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Résumé

Paul Sabatier
UFR Micro-Ondes, Electromagntisme et Optolectronique

Doctorat

par Jinyu Jason Ruan

Les futures architectures des systémes de communication présenteront une forte
complexité due a des besoins de reconfiguration a la fois en termes de fréquence,
de puissance émise et/ou regue, de puissance consommée et de fiabilité.

Une solution consiste a utiliser les MEMS RF pour obtenir ces fonctionnalités
augmentées. Ces composants seront soumis a des agressions a la fois
électrostatiques et/ou électromagnétiques dont il est important d’analyser et de
comprendre leur impact. D’autre part la tenue en puissance de ces composants est
un paramétre qualitatif de leur robustesse. Etant donné qu’ils présentent également
des intéréts pour les applications spatiales, il est important de comprendre leur
sensibilité face au rayonnement.

Le sujet de thése vise a analyser l'impact de ces agressions sur les
paramétres fonctionnels (tensions d’actionnements, vitesse de fonctionnement,
pertes d’insertion et isolation) & partir du développement d'une plateforme
appropriée ainsi qu'une analyse fine des mécanismes de dégradation apparaissant
suite aux stress appliqués; tension continu, décharges électrostatiques (de type
HBM ou TLP), puissance RF et rayonnement.

Ces stress seront appliqués sur des composants aux architectures différentes (types
de diélectrique différentes, épaisseur membrane, géométrie des dispositifs, topologie
des zones d’actionnement) afin de déterminer si certaines architectures et ou filiéres
technologiques sont plus résistantes que d’autres.

Enfin, afin de valider ces travaux, il sera con¢u un design plus complexe présentant
des résistances aux ESD/EMI améliorées et un circuit de vieillissement de ces
composants sera également proposé.

Ce projet de thése rentre dans le cadre d’un réseau d’excellence AMICOM sur
les microsystémes RF ou la fiabilité a été identifiée comme étant un des enjeux

majeurs pour leur intégration et commercialisation.
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Abstract

Paul Sabatier

Departement of Microwave, Electromagnetic and Optoelectronic

Doctor

by Jinyu Jason Ruan

Future architectures of communication systems will be more and more complex
due to the need for reconfigurability in terms of frequency, emitted and received
power, power consumption and reliability.

One interesting and very promising technology comes under the name of RF
MEMS. In general MEMS component replaces and outperforms its counterparts.
These structures will be yielded to electrostatic and/or electromagnetic strains
that it is necessary to investigate and to understand the effects. Besides, power
handling of those devices is one of the parameters that qualify its robustness. Since
they have shown interesting functionalities for space applications, its sensitivity
to radiation needs to be understood.

The motivation of the thesis aims at analysing the impact of those strains in
the functional parameters (actuation voltages, switching times, insertion losses,
isolation), using an appropriate reliability bench test. Clever analyses of the failure
mechanisms that occur after stresses such as DC stress, ESD discharge, RF power
qualification and radiation, have been performed.

The stresses will be applied on various structures with various architectures and
designs, in order to determine the robustness and the reliability of each technology.
Finally, the validation and the new findings of these works present one design
integrating ESD protection and an accelerated stress test circuit is also proposed.
This thesis was being part of the framework of the European Network of Excellence
AMICOM on RF Micro-systems where reliability has been defined to be a major

challenge to its integration and its commercialization.
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Where there’s a will, there’s a way

British proverb

Introduction

General introduction

In our information age, the micro- nano- world belongs to everyday life. The
beginning starts with, the first integrated circuit (Fig.1) successfully demonstrated
by Jack Kilby in 1958, which has revolutionized the world of electronics. Since
then down-scaling has increased in scope from vacuum tube technology (Fig.2) to
Ultra-Large Scale Integration (ULSI). Today we are able to integrate more than

one hundred-thousand components on a single square centimeter chip.

FIGURE 1: The first integrated circuit. FIGURE 2: Vacuum tubes technology.

Microelectronic technology started with a few spots and wires on a chip of
semiconductor, and has already grew into computers on chips. The significant
successes of microelectronics is based on its ability for integration, miniaturization,
multifunctionality and high volume production. In this microworld conquest
Microelectromechanical systems (MEMS) appears to be a very good conqueror.
They are very tiny systems that integrate functionalities from different physical
domains into one device. It is an extreme interdisciplinary field that
combines design, engineering and manufacturing expertise from diverse technical

areas including integrated-circuit (IC), fabrication technology, materials science,
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mechanical, electrical, chemistry and chemical engineering, as well as fluidics and

optics.

Objectives of this thesis

In the pass years, communications were exclusively dedicated to military
and governmental uses. Nowadays the electromagnetic spectrum available for
telecommunication is quite broadband and civilian use constitutes a huge and
important market. In order to adapt the evolution in the allocated frequencies,
radical change in terms of flexibility and efficiency in architectures and systems
is required. It is than obvious that general communication systems will need
tunable and switching components that must be smaller, more secure, perform
more functionalities and at the same time consume less power and have a very low
noise behaviour.

“The RF chip has to work properly anywhere, anytime and has to be as cheap as possible”

Robert Plana [1]

One very interesting and promising candidate, coming from the concept of micro-
electro-mechanics is the Wireless MEMS, more famously called as RF-MEMS
switch. Those devices have been demonstrated to gather performances such as;
low insertion loss and high isolation, high linearity, high power handling and
high Q factor, and low power consumption with respect to other microwave
switching technologies [2-5]. Mass production techniques from already existing
semiconductor industry can be used, which allows mass production and reduces
unit prices.

However their restricted widespread integration is mainly due to the limited
reliability data (i.e. operation time of RF-MEMS devices should be greater than
10 years). As a result, the reliability of RF-MEMS is still attracting many research
interests. In order to be integrated into mainstream RF applications, they must
demonstrate their reliability. One of the main challenges in this field is to identify
and understand the failure modes so that accelerated stress tests can be developed.
In this frame, this thesis focuses on the topic of reliability of RE-MEMS switches
through:

e Charging,

e Electrostatic discharge,

e Power handling,
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e Radiation.

Obviously, from infinitely large to infinitesimally small, reliability aspects
considered in this work require rather disparate disciplines and paradigms (e.g.
material science, fabrication processing, mechanical engineering, physics, design
and modeling engineering, simulations etc...). Therefore discussions with all the
necessary experts was useful, appreciable and it has contributed to the writing of

this manuscript.

Structure of this thesis

This manuscript deals with the reliability field of RF-MEMS. It is a
interdisciplinary field involving the areas of integrated circuit fabrication
technology, mechanical and materials science, engineering of microscopic
mechanisms, and RF and microwave electronics engineering. Therefore the
document starts with an overview of the motivation and the activities in the
field, from the micro- nano- world vision to the expected market forecast and the
present status and trend (Chapter 1). The second part of this document integrates
fundamentals physics related to the focussed reliability research topics, in order to
provide references for further study of the related topics (Chapter 2). The effect of
packaging on reliability is not discussed in this thesis. Furthermore, the scientific
work of this thesis is based on, experimental results validating hypotheses on the
failure behaviour and the failure mechanisms of the structures. Because standard
reliability testing is not possible until a common set of reliability requirements
is developed (Chapter 3). Finally the manuscript ends with common conclusions
and gives a brief outlook over the possible continuation of the work described in

this thesis.






Why cannot we write the entire 24 volumes of the

Encyclopaedia Britannica on the head of a pin?

Richard P. Feynman
1918-1988, American physicist
in “There is Plenty of Room at the Bottom”

Chapter 1

Background

1.1 The micro- nano- world

Almost 50 years ago a american scientist named Richard P. Feynman predicted
the future, the future of nanotechnology. It was 1959, only 2 years after the first
satellite Sputnik 1 was lunched and 2 years earlier the first man Yuri Gagarin
space walked. In that time, nobody had really seen an atom with a microscope.
His talk “There is Plenty of Room at the Bottom” [6] given on December 29th 1959
at the annual meeting of the American Physical Society at the California Institute
of Technology, will become a roadmap for nanotechnology. Feynman predicted
how technology may make things smaller and smaller. Forty years after, in 1989
Don Eigler and his research group moved individual atoms. They used 35 atoms to
spell out IBM (Fig. 1.1). Today we are using nanotechnology and making things
smaller and smaller. The world of objects that are smaller than a wavelength of

visible light “the micro- nano- world” belongs to everyday life.

FIGURE 1.1: Xenon atoms on a nickel surface
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1.2 MicroElectroMechanical Systems

1.2.1 Definition

The world of MEMS is so small that it is not imperceptible to the human eye. A
world where volume effects such as gravity and inertia are no longer important,
but atomic forces and surface science such as electrostatics and wetting dominate.
“MEMS” also referred to as micromachines in Japan or Micro Systems Technology
(MST) in Europe, are very tiny systems (its size is comparable than a grain
of pollen) that integrated microstructures combining electrical and mechanical
properties. These systems have the ability to sense, control and actuate in order
to interact with physical, chemical surroundings such as motion, sound, light, radio
waves, gases, liquids, thermic radiation etc. A whole new class of micro-products
performing tasks on the microscale and generating effects on the macroscale has
emerged. MEMS is one of the most exciting and huge evolution in microelectronics,

a “smart matter” in a small world with big opportunities.

In 1967, less than 10 years after the invention of the IC (Fig.l), H. C.
Nathanson used microelectronic fabrication processes to make the first MEMS
device [7], which was a gold resonating MOS gate structure (Fig.1.2). Since this
demonstration, the progress in this field never stops. Nowadays, MEMS technology
has reached the maturity as silicon resonating market threatens the quartz crystal
one. In fact, Discera, SiTime and Silicon Clocks are already manufacturing silicon
MEMS oscillators , and Toyocom (Seiko Epson) produces micromachined quartz
MEMS oscillators. This is a nice representation of MEMS on CMOS integration.

Polarization voltage (V,) Drain bias voltage
Drain Diffusion

Input signal (V)

.

