the contact surfaces. As a proof of the concept,
a device similar to the capacitive switch presented so far was designed
and fabricated by adopting an approach similar to that described in the
previous Section. The micrograph of the ohmic toggle switch is shown in
Fig.[6.16], where the position of the contact bumps is also highlighted. The
RF line is interrupted underneath the membrane, so a couple of 50 um
wide contact wings were added in order to provide the connection between
the two branches of the RF line when the switch is ON. The membrane
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Figure 6.16: Micrograph of the manufactured DC-contact series toggle switch on 50 €2
coplanar transmission line.

dimensions are reported in Table [6.5]

Table 6.5: Geometrical dimensions of the ohmic toggle switch.

Spring length (I;) 30 pum
Spring width (w;) 10 pm
Mobile electrode length (i) 290 pm
Membrane width (w,) 90 pm
Central part length (I.) 90 pm
Lever length (1;) 100 pm
Lever width (wy;) 50 pm
Wing width (wy,) 50 pm
Fixed electrodes length (I.) 80 pm

DC characterization was performed on the ohmic toggle switch by vary-
ing the compliance of the drained current through the RF line. A voltage
sweep from 0 to 100 V was initially applied to the PI electrodes of all the
samples under test. In one sample, microwelding was detected after the
flowing of a 1 mA current between the input and output port. Further

measurements on the PI electrodes confirmed that the switch was stuck to
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Figure 6.17: I-V characteristic of the ohmic toggle switch. A voltage sweep is applied
to PI electrode at the time t(, causing the stiction of the membrane (dashed line). At a
time o + tp; the voltage sweep is provided to PO electrodes (continuous line), recovering
effectively the switch OFF-state.

the ON-state even if V'l = (0 V. Therefore a voltage sweep was performed
on PO electrodes, showing immediate recovering of the switch OFF state
in correspondence of the PO actuation voltage. Measurement results are
shown in Fig. [6.17], proving the effectiveness of the toggle mechanisms in
recovering of the switch OFF-state in case of stiction due also to microw-

eldings.

6.5 Toggle mechanism for bi-stable switches

The active control of the switch states provided by the toggle mecha-
nism showed its effectiveness to recover the switch functionality in case of
stiction due to dielectric charging and microweldings. However, a further
improvement of this concept can consist in the usage of the PO/PI elec-

trodes only for the switch commutation, without providing any voltage to
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preserve the switch status. In order to accomplish this task, the movable
membrane needs to reach a stable status when the switch is turned ON or
OFF, which means that the device has to be mechanically bistable.

A bistable MEMS switch potentially realizable by using FBK technol-
ogy should exhibit an out-of-plane instability (see Section [2.5]), since the
thickness of the suspended structures are much lower than the other di-
mensions. It is also preferable that such a device could show an actuation
voltage lower than 80 V. Moreover, the final device needs to be integrated
in a 50 2 coplanar waveguide/microstrip transmission line.

The out-of-plane bistablity is the most difficult point to implement. The
gold layer membrane needs to experience a controlled buckling after the
sacrificial layer removal. The resulting shape will correspond to one of the
stable status. However, the process residual stress is tensile (o > 0), while
a compressive stress (oo < 0) is needed in order to induce the buckling of
the suspended structure. A tensile-compressive stress converter structure

is then needed for this purpose.

6.5.1 Buckling of a compressive beam

In general, for a clamped-clamped beam subject to a compressive stress,
the formulas expressed in Section |3.2.1| are not valid, since they can be used
only in case of tensile stress. On the other hand, the main concern about
this situation is the tendency of the beam to buckle downwards or upwards.
This may eventually lead to the permanent buckling of the beam.

When buckling occurs, the beam assumes a stable position, and the
corresponding beam deformation v(z) can be calculated by solving the

Euler-Bernoulli equation [111] for an axial load P; and no lateral loads:

d*v(x) N P, d?v(x)
dz? EI, dx?

—0 (6.22)
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where E is the material beam Young’s modulus, [, = wbtg’ /12 is the mo-
ment of inertia of the beam, and w;, and ¢, are the width and the thickness
of the beam, respectively. In this case, the axial load P, is related to the
compressive stress o, as P, = opwpty. From Eq. it can be demon-
strated that the buckling condition occurs when the stress is higher than
a threshold value called critical stress:
Bt}

- A (6.23)

O-C’f’

where [, is the length of the beam, and v is the material beam Poisson’s
ratio. Eq. is also called Fuler buckling criterion.