Source diffusion
Oxide

Microcap " Multiple frequencigg,on

Encapsulation s chip

Silicon substrate

FIGURE 1.2: The first MEMS: a gold
resonating MOS gate structure

FI1GURE 1.3: Fully integrated MEMS
oscillators on CMOS (Courtesy of
Silicon Clocks Inc.)
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Substrates Ceramics Metals
Silicon/SOI Silicon dioxide (Si02) Gold (Au)
Quartz Silicon nitride (Si3Ny) Aluminium (Al)
Glass Alumina (Al20O3) Nickel (Ni)
Gallium arsenide Aluminium nitride (AIN) Chromium (C'r)
Polymide flexible Titanium dioxide (7%02) Titanium (77)
Tantalum pentoxide (T'a203) Tungsten (W)
Hafnium oxide (H fO3) Platinum (Pt)
Barium strontium titanate (BST) Silver (Ag)
Zinc oxide (ZnO) Tantalum silicide (T'aSi2)
Lead zirconate titanate (PZT)
Polysilicon

TABLE 1.1: Overview of functional materials used in MEMS

1.2.2 Materials and fabrication

In a sense, MEMS technology is an “turn old into new” technology because
significant parts of the technology has been adopted from IC know-how (the use of
silicon wafer, thin films of materials, photolithography technique etc.). Since there
is a wide variety of materials having physical properties suitable for MEMS devices,
this section does not attempt to present a comprehensive review of all of them but
a short introduction to the basic fundamentals of materials and technologies is

absolutely necessary to design, model, fabricate and characterize MEMS.

1.2.2.1 Materials

Depending on the function and the operating environment of MEMS devices, the
selection criteria of the materials will change (Section 1.6 in [8], Chapter 3 in
[9]). For instance, if we consider MEMS mechanical resonators and switches, we
want materials that have high quality factor and low electrical resistivity to reduce
insertion loses and chargingless material as insulator. Table 1.1 gives an overview
of functional materials used in MEMS. These three main classes of materials are
used to structure most of the MEMS devices using basic fabrication techniques

such as deposition, patterning (by photolithography) and etching,.

1.2.2.2 Bulk micromachining

In 1979, K. E. Petersen reported “Micromechanical Membrane Switches on Silicon”

[10] showing the potentialities of the micromachining technology. One of the broad
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categories of MEMS technologies is bulk micromachining. As it is shown in Fig.1.4,
it consists in using etching techniques (anisotropic or isotropic wet etching and
deep-reactive ion etching (D-RIE), sputter and vapour phase etching) to selectively
etch away unwanted parts and create suspended structures. These techniques allow
the fabrication of a multitude of micromachined sensors, actuators, and mechanical

structures ([11],Chapter 3 in [12],Section 1.3.1 in [8], Section 1.2.1 in [9]).

100 Boron-doped F o S+
{100} {111} Frontside Mask Si membrane -~ f x
{11_1;{
Slanted {111} »
Silicon
Etch
Backside Mask 70;5,?"'
Top View
<100> Vertical {111
1 Self-limiting etches Slanted {111} un
> S <110> Polymer(nCF,)

\ \_\

Deposit Polymer

Boron-doped

Si membrane Etch

(a) (b)

FIGURE 1.4: Bulk micromachining (a) anisotropic wet etching (b) deep reactive ion
etching (Courtesy of DARPA)

1.2.2.3 Surface micromachining

The recent emergence of higher resolution results in adopting surface
micromachining approaches. Contrary to bulk micromachining, here devices
are fabricated by structuring layer-by-layer (Chapter 3 in [12], Section 1.3.2 in
[8], Section 1.2.2 in [9]). The Fig.1.5 depicts typical steps used in the surface
micromachining process. The sequence is often composed by; depositing thin
films on a wafer, patterning by photolithography and then etching the patterns
into the films. The use of sacrificial and structural materials makes mechanical
elements to move and fulfil its function.

E. Garcia and J. Sniegowshi from Sandia National Lab. have shown a whole

series of microengines fabricated using surface micromachining process [13].
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1.2.2.4 High aspect ratio processes
The depth of etching can be increase

using high aspect ratio microstructure Caceiieial
technology (HARMT) such as LIGA, _:::::“
DRIE and SCREAM, to name a few. | Ftierned 4

LIGA is a German acronym of Roentgen-

LIthography

Galvanik Abformung, describing the
process sequence; X-ray lithography,
electrodeposition and moulding [14, 15].
SCREAM process stands for Single -
Crystal silicon Reactive Etch and Metal o Ny
and use submicron optical lithography to A
defines MEM devices with a single mask -y .. Malerial
[16, 17]. In HAR silicon micromachining . ' e
the thickness can be from 10 to 100pm e 4 Sacrificial
whereas it is only around 2um in basic [ He
micromachining processes. HARMT [ —

gives the possibility to fabricate a wider e,

array of mechanical elements. ' —

Sacrificial
Layar

Material

FI1GURE 1.5: Surface micromachining
18]

1.2.2.5 Wafer bonding

Originated from the development of silicon-on-insulator (SOI) wafers, bonding
techniques (anodic bonding,intermediate-layer assisted bonding and direct
bonding) can combine silicon and bulk micromachining for building complex 3D
microstructures in a monolithic format. The principle deals with the creation of
atomic bonds between two wafers either directly or through a thin film (Section
1.3.4 in [19] and section 1.3.3 in [8]). As a result, further advanced MEMS
structures in the field of pressure sensors, accelerometers and resonant structures

can be developed and assembled.

1.2.3 Products

It is remarkable how using relatively easy processes, we can create unlimited
structures, just “our ideas limited”. MEMS keep creating new capabilities,

extending its functionalities, by the way its field of application. Table 1.2 tends to



Micromirrors
Digital MEMS shutter

Digital Light Processing
Light deflection and control

MEMS Display

Inkjet printers pins nozzles

Microphones

Acousticwave

Multimedia
MEMS

MEMS Actuator array
Thermal MEMS

Data storage

MEMS Memory

Micro- fuel cells/reactors

Micro- heat engines/coolers

Power MEMS

RF switches/varactors/oscilators
single and multi-throw switches
Phase shifters

Tunable filters/matching networks
Switch matrices

Microwave

RF MEMS
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5 / Actuator/Struct F i /Physical di Cat . Field of application

ensor/Actuator/Structure unctions ysical surroundings ategories (commercial /military)
Pressure sensors
Accelerometers
Gyroscopes Mechanical deformation
Comb drivers Thermal expansion Mechanical MEMS

Inertial

Piezo-resistors Vibration
Micro resonant strain gage
Temperature sensors
Blood pressure sensors
B%ocapsules Biomedical
Bioneedles Lab on chip Automotive
Micro-pumps Drug delivery Bio- Robotics
Micro-valves Neura} probes Fluidic- Consumer electronics

. ) Breating rate Chemical- Multimedia
Micro-resevoirs Heart rate MEMS Telecommunication
Micro-actuators Sense organs Mobile phone
Bio-potential electrodes Watch industry

Earthquake Detection

Chemosensor Gas Shutoff
Interferometric modulator display Shock and Tilt Sensing
MEMS Polychromator Optical modulation MOEMS Biochemical warfare

detection

Inertial systems for guidance
and navigation

Equipment for Soldiers
Aeronautics

Aerospace

TABLE 1.2: MEMS structures and applications

summarize a part of it. Most of them are fully commercialized and MEMS success
stories have been achieved by pressure sensors,accelerometers, inkjet print heads
and DLP mirror array. One single look at the call of paper of IEEE-MEMS 2010
conference is enough to realize that the area of activity in the development and

application of MEMS is extremly wide.

1.3 RF-MEMS technology

The first radio frequency - microelectromechanical systems (RF-MEMS) were
developed under one of DARPA programs. It was in 1991, L. E. Larson [20]
presented an MEMS switch and an varactor, specifically designed up to 45GHz.
In spite of the immaturity of the RF-MEMS technology at that time, two cutting-
edge designs have been demonstrated; one was an ohmic switch coming from
Rockwell Science Center [21]| and the second one was capacitive contact switch from
Texas Instruments [22]. Since then RF-MEMS start to evolute and technologically
progress. The fact that RF-MEMS technology suits well to the strong demand

for flexibility, complexity, lightweight and low power consumption of advanced
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wired and wireless systems, triggers many interest from research institutes and
universities [1-4, 23-26]. From 1995 (considered as the RF-MEMS technology
trigger point) up to now, a huge number of publications presenting new RF-MEMS
concepts follow one after the other but only by the end of the 1990s the research
included device reliability issues [27-29]. In fact, the scope of the reliability topic in
RF-MEMS goes together with the apparition of MEMS with contacting/touching
parts (metal to metal, metal to insulator, metal to substrate or insulator to
substrate). From then on new physics of failure and failure mechanisms appears
out of this energy transfer [30]. RF-MEMS technology is composed fundamentally
by building blocks listed in Table 1.3. Finally performance enhancements and
manufacturing cost reduction are evident characteristics of this technology and it

is finding its way into next generation timing, wired and wireless applications.

RF-MEMS building blocks (a-b,c) RF-MEMS circuits RF-MEMS applications

High-Q p-mechanical resonators and Singl.e . . and | Mobile handsets . .

oscillators (1-125MHz,2.5GHz) multl-thI‘.OW circuits Consumer electronics and Information

MEMS high-Q inductors (1.1-8GHz) Phase shifters Technology

BAW resonators** (0.5-11GHz) Tunable filters . Wireless network systems

Tunable capacitros(0.1-100GHz,220GHz) Tunabllj matching I(BWPAN/WPAN)

Cavity resonators(40-100GHz,15GHz) ngtw'or S ase stations L

MEMS switches(0.1-100GHz,220GHz) Timing oscillators Microwave communications

Other microwave and myilimeter-wave Switch matrices RF test and ATE equipment

components Programmable Automotive radar and antennas
attenuators Satellite transponders
Reconfigurable Phased arrays*
antennas Tactical radio*

* military

** include FBAR and SMR devices

afboperative frequency range

“upper or lower limit (need more development efforts)

TABLE 1.3: RF-MEMS devices, circuits and applications

Performance of RF MEMS switches is truly spectacular when
compared to PIN diode or FET switches

Gabriel M. Rebeiz [4]
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Shunt ohmic
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TABLE 1.4: Main RF-MEMS switch designs

1.3.1 RF-MEMS switches

1.3.1.1 The designs

RF-MEMS switches are basically used to make a short circuit or an open circuit
in the RF transmission line. They can be designed to work at electrical operating
frequency from 0.1 up to > 200GHz [31|. Their mechanical displacement can
be generated from field forces (electrostatic and magnetic) or molecular forces
(piezoelectric, electro-thermal, bi-metallic) and ranged typically from 0.1 to 3um.
The two main topologies are catalogued in Table 1.4 — serial and shunt switches,
with their ideal and “realistic” equivalent models. Based on these two categories,

a huge variety of designs has been demonstrated by optimizing the mechanical
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structure (cantilever, fixed-fixed beam, two-pull down electrodes, lateral anchors,

U-shape membrane ...) as well as the aforementioned actuation mechanisms

in order to achieve fast switching, low actuation voltage operation (also called

control, command or pull-in voltage) or high power handling.

I
1 . Vgs =0 Ron
— = Vgs = 0.5
. [:V ) AN Vgs= 1 ON (V oy 0)
Y” Vgs = Vpo
Vin \ Vis Rer
R G Ren "Eﬁg—‘
—w—]f—~ —ww— Cott
OFF ON OFF (Vgs < - Vpu)

(a) (b)

FicUure 1.6: Typical I-V graphs of PIN diode and GaAs FET switch, with their
microwave equivalent circuit (a) PIN diode (b) GaAs FET device (in the low impedance
and high impedance states).

Note: Microelectronic RF switching technologies

» PIN Diode is a diode with a intrinsic semiconductor region inserted in between two
p-type and n-type doped regions. As shown in Figure 1.6(a), when forward biased (on-state)
the device exhibits a very low resistive impedance and when reverse biased (off-state) it gives
a high-frequency resistance in parallel with a low capacitance. PIN diodes are useful as RF
switches (phase shifters), attenuators, and photodetectors.

» FET Switch is a semiconductor device considered as a type of transistor. Its specific
characteristics is the use of an electric field to control the shape and hence the conductivity
of a channel of one type of charge carrier in a semiconductor material. Figure 1.6(b) shows
that to work like a switch, the FET is DC biased at zero drain-source voltage (Vs = 0V),
and the gate is biased either zero bias in its low impedance state (on-state) or pinch-off in
its high impedance state (off-state) i.e. when a negative voltage with respect to the channel
is applied. FET switches are often used in digital electronics (Boolean operations), power

controls, audio amplifiers and RF switching blocks.

1.3.1.2 RF performances

Comparing microelectronic RF switching technologies, RF MEMS switches offer a

substantially higher performance than its electronic counterparts; PIN diode and

FET switches. The parameters taken for the comparison are : power consumption,

losses, isolation, linearity, manufacturing and final product cost, speed, power

handling and control voltage. The comparison survey of the properties is listed

out in Table 1.5.

@ Electrostatic actuation requires 15-80 V but does not consume any current,
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leading to a very low power dissipation [4|. For instance, in a phased array antenna,
to perform a 2D scanning, there’s over 4000 phase shifters, where each 4 bits phase
shifter integrates around 14 elements. If each diode consumes 10mA@Q0.6V DC
current, then the 2D scanning will needs 178 W instead of only 0.01W if it is done
using RF-MEMS switches.

@ RF-MEMS switches are made up of suspended membrane, therefore in series
switches the air gaps provide very low off-state capacitance (2-4 fF) resulting in
very high isolation at 0.1 - 40 GHz [4]. By the same way, the insertion loss in RF-
MEMS switches is less than 0.1 dB up to > 40 GHz. Typical scattering parameters

of series ohmic and shunt capacitive configurations is shown in Fig.1.7.
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FIGURE 1.7: Typical S parameters of RF MEMS switches (a) series ohmic and (b)
shunt capacitive

@ In terms of linearity, RF-MEMS switches does not suffer from nonlinear
[-V relationship compared to semiconductor switches. It results in very low
intermodulation products.

Since RF-MEMS technology processes are done, using surface or bulk
micromachining techniques, with low cost materials and less process steps (Section.
1.2.2), its manufacturing cost amounts to very low. Unfortunately, its final product
cost increase with the cost of packaging and the high-voltage drive chip.

@ Another very interesting parameter is its ability for integration. Thanks to
its relatively easy fabrication processes, RF-MEMS switches can be manufactured
with MMIC processes on any substrate material including silicon, GaAs, glass
(Pyrex), alumina and also low-temperature cofired ceramic (LTCC).

@ The switching time of RF-MEMS switches usually ranges from 1 to

> 20 ps, which is too long compared to its counterparts one (especially for
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Parameter Unit RF-MEMS FET switch PIN diode
Size mm? <0.1 ~1 0.1
Control voltage A% 3-80 1-10 3-5
Control current BA <10 <10 3K - 10K
Current handling mA ~ 200 ~ 200 > 20
Power consumption mW ~ 0.001 - 0.05 1-5 1-5
Power handling A% <4 <10 <10
Insertion loss dB 0.1 up to 120 GHz 0.4 -2 up to 10 GHz | 0.3 —1.0 up to 10 GHz
Isolation dB > 30 up to 100 GHz | 15— 25 up to 10 GHz 20 — 35 up to 10 GHz
Switching time ns > 300 1-100 1 - 100
Bandwidth GHz 10 - 30*/ <100** n/a 0.02-2
Cutoff frequency THz 20 — 80 0.5-2 1-4
Third-order intercept | dBm > 60 40 — 60 30 — 45
point
Up-state capacitance fF 1 - 10 fF** 70 — 140 18 — 80
Series resistance Q <1 4-6 2-4
Capacitance ratio - 40 — 500* - 10
Lifetime Cycles > 210%3 or > 107 > 107 > 10
Final cost $ 8-20 0.3-6 0.9-38

* shunt capacitive

** series ohmic
? cold switching
% hot switching

TABLE 1.5: Performance comparison of switches based on RF-MEMS, FET and PIN
diodes [4, 5, 8, 24, 39] and updates.

telecommunication and radar applications). However it is possible to create sub-
microsecond switching RF-MEMS devices [32, 33| in compensation for high control
voltage.

© In general, RF-MEMS switches can operate and handle in the range of 0.02—
0.8W in power. Fortunately several promising designs have been shown handling
up to 4 and 8W [34-38].

© The fact that the actuation voltage of reliable electrostatic RF-MEMS
switches is often very high, requires additionnal voltage up converter chip when
integrated in portable systems.
Finally, the two main issues of RF-MEMS switches is the packaging and the
reliability. They need to be packaged in inert atmospheres (nitrogen, argon,
hydrogen, helium) and (quasi-)hermetic seals. Currently, packaging cost is still a
part important of the final product and the package itself can affect the reliability
of the device. The reliability of mature RF-MEMS devices can reach a few billion
cycles. However electronic systems require more than 10 years reliability and
long-term test has not yet been addressed. Reliability “in the large sense of the
word” and accelerated lifetime test in RF-MEMS will be the main concern of this

manuscript.
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RF-MEMS Application fields

circuits Phased array Satellite Automatic Test Base stations Mobile telephony
antennas* transponders Equipments

Single and multi- T x x T x

throw switches

Phase shifters T

Tunable filters T

Tunable T

matching
networks

Timing - - - - z
oscillators

Switch matrices - x

% might be implemented in

* military, aeronautic, automotive radars

TABLE 1.6: Main application fields of RF-MEMS switches

1.3.2 Applications of RF-MEMS switches

RF-MEMS technology is entering into the next generation timing and wireless
applications. This technology has opportunities in analogue and digital
applications, such as in satellite and fibre-optic communication systems, in cellular
phones and other wireless equipment, in automatic test equipment, and for other
diverse civilian and military uses. This concept enables superior reconfigurable
functions, using in particular;

e Switching networks/Switch matrices/Switched filter banks for satellite and
wireless communication systems.

e Phase shifters/Phased array antennas for satellite based radars, missile systems,
long range radars and automotive radars.

e High-performance switches/Programmable attenuators for instrumentation
systems.

Table 1.6 shows the possibilities of RF-MEMS circuits that may be implemented
into the system level. The very interesting performances of RF MEMS
switches (both metal-contact and capacitive) have triggered a thousand and one
inventiveness of many designers to build cutting-edge switching circuits in the
frequency range of 0.1 to >120 GHz. In terms of illustration, instead of presenting

state of art components, this section shows examples of several RE-MEMS circuits
designs from LAAS-CNRS.
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FIGURE 1.8: A K-band Single Pole Double Throw Circuit (designed by V. Puyal)

1.3.2.1 Single Pole Double Throw

Single-pole N-throw (SPNT) switches are often used in NxN switching matrices
and filter or amplifier selection. The basic one is the SPDT (single-pole double-
throw) routing switch. The one shown in Figure 1.8 is build with K-band shunt
switches. It consists of a tee with a RF-MEMS at each of the output(RFy and
RF3). The switches are placed at a distance of a quarter guided wavelength from
the tee junction so that when one switch is actuated, the virtual RF short is
assimilated as an open at the junction and the signal is routed away toward the
other RF path. RF-MEMS based SPNT becomes very attractive over their solid
state counterparts, mainly prompted by the power consumption and the linearity.
They result in much smaller and lighter systems as well, which is for instance

essential for satellite applications.

1.3.2.2 Phase shifter

RF; RF,

[ Quarter-wave section
=
EEX
o
8 Actuator Switch Actuator Switch
l Control l\ Control \

+“— 1500 um e A4 ,!, Switched loads .

FIGURE 1.9: A 60 GHz Loaded-line Phase shifter (designed by V. Puyal)

RF-MEMS based phase shifters exist in several configurations namely switched
line , loaded-line, reflection and high-pass/low-pass. This example deals with a
1-bit V-band loaded-line (22.5 degree) phase shifter [40] (Figure 1.9). The two

loads induce a perturbation in the phase of the signal when switched into the
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circuit, while they have only a small effect on the amplitude of the signal.
The amplitude perturbation can be minimized and equalized using a quarter-
wavelength spacing between the reactive loads. In terms of phase versus frequency
response, this kind of phase shifter is usually flatter than the switched line phase
shifter, but less flat than the high-pass/low-pass phase shifter. Only one control
signal is required for this loaded-line phase shifter, since the loads can be biased
simultaneously. The implementation of phase shifter in phased array antennas
allows the development of passive reflect array at X- to W-band frequencies. The
cost is also another factor because reflect arrays are much less expensive than

standard phased arrays.