6.5.2 The Guckel Ring

If the residual stress of the thin film layer is tensile, Eq. is not
applicable, and a tensile-compressive stress converter is needed. Such a
device can be implemented by exploiting the test structure geometry pro-
posed by Guckel et. al [I112] for process residual stress evaluation. These
structures are designed to buckle once the internal stress exceeds a thresh-
old value. A picture of a typical configuration of a Guckel ring is reported
in Fig. [6.18a. The ring converts the tensile stress of the thin film layer by
inducing a compression on the beam placed along the diameter of the ring.
The boundary conditions of this central beam are slightly different from
the case of a clamped-clamped beam, since here the beam is anchored to
the internal side of the ring. This means that at the beam sides a torsion
torque M4 = ki, in addition to the axial force P, needs to be considered
as boundary conditions as depicted in Fig. [6.18b. The moment balance

at the equilibrium is:

d*v(z)
dx?

MG = MF — kt@m + PtU(CE> + E]b =0 (624)
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Figure 6.18: Tensile-compressive stress converter: (a) top view and (b) side view

where «,, is the tilt angle of the beam with respect the ring plane, P, =
opwpty, and I, = wbtg’ /12, where wy, and ¢, are in this case the width and the
thickness of the central beam, o} is the compressive stress that is developing
along the beam, and k; is the torsion stiffness. My is the residual moment
due to the presence of a stress gradient I'y, which can be neglected if I’
approaches 0 MPa/um. The torsion stiffness at the beam supports for
Guckel rings is found to be [112]:

Cy Ew, t3 A1+v—60)21"

by = -
" R Ry(6C +1+0) m2(1 + v + 6C))?

(6.25)
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where C is the torsion coefficient (~ 0.33), Ry = (R, + R;)/2, where R,
and R; are the outer and inner radius of the ring, respectively, w, is the
ring section width (i.e. w, = R, — R;), and t, is the ring thickness. By
differentiating both the members of Eq. [6.24] one has:

do(z) o d*v(x)
— 2
drt +£R dr2 07 (6 6)
where .
9 t
= —. 2
&= 7r (6.27)

After applying the appropriate boundary conditions, the non-trivial so-

lutions of this Equation need to satisfy the following condition:

tan (€p02)) = —gR%” (6.28)

= —YrERRY (6.29)

where vp = E1,/(kiRy) is a geometric constant. The first non-trivial solu-
tion of Eq. defines the first mode of buckling. Thus the critical tensile

residual stress of the thin film at which the beam buckling occurs is given

by:
Ry)*Et? 1
oo = gy _ (gR b)2 b (630)
Pp 12R;  ®p

where @y is referred to as conversion efficiency. The conversion efficiency is

defined as the ratio between the displacement of the beam-ring connection
(identified with A in Fig. a) and the displacement of the ring anchor
points (point B in Fig. a), and it is equal to:

2wy P3
bp = — 6.31
i 2w, 1 + wpdd + Wy (6.31)

where ¢ and ¢, are form factors. Under the hypothesis of thin ring (i.e.
R; =~ R,), they are defined as:
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¢1 = Ry <g — %) : (6.32)

and
1 1

¢2 = Ry <Z - —) : (6.33)

s
If thick rings are considered, i.e. inner radius significantly shorter than
outer radius, then the theory of curved beams needs to be used, and the

form factors result to be:

T 2\ Ry, 2 4 7w 7ki(l+v)
S (U T L A ) 34
2 (4 7T> e 7TR+7T 4Jr 2 ’ (6.34)
and 1 2\ R 2 4 1
b €
S e . R ey NG |
P2 (2 77) e TwR «w 2+kf( +v), (6.35)

where k¢ is a form factor equal to 1.2 [108], and e is the ring eccentricity
defined as e = R, — w,/In (Ry/R;). The conversion efficiency is plotted in
Fig. as a function of the ring inner radius R; for different values of
ring width w,. Fig. shows instead the resulting value of tensile stress
as a function of the critical value of ring radius (i.e. the ring size at which
the buckling occurs) for t, = 2 pym and t, = 5 pm, corresponding to the
two thickness available in FBK technology.