1.3.2.3 Tunable filter

Tunable filters are key elements used in advanced transceiver architectures.
Bandpass filter is used for its good selectivity and sensitivity and bandstop
filter is used to eliminate undesired signals such as spurious responses or cross-
talk interferences (in transceiver configuration). From design to characterisation,
both aforementioned tunable filters have been presented in [41|. It consists of
using CPW quarter wavelength stubs and MEMS switches : two cantilever shunt
switches. The example shown in Figure 1.10 is the TBPF topology. The stubs
have different geometrical lengths, which are translated into two zeros in the
transmission coefficient and it results in a bandpass behaviour. Adding a MEMS
switch at the end of the stubs will makes the filter tunable.

0 I
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FIGURE 1.10: V-band Tunable Band Pass Filter (a) fabricated device and (b) simulated
transmission coefficient [41]



Chapter 1. Background 19

1.3.2.4 Tunable dual behaviour resonator

Another interesting tuning element is the dual behaviour resonator (DBR) because
it allows the control of two attenuated bands on either side of one bandpass [42].
In fact the DBR topology consists of two different open-ended stubs which bring
a transmission zero on either side of a pass-band. MEMS switches can be used
to change the length of the inter-stubs line in order to tune the center frequency
and keep a correct matching level. Figure 1.11 shows a DBR resonator which was

realized in thin film microstrip technology implemented in Si-BCB substrate.

1 Switch|! ! Switch|! ! switch|"
Comml_:_l-jj ............... \ :_:I_-D ,,,,,,,,,,,,,, \Swiehl —:'—_E ............. \swienf,

..........................................

Low frequency Centre frequency control  High frequency
Transmission zero control Transmission zero control

FIGURE 1.11: W- to V-band tunable resonator [43]

1.3.2.5 Tunable matching network

Tunable matching network is interesting to be used in real-time adaptable RF
front-ends, in order to maintain low loss and high linearity. Implementing RF-
MEMS within such a system will minimize degradation to the overall amplifier
performance. The design shown in Figure 1.12 illustrate impedance tuner based
on the distributed MEMS transmission line (DMTL). The main idea is to maintain
the matching performance over a broad bandwidth by changing the physical length

of the transmission line.
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FIGURE 1.12: Tunable matching network



Jason Jinyu Ruan : Reliability of RF-MEMS 20
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F1Gure 1.13: The RF MEMS switch hype curve [44].

1.3.3 Industry and market roadmap

In this section, a survey has been carried out of several market studies from
WTC,Yole Development, ARRRO (Applied Research Roadmaps for RF MEMS
Opportunities), iSuppli Corporation and Mancef, in order to state today’s market
of RF-MEMS switches and foresee the RF MEMS switch volume needs upto 2012.
It will let us have a glance to the global economic and market background.

MEMS components have emerged in the mid-1990s under a DARPA’s military
radar program [10|. RF-MEMS switches came into the spotlight only in the
early 2000s. With their remarkable RF performances, RF-MEMS components
have created a lot of excitement, but their commercialization is eagerly-awaited.
Happily, if we look at the hype curve! of RF MEMS (Figure 1.13), it shows that
RF MEMS switches will reach the “Plateau of productivity” soon, as the industry
and technology are both maturing. The first commercial micromachined RF device
was the FBAR duplexer from Agilent Technologies. It is a set of piezoelectric filters
that separate incoming and outgoing signals in the frequency range of 800 MHz and
1900 MHz. But it may not be complex enough to be considered as a “true” MEMS.
In the meantime, other RF MEMS products have become commercially available,
including switches (Omron, Radant, XCOM Wireless, Wispry...), inductors and
micro-mechanical resonators (Discera, SiTime, Silicon Clocks). In order to be

consistent, all roadmap studies:

1. The hype curve was first proposed by Gartner, an analyst/research house based in U.S. as
a way to place technologies in their particular stage of evolution
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e considered the stand-alone device and not global systems that include MEMS
devices,

e volumes and prices are for the lowest level packaged MEMS device,

e and consisted of in-depth interviews with around 100 key industry experts in
the field of MEMS technology.

The market forecasts have been done by paying attention to (1.3.3.1) the potential
applications of RF MEMS switches, (1.3.3.2) major companies in production and
also (1.3.3.3) the total volume needs upto 2011.

1.3.3.1 Potential applications

RF MEMS switches are in development for a very wide spectrum of applications.
For the market analysis it can be fragmented into six major application fields
(Table 1.7);

e Automated Test Equipment (ATE) for semiconductors is the first commercial
application for RF MEMS switches. Here the use of RF MEMS switch is to
replace conventional relays without changing the whole system and therefore the
implementation of MEMS is quick and easy. While its integration into RF
instrumentation equipment is expected at the earliest in 2009, mostly due to power
handling issues.

e Cell phone industry was very interested to use RF MEMS technology
to develop T/R switch, multiband filters, filter banks, impedance matching
networks, and so on. But reliability and packaging difficulties, represented by the
“trough of disillusionment” phase in Figure 1.13, created a lot of disappointment.
Nevertheless, NXP, RFMD and WiSpry still believe and develop impedance
matching networks for the power amplifier (PA) or MEMS-based reconfigurable
antenna module, which offer the best prospects for RF MEMS switches in this
market.

e Automotive applications such as RF MEMS based long range radar or
phase shifter technology for phased array, have no envisioned opportunities for RF
MEMS in the 2006-2012 time frame. The market is dominated by SiGe technology
(3rd generation of 77 GHz ACC systems / Precrash systems).

e Satellite applications tend to evolute towards higher frequencies and increase
the integration with greater functionality. Consequently, there’s is a need for
complex redundancy scheme, large microwave routing network and reconfigurable

antennas. RF-MEMS switches fit well to the specific space application needs.
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Application Frequency Reliability Product configuration
RF instruments DC - 40 GHz 0.1 to 10 billion cycles SP2T
; ATE commutation boards DC - 10 GHz 0.1 to 10 billion cycles SP4T
Others DC - 10 GHz ... | 0.1 to 10 billion cycles SP2T, SP4T, ...
2
= S Reconfigurable architecture 0.6 - 6 GHz 0.1 to 10 M cycles SP4AT, SP2T
O a
2
% %' Long range radars 77GHz 1 to 10 billion cycles Phase shifters
< g
Redundant circuits 12 - 40 GHz 1 M cycles but 18 years | SP2T  Monolithically
§ guaranty integrated
% Reconfigurable commutation | 12 - 40 GHz 1 M cycles but 18 years | Matrix
§ matrix guaranty
Steering Antenna 12 - 40 GHz 100 M cycles Phase shifter
Telecommunications 20 - 50 GHz 0.1 to 10 billion cycles | SPzT
> with 15 years operation
E warranty
E Radars MHz, 1 to 10 billion cycles | Phase shifter
10GHz, upto 94 | with 15 years operation
GHz bands warranty
% BTS redundant circuits 0.6 - 6 GHz 0.1 to 10 billion cycles SpP2T
*g Multiband BTS 0.6 - 6 GHz 0.1 to 10 billion cycles SPzT
§ E Automation of | 0.6 -6 GHz 0.1 to 1M cycles Matrix 16 x
3 £ | the last copper mile network
& £ | maintenance

TABLE 1.7: Potential application fields of RF MEMS switches [44].

e Military applications have historically driven the development of RF MEMS
switches in the US and still does. The volume application in this field will be
phased array antennas for communication (multiband radio, data communications
and satellite communication across the board) and radar (low frequency imaging,
tracking radar and missile seekers and radiometry applications).

e Telecom infrastructure, e.g. base station products required to serve the
various markets, bands and standards. Hence base station manufacturers are
confronted with the need to offer a broad selection of products in order to support
the technology migration strategies of operators. Therefore, a reconfigurable base

station system that can serve multiple bands is necessary. In this reconfigurable
sense, RF MEMS switches are good candidates.

1.3.3.2 Major companies

Funding of RF-MEMS switch start-ups started in 2001 with Teravicta, Magfusion
and MEMX. Since then, more than 60 industrial companies have been worldwide

referenced including MEMS start-ups, IC manufacturers, manufacturers of passive
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FIGURE 1.14: Companies in production of RF-MEMS [45].

RF devices and integrators. These companies where mainly targeting industrial
and high volume applications. Alternatively specific development from WiSpry
and NXP focuses on RF MEMS switches for radio handset applications. Then
came the “trough of disillusionment” period (2002-2005) where unsatisfied

announcements of commercial samples reduced the trust in RF MEMS switch
products. Fortunately, RF MEMS switches have left this period for the much
more enjoyable “slope of enlightenment”. The table of the major commercialisation
leaders worldwide after this period and the areas they are involved in is given
in Figure 1.14. Despite the stop of two activities in 2007 and 2008 (Teravicta,
SimplerNetwork), several additional companies are in volume production: Omron,
XcomWireless, MEMtronics, Wispry. This dynamic around the RF MEMS switch
shows that the opportunities for suppliers will be in the field of; single components
for ATE, phase shifters or tunable filters for base station or defense and aerospace,

and modules for wireless handsets.

1.3.3.3 Total volume needs

One of the most interesting parts of the market analysis of RFE-MEMS is probably
the anticipation of the volume needs of RE-MEMS (Table 1.8). In fact the RF-
MEMS switch market, which is the reflection of the volume needs (Figure 1.15),
reached a close-to-insignificant $6 million in 2006. Hopefully, the global RF MEMS
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2006 2007 2008 2009 2010 2011
Telecom infrastructure 0 0 0,000 0,06 4,9 25
Telecom handsets 0 0 4,1 92 339 754 |
RF Relay Substitution 0 0 0,000 0,0 0,2 1
Automotive 0 0 0 0 0 0
Defense 0,001 | 0,004 | 0,010 | 0,022 | 0,045 0,072
Space 0 0 0 0 0,0000 | 0,0001
Instrumentation 0,032 0,15 0,05 0,19 0,4 0,7

in Million units

TABLE 1.8: Total volume needs of RF MEMS switches 2006 - 2011 [45].

switch market is expected to show a 80% CAGR? on the 2009-2011 period. Tt
will represent a $475 million in 2011, mainly dependant on high volume needs
applications such as handset applications and Telecom infrastructure. The other
volume needs of RF MEMS switches for medium to low volume applications will
increase after 2011, when it will reach the right price point. Nevertheless, attention
should be also paid to alternative and new competing technologies such as SoS FET

or ferroelectric devices (like shown in automotive radar and roof antennas).
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FIGURE 1.15: The RF MEMS switch total market [45].

2. Compound Annual Growth Rate is a business and investing specific term for the year-
over-year growth rate calculation of an investment over a specified period of time
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1.3.4 Status of the fabrication technology and the reliability
1.3.4.1 Present fabrication technologies of RF MEMS

RF MEMS switches are still an emerging technology. They outperform other
microwave switching technologies but improvement in term of reliability is
crucial. As aforementionned, RF MEMS switches also need to continuously
improve their performances faced with alternative technologies. Therefore, the
fabrication process should be well known in detail (in companies and even research
laboratories). Table 1.9 summarize a few protagonists involved in the fabrication of
RF MEMS devices; on multi-project wafer, in academic process and in industry. It
is classified by switch type, original characteristics of the component, materials and
maturity of the fabrication know-how. Many aspects dealing with the fabrication
process reliability of MEMS switches are still not well understood and are currently
under investigation. To name a few, the effect of temperature on the planarity of
low stress films, the effect of packaging procedures on the performances, the effect
of gases or organic materials. Nevertheless, the global maturity reported in Table
1.9 and the trend of the future RE-MEMS market (Figure 1.15) show that several

of these problems will be solved in the coming years.

1.3.4.2 Reliability of RF MEMS

Since the end of the 1990s, every publication dealing with RF MEMS switches
has a discussion on reliability. In fact, it is a major challenge for the successful
application of RF MEMS switches, they must demonstrate the ability to switch
reliably over billions of cycles. The high packaging cost, the most expensive step in
the production will limit the price of commercialization. Moreover, power handling
capabilities (>1W) is still a major issue for long-term reliability of RF-MEMS
switches. For DC-contact switches, the main failure mechanisms comes from
the metal contact area damage and it results in a increase the contact resistance
of the switch, while for capacitive switches, the predominant failure mechanism
is due to stiction between the dielectric layer and the metal layer due to the
large contact and also the charge injection and charge trapping in the dielectric
layer. In these contexts, much work remains to be done in the development of
modeling and design methodologies for the multi-physics multi-domain devices

characteristic, and their proper methodology and reliability assessments. This
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thesis will focus on the following reliability aspects: charging mechanism within
or surrounding the device, power handling, radiation related effects and
electrostatic discharge (ESD) events that impair the reliability of micro-gap
devices. Another significant part of this study deals with accelerated testing
in capacitive RF-MEMS switches using short impulse signals. Finally to foster
optimistic opinion on reliability in RF MEMS switches, extremely reliable switches
have been fabricated after 12 years of research and funding. Tables 1.10a and 1.10b
summarize the recent reliability results for DC- contact switches and capacitive

shunt switches respectively.

TABLE 1.10A: Reliability summary of RF MEMS metal-contact switches [46].

RADANT RFMD XCOM OMRON

(Emperor)
Actuator type Cantilever Cantilever Cantilever Bridge
Actuator material Au Au Au Silicon
Substrate Silicon SOI (on CMOS) | Silicon Silicon
Actuation voltage (V) 90 90 90 10-20
Umpol.ar bipolar Unipolar Unipolar Unipolar Unipolar
actuation
Switching speed (us) 10 5 30 300
Metal contact 4, 25 (2-contact)

1,15 1-2, 4 05,5
Ron(2), Cops (fF) 2, 50 (8-contact)
Pack & Hermetic Hermetic Ceramic Wafer package
ackage type wafer cap dielectric cap hermetic cap ,glass frit

>200B% at 20

dBm (>100)

>1,000B* at 20

dBm (>6)

>10B* at 30
Reliability dBm (>50) 100-1,000M at 10 | 100M at 1 mA | 10M at 10 mA
(# of switches tested) >100B* at 30 4B (>100)

dBm (>5) m

>10B* at 40

dBm (>10)

>200B* at 40

dBm (2)
Cycle frequency (kHz) 200 5 <1 0.5°

@ All reliability tests stopped before switch failure
b Al switching waveforms have -50% duty cyle

Kan poul lévé lasou dizé, a manjé li ka sasé

French Guiana’s Creole proverb
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Chapter 2

Failure mechanisms in capacitive

switches

This chapter provides an overview of the state of the art for the main failure modes
and underlying failure mechanisms in RFE-MEMS switches reliability. The specific
issues of capacitive RF-MEMS switch caused by stiction due to surface forces and
electric charge are discussed. It covers some basic physics related to dielectric
charging, power handling, radiation, electrostatic discharge in capacitive switches.

The effect of packaging on reliability is not discussed in this thesis.

2.1 Failure modes and failure mechanisms

Definitions

The IEEE defines ‘reliability’ as the probability that a system or device will
perform its required functions under stated conditions for a specified period
of time. Usually this definition can be interpreted as; required functions
correspond to the expected satisfactory operation, stated conditions concern the
overall environment conditions (mechanical, thermal, environmental and electrical
conditions) and finally stated period of time means that we require a definite
operation time, which is ruled by the dedicated application. The mass production
of RF-MEMS switches is more challenging than expected, due to its ‘reliability’.
Unfortunately, reliability concerns is often the last step that is considered in a

new technology development. The first steps are dominated by the race for

31
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performances i.e. design for performance, functionality and feasibility studies.
Whereas reliability should be taken into account at each stage from design to
packaging. Worded differently, very close interaction should be taken place
between designers, processing engineers, packaging specialist and simulation, test
and reliability engineers. As a result, it will shifts the bathtub curve®(Figure 2.1)
lower by taking into account the effect of design, processing, packaging and also

environment [47]. There are two main approaches to assess the reliability of a

A

Infant Mortality Steady-State Wearout

)

Design  Processing

X

1
1
1
1
1
1
]
1
1
Q 1
© 1
E Customer Use , Packaging
9 H T | | 5 .
=2 |
(_U ...V X v
L v !
................................... [
! 1
! 1
! 1
! 1
' ! Device Obsolete
! 1
T : >
~1 year ~> 20 years Time

FIGURE 2.1: The ‘bathtub curve’ for reliability development.

novel technology. The coventional approach is by applying standard reliability
test procedures given in MIL-handbooks? or IEC-standards?®, also called ‘stress
test driven qualification methodology’. However in the frame of MEMS devices,
certainly in the case of RF-MEMS switches, those standards are not applicable
[47]. Therefore the ‘failure driven qualification methodology’ seems to be more
appropriate between the functionalities of the component and the qualification
procedures. In this case, a detailed, well known and well understood database of
failure modes and failure mechanisms need to be indexed (Figure 2.2). Typically
Failure Modes and Effects Analysis (FMEA)? can be done in order to brainstorm
potential failure modes. The methodology consists of, in a first time, defining the
expected failure mechanisms that can happen. Then stresses are performed in

order to identify failures and build the database. Once the MEMS-specific failure

1. In reliability engineering, the bathtub curve curve is generated by mapping the rate of
early "infant mortality" failures when first introduced, the rate of random failures with constant
failure rate during its "useful life", and finally the rate of "wear out" failures as the product
exceeds its design operation time.

2. http://www.mil-standards.com/

3. http://www.iec.ch/

4. http://www.amsup.com/fmea/index.htm
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CR»
\ l / Extraction and analyses

-

Investigation of failure modes Database of failure modes
by applying stresses and failure mechanisms

- Accelerated Stress Test

FIGURE 2.2: The failure driven qualification methodology.

mechanisms are detected and well understood, accelerated stress tests can then
be defined. So Acceleration Factors (AF) are estimated using experimental data
and it is used to estimate time compression and thereby the operation time of the

device under test.
Operation__time

AF

Confusion is often made on the terminology used in failure analysis and therefore

Test time =

(2.1)

a clarification on the definition of the several terms is given. This relies on the
terminology defined in the frame of AMICOM project [48];

e Failure analysis : When a failure occurs, i.e. the device does not perform
anymore according to the specifications during functional or reliability testing or
in the field, an investigation is normally carried out to determine the cause. FA
involves brainstorming potential “failure modes”, identifying associated root causes
(by electrical testing, fail-site isolation, de-processing, defect characterization),
assigning levels of risk and following through with corrective actions.

e Failure mode or apparent failure : defines what is first identified i.e. measured
or observed as deviating or failing, i.e. the symptoms. In the case of an capacitive
RF-MEMS switch, typically it is a shift in the capacitance-voltage measurement
which induce a change in the S-parameters.

e Failure defect or signature : is what is observed after the failure mode is seen
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(it is possible that non failure defect is seen. For instance not permanent or sticking
of the switch, deformation of the membrane, cracks, etc.

e Failure mechanism: is the physics and/or chemistry causing the failure.
Examples are, dielectric charging of the insulator, electromigration, creep of the
membrane, fatigue, corrosion, etc.

e Failure cause: is causing the failure mechanism and is in general design,
processing, packaging or monitoring related. For instance electric field charge, air-
gap breakdown, radiation, electron emission, humidity causing capillary stiction,

ete.

The boundaries between these definitions can be easily blurred, therefore we will
try to keep these words in this manuscript. This distinction is important because
often the failure mode is reported when something is wrong, while the problem

can only be accurately addressed by investigating the failure mechanism [49].