As said before, Guckel rings are used as test structures for the evaluation
of thin film stress. The main approach consists in the design of an array of
rings with increasing radius size. If R, is the largest unbuckled radius and
R, is the smallest buckled radius, the effective tensile stress developed in

the process is comprised between the corresponding critical stress values
ol and o calculated by using Eq. 6.30]
6.5.3 Bistability criteria

The solution of Eq. allows for the calculation of one beam stable
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Figure 6.19: Tensile-compressive stress conversion efficiency as a function of the inner
ring radius for different values of ring width.
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Figure 6.20: Thin film tensile stress as a function of the critical radius for a ring thickness
of 2 and 5 pum.

state and the corresponding buckling shape. However, this is not enough to
guarantee the bi-stability of the device. Indeed the bistable behavior can
be achieved if the membrane shape is able to switch from a stable position

to another stable position after the application of a certain amount of
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external force. Then the membrane shape at the stable position is found

by solving the equilibrium equation:

d?v(x)
da?

which is equal to Eq. [6.24] except for the addition of the term Mg, which

represent the external moment applied to change the stable position. The

My — Mg — kyay + Po(z) + EI, =0 (6.36)

solution of such Equation is quite complex and requires a numerical ap-
proach, since P; changes as a function of the value of the external moment.
A rigorous calculation can be found in the bi-stable switch reported in
[113], where the external moment is provided by a coupled electro-thermal
control. In this case the control is electrostatic, then Mg is supposed to be
an electrostatic moment provided by the control voltage V;,;,s. From a qual-
itative point of view, the bi-stability can be accomplished if the following

conditions are satisfied:

e The provided electrostatic moment needs to be high enough to cause
the snap-through of the membrane from one position to another. This
condition is satisfied when Mg results higher than a threshold moment

M. Such a value can be calculated by considering the solution of the
Equation Mg /0P, = 0.

e The residual moment My, which depends on the stress gradient of the
structure, has to be lower than the threshold moment My, otherwise
Mpg will never reach the snap-through condition. If Mp were higher
than Mgy, the intrinsic bi-stable nature of a buckled beam would be

lost because of the stress gradient.

The main limitation of the analytical model represented by Eq. is
that the beam behavior is considered intrinsically linear, that is, under the

assumption of small displacements. Other models like the one proposed
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in [114] include also large deformation effects, aiming at a more accurate

prediction of the resulting buckled beam shape and instability conditions.

6.5.4 Switch design and characterization

The classic Guckel ring geometry can be re-designed in order to be used
as a RF switch with two stable states. To achieve this, a possible approach
is to integrate the toggle mechanism in the ring by adding two stiffer mobile
electrodes at the central beam sides, as depicted in Fig. [6.21}a. The ring
may also be split in two parts to allow for an easy integration in a coplanar
waveguide (Fig. [6.21}b).

The external moment Mg is then provided to the supporting edges
as an electrostatic moment by exploiting PI electrodes (which are placed
internally to the ring) or PO electrodes (placed outside the ring). The
expression of the electrostatic moment can be obtained in the same man-
ner of Eq. [6.3] If the beam is buckled-up, a voltage is applied to the PI
electrodes allowing the beam to change its stable state. If the beam is
buckled down, the voltage applied to the PO electrodes pulls the beam up
again. The lateral view of the concept is depicted in Fig. [6.2T}c. In both
the cases, the voltage needs to be provided only to switch the beam from a
stable state to the other, completely avoiding the long term voltage stress
of the insulating layer covering the PI/PO electrodes.

The analytical study presented for a simple Guckel ring structure may
be helpful for the fast design of a real device. Unlike the classic Guckel
ring approach presented before, in this case the initial residual stress is ba-
sically known from previous measurements on the available manufacturing
process, with a slight uncertainty. Then the parametric results reported
in Fig. and Fig. can be used to extract possible dimensions for
radius, width and thickness of the ring.

A good approach could be choosing a ring radius around 300-500 pm
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Figure 6.21: Bistable toggle switch: (a) test structure and (b) capacitive switch top view,
and (c) torsion electrode side view

in order to make the buckling occur at stress values lower than 80 MPa,
in agreement with the available process stress characterization. As shown
in Fig. [6.20], a ring thickness of 2-ym may lead to membrane buckling for
very low values of stress, leading to a possible excessive deformation of

the central beam after the buckling. Such a thin structure is also more
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sensitive to deformation if even a slight stress gradient is present after the
structure release. So a ring thickness of 5-um is preferable. In addition,
a ring width of the order of 70-90 pym may be suitable to increase the
conversion efficiency, according to Fig. [6.19]

Table 6.6: Geometrical dimensions of the bistable toggle device.

Test structure (V1) RF switch (V2)

Ring inner radius (R;) 500 pm 400 pm
Ring width (w,) 70 pm 90 pm

Ring thickness (t;) 5 pm 5 pm
Mobile electrode length (I,,) 290 pm 310 pm
Fixed electrode length (I.) 100 pm 100 pm
Central beam length (Ip) 780 pm 860 pm
Central beam width (wy) 50 pm 50 pm
y-y' distance (Irp) 0 pm 250 pm

As a proof of the concept, from this analysis two devices were designed
and manufactured by means of the 8-mask manufacturing process available
in FBK foundry. As explained before, the bi-stability can be guaranteed
only if the residual moment due to the stress gradient is lower than the
threshold moment causing the beam snap-through. Therefore the same
experimental low temperature release procedure used for the toggle switch
was utilized [79]. Table sums up all the chosen dimensions for the
manufactured devices.

The first device, identified as V1, is a Guckel ring implementing a toggle
mechanism, as the one depicted in Fig. [6.21}a, and it serves for test pur-
poses. The device consists of a 5-um thick and 70-pm wide gold ring with
a 500-pym inner long radius. The central beam is made of a 2-um thick
gold layer. As a consequence of the chosen geometry, the device can not
be integrated in a planar microwave transmission line. Then the propaga-

tion or the interdiction of the signal through such a switch is detected by
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Figure 6.22: Optical profiler measurement of the bistable switch test structure: (a) 3-D
view and (b) cross-section profile.

external DC pads V' and V~, connecting to two separated sensing lines.
So, when the beam is buckled-down, it closes a contact between the two
sensing lines. Fig. shows an optical profiler image of the bistable test-
structure switch. Results show an excellent planarity of the ring, whereas
the central beam is buckled up to 17 pym with respect to the planar ring

bottom surface.

The second device (V2), shown in Fig. [6.23] consists of a ring split in
two parts in order to allow for its integration in a 50 €2 coplanar waveguide
as a capacitive shunt switch. The ring is 5-pm thick, and the radius of each
semi-circle is 400-pum long. The 2-pum thick central beam is 780-um long,
considering the distance between one mobile electrodes to the other. Thus

the additional beam length with respect to the ring radius (indicated as
the y-1’ distance in Fig. b) is 250 pm. The suspended part is made of
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Figure 6.24: Optical profiler measurement of the bistable capacitive switch: (a) 3-D view
and (b) cross-section profile.

electroplated gold, and a low temperature release process was adopted for
this device as well. Even in this case optical profiler measurements show

a good planarity of the ring surface, whereas the central beam is buckled
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up, as reported in Fig. [6.24]

6.5.5 Result discussion

The manufactured devices were tested in FBK by means of I-V and C-V
measurement setup. Although from optical inspection the initial conditions
of both the devices appeared to be quite promising, functional measure-
ments performed on different samples showed that the devices do not work
as expected. A reasonable explanation is that the up-buckling of the cen-
tral beams is too large (from 16 pm to 20 pm of displacement from the
bottom ring surface) to be switched to a down-buckling. From an analyti-
cal point of view, this means that the compressive stress along the central
beam is related to a load force P; that the provided electrostatic moment

Mg cannot outperform.
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Figure 6.25: 3-D view (a) and height profile (b) of the bistable toggle switch after the CV
characterization.
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This explanation is supported by what observed in one of the CV mea-
surements. Both the devices were measured by using a low-frequency setup
employing a LCR meter for the measurement of the impedance (device V1)
and capacitance (device V2) as a function of bias voltage. Since both the
device beams were initially buckled up, the control voltage was provided
to the PI electrodes. In one of the V2 samples, a slight increase of capaci-
tance was detected, and then the resulting capacitance value, higher than
the initial value, remained stable. This is symptomatic of the membrane
change from one stable position to another because of the application of a
voltage sweep. This was also confirmed by the subsequent optical inspec-
tion, which showed a drastic change in the ring and beam anchor points
shape after the test, as depicted in Fig. [6.25] with respect to the initial
shape, already shown in Fig. [6.24 Since the two optical measurements
were taken very far from each other in time, a stress relaxation may be
considered also a possible explanation for what observed. However, the
fact that many samples next to the one under test are still planar, along
with the detected capacitance variation, strongly supports the hypothesis

of bias voltage-induced buckling.