2.2 Capacitive RF-MEMS switch theory

2.2.1 Principle of operation

The capacitive RF-MEMS switch basically consists of a movable metallic bridge,
anchored on the ground traces of a ground-signal-ground coplanar waveguide
(CPW) line (Fig.4.4(a)). The line located below the bridge can be used as an
actuation electrode. It is coated by a thin insulating layer to avoid short-circuiting
upon bridge deflection (contact between the electrodes i.e. the movable membrane
and the CPW line). Its simplest model, when the movable bridge is in the up-state,

is the parallel plate configuration. The capacitance in this case is proportional to

Metal bridge Insulator layer RF signal line

(a) Low capacitance value, RF signal passes. (b) High capacitance value, RF signal blocked.

FIGURE 2.3: Principle of operation of a capacitive RF MEMS switch (a) in the upstate
and (b) in the downstate.
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the reciprocal gap between the two metallic electrodes:

_80'A

“=3

(2.2)

where A is the active capacitive area, d is the distance between the plates and g
is the permittivity of vacuum.

Take into account the insulator layer thickness, it will be :

EQ'A

Zd
d el
+ ()

where z; and ¢, are the thickness and relative dielectric constant of the dielectric

layer.

In this up-state configuration, the capacitance between bridge and signal line is
small and the RF signal can pass. By applying a voltage (also known as command,
control or polarization voltage) between the bridge and the RF signal line causes an
electrostatic attraction which pulls the membrane to the down-state (Fig. 4.4(b)).
This results in a large capacitance formed by the metal/insulator/metal stack,

blocking the RF signal and that can be calculated using:

Cdown = M (24)

Zd

Figure 2.4 shows a typical and complete C(V) curve measured using a triangle

voltage waveform of 100 Hz. When increasing the voltage, the membrane stays up

LN
0.45+ E
Down-state 3 4
0.40 + E
_ 035} /\
L %m%zb M Applied voltage
£ 030} waveform

025 3 1

010 — VT

0.05-  yp-state Vqu down

30 -20 -10 O 10 20 30 40 50 60
Voltage (V)

FIGURE 2.4: A measured C(V) curve of a capacitive RE-MEMS switch with its applied
voltage waveform in the inset.
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and the capacitance remains low until the applied voltage becomes larger than the
pull-down (pull-in, actuation) voltage Vj,u, and the membrane will mechanically
contact the insulator surface, resulting in an increase of the capacitance (1 and 3).
Upon decreasing the voltage the membrane returns up when the applied voltage
is lower than the restore-up (pull-out) voltage V,,, (2 and 4).

The calculation of Vi, and V,, can be done by taking into account the distance-
dependent electrostatic energy accumulated by the capacitor E, and the restoring
energy of the membrane E,. If we keep using a parallel-plate capacitor model,

their functions can be written as:
E 1 2
e — 5 . C . [/ (25)

where V' is the voltage applied between the membrane and the signal line and C'

is the distance-dependent capacitance value.
1 2

where k is the spring or force constant of the membrane and z — d is the
displacement due to electrostatic attraction.

At the particular pull-down point, which is determine to be at z = % - d,
the electrostatic force becomes greater than the increase in the restoring force,
resulting in a unstable state which brings the membrane in contact with the
insulator layer [5]. In this situation, the energies are equal and its derivative
equals to zero, so we can write:

A-V?

z3—d-z2+5°'T:0 (2.7)

2
3~22—2~d~z:O:>z:§'d (2.8)
The pull-down voltage V.., is then calculated by re-injecting z = % -d into Eq.

2.7 (without including the insulator layer contribution):

2 8 k
= —d]| =%/ —- - d3 2.
Vaown =V (3 ) 27 - A (2.9)

The restore-up voltage V,,, can be estimated by assuming that the contact involves
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two hard and flat surfaces. The fringing capacitance has been neglected here.
In this configuration, the initial distance between the two surfaces does not
correspond to an equilibrium, but to the thickness of the insulator layer z,.
Therefore the voltage needs to be reduced to let the mobile membrane get back

to its equilibrium position. The energies considered in this configuration can be

written as: A
1 &-¢,- 9
E =—. .V 2.10
2 zﬁ ( )
1 2

Finally, the restore-up voltage is obtained when the sum of these energies equals

to zero and considering that z; < d:

2-d-k

Vip =224y ————
P = €60 A

(2.12)

Every electrical and mechanical variation in the device can be monitored using
this complete C(V) characteristic. For instance, if charging occurs, the curve will
shift either to the positive side or to the negative side. And if the membrane is

collapses the C(V) curve will be a flat line.

2.2.2 Switching time

One more electro-mechanical parameter which is important to know in a RF-
MEMS switch is its switching time. The dynamic equation of switch is derived
using Newton’s second law of motion and given by [5]:

d?z dz

mW‘i‘ba—"k‘z_’_ks'Zs:Fe_'—Fc (213)

where m is the mass of the beam, z is the displacement from the up-state position,
h—

— s the damping coefficient, k = k' 4+ k” the spring constant, is the sum
of tﬁi)o bending spring and residual-stress spring constants and ks is the stress-
stiffening spring constant (only applicable to the fixed-fixed beam case and it can
be neglected for small displacement) and F, is the electrostatic pull-down force,

F. represents the attractive and the repulsive nuclear contact forces.

The effective spring constant k& depends on the geometrical dimensions of the
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metal beam and on the Young’s modulus of the material used, k is given by:

3
k=K 4K =32 Epeenw- (?) K 48 Tmeen (1= 1) -w (%) 1 (2.14)

where E,,.., is the Young’s modulus, v is the Poisson’s ratio for the bridge material,
Omecn 18 the mechanical stress in the fixed-fixed beam (not to be confused with the

interface charge density o;), [, w and z, are the length, the width and thickness

/
a—a’

of the beam, respectively and k/_,k” . are constants depending on the position

x of the attractive area of the device:

1

e e
K = ! (2.16)

Several approximations are adopted in order to have a closed-form of the switching
time equation and to have a simplified analytical model to explain dynamic
behaviour of the switch;

e 2=d

e The voltage of the switch is constant

e The damping coefficient is very small and constant (b ~ 0)

e A high quality factor (Q > 2 for a gold membrane)

e Perfect hard and flat surfaces

So the simplified-dynamic equation can be written as:

d*z leg-A-V?

The solution of this equation gives:

T Vapplied * Wm T 4w, Q- va2p lied applied down .

where ¢, is the switching time, Vgpyq is the applied voltage and w,, is the
“mechanical” resonant angular frequency.

It has been demonstrated [5] that the best trade-off between switching response
and the magnitude of the applied voltage of a device is obtained for Vippicq >~
1.3 — 1.4V0uwn-
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To do likewise, the calculation of the release time is slightly different. It is mostly
affected by the effect of restoring and contact forces and the damping coefficient

whereas F, = 0.

2.2.3 Switching ratio

The switching (or capacitance) ratio is also one of the figures of merit
characterizing switches. It is calculated as the down-state (also known as close
or on-state) capacitance Cgyyypn divided by the up-state (also known as open or
off-state) capacitance C,,. The higher is this ratio the more useful the device is

for RF applications.For infinite hard surfaces and a perfect contact, it is given by:

go-&r A
Cdoum Zd Ep - d
Ray = - - 1 2.19
Cup €o - A 24 + ( )
Zd
d -
+(2

It can be noticed that the switching ratio depends mainly on the quality of the
dielectric material and also the distance between the two electrode, whose are
both mainly governed by the fabrication process. This also means that nano-scale
air gaps are present in the contacting state due to the surfaces roughness and

Zq .. = 2zq + &,d, which decreases this ratio.

eff

2.2.4 Microwave characteristics

The electro-mechanical behaviour of the switch is directly linked to its microwave
characteristics. Fig.2.5 shows all the scattering parameters summarizing the
microwave characteristics of a capacitive RFE-MEMS switch. This example is used
in this section in order to illustrate the series-resonant frequency, the isolation
parameter, insertion and return losses and the bandwidth. The simplest equivalent
circuit that described a shunt capacitive switch is modelled by two short sections
of RF-line and a lumped CLR model of the bridge with the bistable capacitor (see
in Table.1.4 of section 1.3.1).

The impedance of the lumped CLR model is given by:

1
Zs = Ry jwl + —— 2.20
+ jw +ij (2.20)
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S-Parameters (dB)

Frequency (GHz)

FIGURE 2.5: Measured S-parameters of a 35 GHz capacitive RF-MEMS switch in both
up-state and down-state configuration.

So the LC “electrical” series-resonant frequency of the model is:

[ — (2.21)
" on VL. O '
The transmission parameter Sy; (dB) of this resonant circuit is given by :
1+ a?
1Sa1| =4[ = > (2.22)
+(1+8)
with,
1, 1
p—_ —_ . X _ —
= (r-3)
Zy
=3 R
X = — The normalised pulsation of the structure
Wo

The maximum isolation level is obtained at the resonant frequency. It corresponds
to the situation when the electrical down-state resonant frequency of the switch is

around the frequency of the transmitted RF signal. This is given by:

IS (dB) = —20 - log (22‘}%) (2.23)

Based on Eq.2.22; the analytical expression of insertion loss around the resonant

angular frequency wy is given by (assuming that there’s no ohmic losses in the
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(@) @] e

where R,, is the capacitance ratio calculated from Eq.2.19, Z; the characteristic

line):

IL(dB) = —10-log

impedance of the line, R the equivalent resistance value of the membrane and Aw
is the bandwidth of the structure at the resonant angular frequency wgy. According
to this expression, higher is the capacitance ratio, lower the insertion loss will be.
Besides, if the bandwidth Aw is low the sensitivity of the transmission parameter
So1 is thereby increased with respect to technological dispersions. Consequently, a

trade-off needs to be done and it will be easier if the capacitance ratio is important.

Impedance matching is a critical element in all high-frequency design. When
load is mismatched in a transmission line, not all the available power is delivered

resulting in unwanted reflections within the circuit. This loss is the return loss

(RL) and is defined as:

—jeo - Cup - Zo
2+jW'Cup'ZO

RL (dB) = —20 - log (2.25)

The switch should be matched to minimize (within acceptable limits) its impact

on the performance of the complete circuit.