Table 6.7: Finite elements properties used in the ANSYS simulations of the bistable test
structure V1.

Parameter Value
Structural element type SOLID186
Mesh type brick mapped mesh
Mesh size 5 pm
Residual stress 50 MPa
Stress gradient 0 MPa/um
Membrane Young modulus 70% of 75 GPa
Membrane Poisson’s ratio 0.42
Act. pads gap 2.7 pm
RF line gap 2.4 pm
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Figure 6.26: FEM simulation results: (a) 3-D displacement and (b) profile along z-axis.

Preliminary finite element simulations were performed to reproduce the
initial buckling. The parameters used for the simulations are listed in
Table [6.7. A 70% of the total gold Young modulus was considered to
account for the holes over the ring and the beam. As illustrated in Fig.[6.26
the simulated beam profile shows good agreement with the one measured
optically. The maximum displacement achieved from the FEM model is
slightly lower than 18 pgm. Such a result is encouraging for the future
re-design of the bistable switch, which is currently on going. In fact such
a FEM model can be easily employed to design ring radius and width
in order to achieve a maximum upward buckling around 3 pm, which is
comparable with the maximum downward displacement set by the air gap.
The critical aspects of the FEM optimization of such a structure are the
pull-in/pull-out simulations, which require high computational effort to
achieve a convergence in case of large displacements (from up to down
buckling and vice-versa, corresponding to an abrupt change of the elements
status). A further development of the analytical model will facilitate this
task. A mnovel version of the design is estimated to be ready for the next

fabrication run.
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6.6 Conclusions

This Chapter focused on the design, modeling and characterization of
active restoring mechanisms implemented in capacitive and ohmic MEMS
switches. First a push/pull or toggle capacitive switch was presented and
modeled in detail. A long-term characterization under continuous voltage
stress was reported, demonstrating the effectiveness of the proposed mech-
anism for the recovering of the switch OFF-state in case of stiction caused
by dielectric charging at the ON-state. Results showed indeed that even if
stiction occurred after 6 hours of continuously applied bias voltage at the
PI electrodes, the application of a bias voltage at the PO electrodes was
effective to restore the OFF-state capacitance of the switch. The proposed
predictive model accounting for the effect of the charging at the PI elec-
trodes on the PO actuation voltage showed that the switch lifetime may be
improved by a factor 30 by means of such a mechanism. In addition, the
toggle mechanism was implemented also in a series ohmic switch, demon-
strating to work successfully in recovering the switch OFF-state in case of
microweldings on contact bumps.

Such a concept was also utilized for the design of an out-of-plane bistable
switch. Measurement results showed the possibility to create compressive
buckling on suspended beam in agreement with theory. They also showed
that it is basically possible to change the shape of a buckled beam from one
stable state to another. In addition the FEM model of the bi-stable test
structure was fully validated by optical measurements. Further simulations
are on-going at the moment in order to demonstrate also the possibility to

achieve a bistable push/pull mechanism implemented in a RF switch,

175



6.6. CONCLUSIONS CHAPTER 6. DESIGN SOLUTIONS. ..

176



Chapter 7

Conclusion

The research activity described in this thesis investigated novel design
concepts and models for high reliability electrostatic RF MEMS switches.
This work was developed within the ESA-ESTEC project on high reliabil-
ity redundancy switches for space application. RF MEMS switches have
been promising to replace the bulky electro-mechanical switches currently
used in redundancy networks, assuring similar or even better performances,
and leading to a drastic reduction of the size and the weight of the overall
system. As a strict requirement redundancy switches in MEMS technol-
ogy have to survive up to 10-15 years without any degradation in their
electromechanical and electromagnetic properties. For this reason, in this
thesis most of the attention has been turned to the RF MEMS long-term
reliability analysis, involving both the study and the modeling of the mem-
brane ON-state stiction (due to dielectric charging, contact degradation or

high RF power effects) and the design of novel self-recovering mechanisms.