The 3-dB bandwidth ® of a capacitive shunt switch is given by:

Aw Cvdown
w VT

(2.26)

Having a high bandwidth will ensure a better isolation for a given frequency
range and with respect to the technological dispersion, the performances will
be less sensitive. Indeed, the resonant frequency is related to the down-state
capacitance value Cly,,n, Which is very sensitive to the quality of the contact
between the membrane and the dielectric surface. A low bandwidth will be
very dependent on the reproducibility of this contact, even more if targeting
low actuation voltage devices. High bandwidth value can be obtained with high

resistance, high capacitance and low inductance.

5. The 3-dB bandwidth is where the transmission coefficient So; falls off from its highest peak
by three dB
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2.2.5 Theory of dielectric charging

One may think that electrostatic is well known and well understood since Poisson,
Gauss and Maxwell described the phenomenon. But nowadays, materials make
the complexity and the current developments of what we can call “modern”-
electrostatic. In the case of electrostatic devices such as capacitive switches,
dielectric charging is the most challenging issue that affect its reliability. The
main reason is that in the down state (i.e. when the membrane is in contact with
the dielectric surface), there is a high electric field across this insulator layer. This
can cause charging on the dielectric and can results in a change of the electrical
behaviour of the structure and may severely limit its functionalities.

This section will first recall the necessary knowledge on the basics of dielectric
charging in MEMS.

2.2.5.1 The model

. -
Mechanical force _ -~

-
-

L_I

_——

~
Substrate  ~

k : spring constant

FI1GURE 2.6: Simplified charging model of a capacitive switch, by analogy to the parallel
plate model.

The investigation starts with the use of the simplified charging model shown in
Fig.2.6. Although charging in insulating materials has been reported since the
1800s, in the field of MEMS, the first model was proposed in 1998 by J. Wibbeler
et al. [50]. They derived the relationship between the accumulated charge and its
effects on a switch characteristic (in a gaseous and high-voltage conditions). From
then on one more extended model is presented by W. M. van Spengen et al. [51]
and X. Rottenberg et al. [52]. We will adopt these approaches and interpret it to
our experimental results. This model defines very well the influence of dielectric
parasitic surface charge density o, (arising from the environment conditions or

from voluntary applied stresses) on the acting electrostatic force between the two
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plates within the active section of dA, which is given by:

2
Fe:/ dFZE./ Mdﬁl (2.27)
(4) dz Jia 2
with,
1
C = ———— The capacitance per unit area
d—z n 24

E0€air Eolr
<d

€0y

Vshift = —0p The offset voltage leading to a shift of the C(V) characteristic
Keeping in mind that the fields in the dielectric and the air gap are considered to

be homogeneous in this model.

When a voltage V' is applied across the two electrodes the resulting electric field will
polarize the insulating film and the charged movable membrane will be attracted

by the fixed bottom electrode. This voltage is written as:
d—z . .
V= —/ E, -dl, (2.28)
0

where d is the distance between electrodes, z is the displacement and dl is the
integral factor.
Since the electric displacement is constant within the distance d, the parasitic

charge density will be given by:

__80 "/'+>Zd' P

T G=d (2.29)

op =
where P is the dielectric polarization.

An extended function of the dielectric polarization has been proposed by G.
Papaioannou [53| in agreement with experimental results. Keeping this simple
model, the dielectric bulk and surface charges are included in the macroscopic

dipole moment per unit volume P. During charge injection all the mechanisms

occur simultaneously, so the macroscopic polarization is given by:
Ps~= Pp+ Psc—i — Psc—ec (2.30)

where Pk~ is the total polarization, Pp is the dipolar, Psc_; is the intrinsic space
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charge polarization of intrinsic origin arising from free charge displacement inside
the dielectric when an electric field is applied and Psc_. is the space charge
polarisation of extrinsic origin and comes from the fact that in the down-state

charge injection takes place.

Charges may be injected through asperities due to the roughness of both surfaces,
the metallic membrane and the insulating material surfaces, or by field emission.
The injected charges will initially decrease the local polarization of the active
section dA. The sign of this polarization will change according to the amount
of injected charge. In other words, the dielectric surface can contain charges
of opposite polarity or the charge density may strongly fluctuate. In this case
the capacitance transient component will be proportional to the time-dependent

polarization and it is given by:
AC(t) ~ AP(t) (2.31)

In the next chapter (Chapter.3), a more detailed discussion will be given on
the analyses of the shape and polarity of AC(t), will reveal the dominating
polarization /charging mechanism and the dependence of the charging on external
stresses such as constant voltage, bipolar signal, RF power, high voltage pulse

(electrostatic discharge) or temperature.

2.2.5.2 Dielectric polarization
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METAL injected charges METAL
(a) Contact-less charging (b) Contacted charging

FI1GURE 2.7: Charging mechanisms in RF-MEMS capacitive switches.

Based on work done by G. Papaioannou et al. [53|, which states that at
room temperature the dominant mechanism is the space charge polarization of

extrinsic origin Pso_. (injected charges) and at higher temperatures ( 380°K) the
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dipolar and space charge due to intrinsic origin dominate. Since the experiments
done in this thesis do not exceeded 330°K, charging mechanisms assessed here
are coming from the extrinsic origin. Fig.2.7 shows the summary of these
charging mechanisms. In the contact-less situation the time-varying electric field
can interact with the dielectric material under two processes; both the dipolar
(reorientation of defects having an electric dipole moment) and the space charge
polarization, arising from redistribution of pre-existing and or field generated
charge carriers. In the contacting situation, the mechanism originates from charges
injected into the dielectric through various mechanisms that will be described in
the next paragraph. The total time dependent polarization’s function is given by
Eq.2.30.

Dipolar or orientational polarization

Unpolarized state Polarized state

FI1GURE 2.8: Dipolar or orientational polarization illustration.

Dielectric materials have a distribution of dipoles that are illustrated in Fig.2.8. In
the unpolarized state these materials are charge neutral i.e. each dipole contains
an equal amount of positive and negative charges. In the presence of an electric
field E, the permanent dipoles will orient to align the permanent dipole moment
along the direction of F. It is obvious that this orientation involves the energy
required to overcome the frictional resistance of the medium, so this process is

strongly time and temperature dependent.

Space charge and interfacial polarization

The aforementioned orientational polarization is due to the bound positive and
negative charges within the atom or the molecule itself. Space charge polarization
(volume effect) and interfacial polarization (surface effect) are associated with
mobile and trapped charges. Since the common material used in capacitive

switches are often amorphous or consisted of traps, charges carriers may be injected
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FIGURE 2.9: Space charge or interfacial polarization illustration.

from electrical contacts or from a high electric field stress and it can be trapped in
the bulk or at the interfaces. A change in conductivity may occur at boundaries,
imperfections such as cracks and defects lead to accumulation of charges. The
accumulated space charges will affect the field distribution, as a result it will
modify the average dielectric constant of the inhomogeneous material.

In MEMS switches, we can distinguish two possible ways in which space charge
polarization may result [53];

e Intrinsic space charge polarization involves hetero-charges already existing and
or generated from the field as charge carriers

e FExtrinsic space charge polarization deals with homo-charges created in the
dielectric due to high electric field stress or ionic charge carriers that may arise

from contact injection mechanisms, surrounding atmosphere or discharges.

2.2.5.3 Charge injection mechanisms

The conduction mechanisms are divided in two categories [54]; the steady state
which does not contribute to charging because quantity of charges entering the
top surface is the same as the one exiting from the bottom surface. Hence the
divergence \/- D is equal to zero, where D is the electric flux density. The transient
current (the second category) contributes to charging. In capacitive RF-MEMS
switches the insulating film is usually a few hundred nm thick and the electric field
used across the structure is very high (0.6—3x10° V/cm). This leads to conduction
mechanisms that are dominated by transport via traps and by charge injection and
tunelling. In order to describe the charge injection mechanisms in MEMS we can
take advantage of the leakage current models from MIM capacitor proposed by

Ramprasad [55]. By analysing leakage current transients, the dielectric charging
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can be monitored and then related to MEMS reliability [56, 57| whereas the direct
relation between DC leakage current and dielectric charging has not been brought
out yet [58]. The main electronic processes that have been identified to take place
in MEMS switches are; the Trap Assisted Tunneling (TAT) and the Poole-Frenkel
(PF) conductions.

Trap Assisted Tunneling (TAT)

Electrode i Insulator i Electrode

FIGURE 2.10: Energy level diagram illustrating an inelastic trap assisted tunneling
process.

Defects in the dielectric layer give rise to tunneling processes based on two or
more steps. It has been widely investigated in thin dielectric films used in MOS
capacitors and memory devices. There’s numerous models reported that describe
trap-assisted tunneling (Chang et al., Telmini et al., Ramprasad et al., Ricco et
al., Houng et al.). The energy band diagram of the model is shown in Fig.2.10.
A simple model applicable to MEMS switches according to its operating electric
field range and which relates tunneling current density with the trap energy level

is given by:

A2 q-me 372

Jpar & e ( 2.32
TAT = €XpP { ShE t ( )
where ¢ is the electronic charge, m, is the effective mass of the electron, F is the
electric field across the dielectric, i = 6.626068 x 10~**m?kg/s Planck’s constant

and ®; is determined with the slope of the “InJ vs 1/E” (TAT) plot.

Poole-Frenkel effect (PF)

The Poole-Frenkel effect is the thermal emission of charge carriers from Coulombic
traps in the bulk of a insulating or semiconducting material [59|. The Fig.2.11
shows the energy level diagram of such a trap. Under large electric field, the
electron may get out of its localized state and move to the conduction band. This

Frenkel’s model assumes that the potentials do not overlap, which is valid only
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FIGURE 2.11: Energy level diagram illustrating the Poole-Frenkel conduction
mechanism.

if the impurity density is low. In amorphous material, the current due to Poole-

Frenkel emission is given by:

JPFEE-eXp{(—kBq' T) ((I)t— gf)} (2.33)

where F is the electric field across the dielectric, kg = 1.3806503 x 10~23m?s 2K !
is the Boltzmann’s constant, ®, is determined with the slope of the “InJ vs 1/E”

(TAT) plot and ¢, is the permittivity of the dielectric.