Long-term measurements have been performed up to 8 hours for dif-
ferent geometries, dielectrics, substrates and bias voltages. Moreover, an
innovative analysis approach separating the effects (the narrowing and/or
the shift of capacitance - voltage characteristic) of the different charging

contributions was proposed and extensively used. As a result, it has been
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observed that the beam geometry influences the dielectric charging rate.
In particular, if the charging is modeled by means of a power law of time,
the charging rate n for cantilever-type switches is higher than the charging
rate of air bridge-type switches (0.5 versus 0.3), so the predicted time-to-
failure is estimated to occur in the worst case after 4 days and 200 days for
cantilever and air bridge switches respectively. This is probably due to the
lower beam air-gap uniformity of the cantilever beam after the actuation.
Moreover, this result suggests that a large planarity of the actuated mem-
brane is preferred to increase the switch reliability. The above results were
summarized in a paper to appear at the European Microwave Conference
2011. Finite elements models were also extensively utilized to evaluate
the membrane deformation before and after the actuation, and the elec-
tric field distribution around the actuation electrode. FEM results showed
high concentration of the electric field around the edges of the actuation
electrode, so charge injection is demonstrated to occur also in the dielec-
tric layers around and underneath the pad. Novel switch designs based on

these analyses are currently under fabrication in FBK foundry.

Another important failure mechanism is related to power handling ca-
pacity of the RF MEMS switches. High power measurements were per-
formed over capacitive switches on quartz and silicon substrates in the
advanced RF testing laboratory at Lehigh University, USA, demonstrat-
ing the importance of the circuit environment and the substrate properties
in the evaluation of the power handling. In fact, switches on silicon could
handle up to 5.6 W, while the same switches on quartz showed failure at
3 W. As a proof of concept, a finite element multi-physics model involving
electromagnetic, thermal, and structural domains has been implemented.
Such a procedure was validated by the measurements, and it was able to re-
produce the voltage sensitivity to RF power, which was 2 V/W for switches

on silicon and 7 V/W for switches on quartz. An electromagnetic-thermal-
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mechanical compact model was also proposed for the first time, allowing for
a fast evaluation of the switch power capacity. These results were included
in several conference papers and they were finally summarized in a paper

accepted for publication in the Elsevier Solid State Electronics journal.

An effective way to make the switch more reliable is to include in the
design a self-restoring mechanism. This idea has been developed in the de-
sign of an active push/pull toggle switch, where a suspended membrane is
anchored to the substrate by means of four torsion springs. Such a switch
exploits also a pair of pull-in electrodes for the membrane down position
(or switch ON state, as used in standard switches) and a pair of pull-out
electrodes for the up position (or switch OFF state). The switch showed
excellent RF performances in terms of return loss and insertion loss. It was
also proved to handle more than 50 million of cycles. Long-term charac-
terization up to 9 hours demonstrated that the membrane can recover its
OFF state after the occurrence of the stiction by simply biasing the pull-out
electrodes for voltage values higher then the PO actuation. An empirical
model describing the toggle switch electromechanical parameters evolution
was also proposed, estimating that the pull-out voltage is no longer able
to restore the OFF position after 180 hours of continuous bias voltage
at the pull-in electrodes. Thus the restoring mechanism is estimated to
improve the lifetime of the switch up to 30 times, and it was the main
innovation reported in a special issue on RF MEMS to be published at the
International Journal of Microwave and Wireless Technologies, edited by

Cambridge University Press.

In addition, the same self-recovering mechanism was exploited in the de-
sign of a bi-stable RF MEMS switch. A tensile-compressive stress converter
structure has been designed in order to achieve an out-of-plane buckling
(upwards or downwards) of the membrane. Such a structure was then re-

adjusted in order to work as a RF switch, where the membrane can assume
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two stable states corresponding to its upwards and downwards buckling.
The toggle mechanism was integrated in the switch for the control of the
two stable states. The bias voltage is applied only for the time required to
switch between the two stable status, so the effect of the dielectric charg-
ing for long time operations can be avoided. The novel structure has been
recently manufactured with an experimental low temperature release pro-
cess. The membrane was buckled up and no stress gradient was detected
as predicted by finite element analysis. Nevertheless, an inaccurate predic-
tion of the residual stress affected the full functionality of the switch, so
further analysis and geometry optimization of the device were performed
to overcome this problem for the next device fabrication run.

It is also worth noting that a significant improvement of the manufac-
turing process has been achieved in the last four years by adopting different
materials, new process steps and innovative membrane release procedures.
Better control of the residual stress and stress gradient, along with a bet-
ter uniformity of the electroplated gold thickness will provide a significant
contribution to the RF MEMS reliability assessment.
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