This general model has been validated experimentally by S. Mellé et al. [60].
The analyses have been made assuming that at high electric field and for low
dielectric thickness, the PF conduction is dominating in the total current density.
In addition, the roughness of the dielectric and the moving electrode has been
included in this experiments by taking into account the measured capacitance
values in the calculation of the intrinsic effective electric-field parameter (see more
details in Section 3.1.3).
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2.3 Focussed reliability concerns
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FIGURE 2.12: Operating parameters vs. device’s operation time.

In this section, several failure modes will be addressed and their failure mechanisms
will be investigated. First of all, it should be point out that RF MEMS switches
are not subject to structural mechanical failure of the beam i.e. the beams
don’t crack or break even after billions of cycles. A great demonstrator of this
mechanical performance is the Digital Micromirror Device (DMD) from Texas
Instruments [61], where its expected performance level has shown, in some cases
to exceed its reliability goals (3 trillion mirror cycles ~ 100 years of normal use
device’s operation time). The primary failures in RF-MEMS switches are based in
materials choice and the geometry (for power operation range below < 100mW);
in series ohmic switches an increase of the contact resistance takes place and in
shunt capacitive switches the main failure mechanism is dielectric charging.

The current figure of MEMS switches reliability is illustrated in Fig.2.12. It
shows the applied stresses (i.e. actuation voltage, RF power and DC current)
as a function of the device’s operating time derived from experimental results.
There is no definite rule of the failure rate, but the distribution function that best
fits the present data and the most commonly used one is the Weibull distribution °

function. So it is clearly shown that all the stresses feature a power law relation

6. The Weibull distribution is one of the most widely used lifetime distributions in reliability
engineering. It is a versatile distribution that can take on the characteristics of other types of
distributions, based on the value of the shape parameter named 3. According to this parameter
(8< 1,8 =1o0rf >1) the three states of the bathtub curve (Fig.2.1) can be well described.
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with the operating time and this behaviour has been also noticed by looking at
the capacitance ratio R,,. It is a fact, but it has not been well investigated
that lower is Ry, longer is the operating time. Unfortunately, this means that
the product is still in the infant mortality region of the bathtub curve (Fig.2.1)
and that improvements are needed in the overall field covering factors such as
material choice, processing, environmental factors and operating parameters. All
the reliability aspects presented in the following sections will be more detailed in
Chapter.3.

2.3.1 Dielectric charging in capacitive switches
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FIGURE 2.13: An example of the shift FIGURE 2.14: Log-log plot of the
of the C(V) characteristics, measured dielectric charging dependence on the
for a constant voltage stress of around stress time.

30 min under 40V biasing.

The worldwide most investigated topic in RF-MEMS capacitive switches is
dielectric charging. The main effect of dielectric charging is that it results in
a shift of the C(V) characteristics as depicted in Fig.2.13. It is clearly shown
that the effect of this offset impacts the pull-down (Vo) and the pull-up (Vi)
voltages. In the time scale of operation of the MEMS device, the charging is
proportional to the macroscopic polarization Py~ (Eq.2.30).

<PZ>'ZC2Z+50'V'ZCZ
e2.go- (2 —d)

<V;}w‘ft>OO (234)
It follows a power law as shown in Fig.2.14. The straight line in the log-log
plot indicates the C(V) curve offset dependence with respect to the charging of
the insulating material. Since the reliability of capacitive structures lies in this

charging factor, estimation and assessment are closely related to it. In [22] they
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have shown an exponential relationship” between the number of cycles on the
peak actuation voltage. Higher is the actuation voltage peak shorter will be the
device’s operation time. Hence a large amount of injected charge can lead to the
worst case where switches remain in the down-state when no voltage is applied i.e.
the movable membrane is stuck to the dielectric (Vipize = Vip(to)). As an example
in Fig.2.14 the time to failure (TTF) of the switch could be extrapolated as 3200
min, which is the total time the switch can remain in the down-state.

In this sense, hold-down charging tests on AlN-based switches have been
performed. Most of the electrical characterisations have been performed using
capacitance-based techniques to identify and monitor relevant parameters like
offset voltages Viuife, up and down state capacitance Cy;,Ciown, and hysteresis
parameters like pull-down and pull-up voltages Vioun,Vup. The results are discussed

in the next chapter in Section 3.1.

2.3.2 ESD/EOS specificities in MEMS

Electro-Static Discharge (ESD) is a disruptive electric current transfer between
two objects at different electrical potentials caused by direct contact or induced
by an electrostatic field. It results in hard failures or in some cases latent defects.
A latent defect is a failure that has not been noticed in the final qualification
procedure but let the device in a weakened state. Fig.2.15 shows an example of
this effect while the device has been submitted to several Human Body Model
(HBM) discharges and no apparent failure has been seen by optical analysis. A
more underlying failure analysis (by removing the upper membrane) has shown
electrical breakdown in the dielectric layer.

Electrical Overstress (EOS) is a phenomenon where a device is subjected
to excess current, resulting in catastrophic breakdown. KEOS is usually more
destructive than ESD because it last longer and often until breakdown. Therefore
it is easier to find and evaluate. A microscope picture derived from a breakdown
caused by EOS is shown in Fig.2.16. Failure modes after an ESD event can include
anomalies in dielectrics, insulation or metallization.

ESD and EOS damage of MEMS in general has been identified as a new failure
mode [62]. Despite the fact that there has been only little focus on the ESD

sensitivity of MEMS devices, to date we assist to a growing interest concerning

7. The exponential relation can be considered as a special case of Weibull where § = 1 and
it describes the flat portion of bathtub curve
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FIGURE 2.15: A microscope image FIGURE 2.16: A microscope image
of a capacitive switch submitted to of a breakdown caused by EOS in a
several HBM pulses (no apparent capacitive switch.

failure is visible).

ESD effects in RFE-MEMS components as they interface with environment where
static charge can be present. Few publications in the literature on the ESD
sensitivity of RF-MEMS switches exist [63-66] and further investigation is
necessary to provide a better understanding of the involved physics of failure.
The Section 3.2 in Chapter 3 will be dedicate to the susceptibility of the parallel
plate structure to ESD. For instance, if the voltage spike is large enough, it could

induce sticking by bringing the plates into contact.

2.3.2.1 ESD Testing standards

In integrated circuits, the ESD testing and qualification is performed using a
variety of ESD models and methods. The device level ESD testing techniques
are as follows:

e Human Body Model (HBM);

e Machine Model (MM);

e Charge Device Model (CDM);

e Charge Cable Model (CCM);

e Cable Discharge Model (CDM);

e Transmission Line Pulsing (TLP);

e Very-Fast Transmission Line Pulsing (VF-TLP);

e Human Metal Model (HMM) ®.

8. The HMM standard test method is published by the ESD Association in 2009 and it defines
a new test method for evaluating components using the IEC-61000-4-2 waveform.
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A summary of short-circuit currents of several ESD testing standards is depicted
in Fig.2.17. According to HBM, MM and CDM, electrostatic stress tests cover
already a large spectrum of real-world electrostatic discharge situations in order
to quantify ESD sensitivity of IC protections.

In this work the two ESD models that have been used are HBM and TLP, because
they are commonly used to characterize active ESD protection structures for ICs.
Besides their energy ranges are similar and therefore correlation can be made
between 100ns TLP and 500ns HBM while their waveforms are different.
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FIGURE 2.17: Short circuit current of common ESD-stress models.

2.3.2.2 Human Body Model (HBM)

The HBM ESD model is a simulation of the discharge which might occur when
a initially charged human source touches an electronic device using a finger. The
most widely used test model is defined in the United States military standard
MIL-STD883G. The equivalent electric circuit of this model is shown in Fig.2.18.
In this standard the charged human body is modeled by a 100 pF capacitor in
series with a 1500€) discharging resistance. The characteristic rise time is 10ns

and the decay time is given by 7y = Rusym X Cusir.

HBM PULSE
| i
j/ 1500 5.0uH i \
SWH1 swe
— i == iDUT
100pF 0.01 o

7777

FI1GURE 2.18: The equivalent circuit used to test the discharge sensitivity of a device
based on human body model.
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2.3.2.3 Transmission Line Pulsing (TLP)

t=100ns Transmission Line

-—'vwx,/rf\—’\,!!,

10M

50

FIGURE 2.19: The equivalent electric circuit of the Transmission Line Pulsing set-up.

The TLP ESD testing technique was introduced by Maloney and Khurana in 1985
[67] as a electrical analysis tool to test on-chip single ESD protection structures. It
has been well used by semiconductor and circuit engineers as a means to reduce the
design cycle time by observing the pulsed I-V characteristic response. It provides
the dynamic electrical characteristics of each ESD protection design at high pulse
currents without heating and thereby decrease the probability of infant failures.
The equivalent circuit of the in-house TLP system used at LAAS is shown in
Fig.2.19 (typically used for IC’s ESD protection characterization). The technique
consists in charging of a transmission line cable using a voltage source then the
TLP system discharges the pulse into the DUT. The characteristic time i.e. the
pulse width is a function of the length of the transmission line and the propagation

velocity 7rp = 2 X Lyrpp/v (1ns of rise time and 100ns pulse width).

2.3.3 Operational power handling considerations

The power handling capability for RF-MEMS switches is one of the most important
parameters in high power (P > 1W) applications such as front-end emission parts,
redundancy circuits, antenna matrices etc. The limiting factors come from:

The conductor parts, transmission line and switch contacts because it is current
density dependent due to excessive heat dissipation (heating and temperature
rise can induced sticking or microscopic bonding) and hence the onset of electro-
migration?. The electromigration can be estimated by measuring the median

time-to-failure (MTF) or t50, which is the time to reach a failure of 50% of all the

9. Electromigration is the transport of mass in metals when stressed at high current densities.



Chapter 2. Failure mechanisms in capacitive switches 55

measured samples and it is given by [68]:

tm - W E,
tsg =C - " eap | — 2.35

50 iz P\&r (2:35)
where C' is a constant, t,, is the metal conductor thickness, w,, is the metal
conductor width, J is the current density in A/cm?, E, is the activation energy

in eV, and 7' is the temperature in Kelvins.

The self-actuation effect, arises from the fact that the input power of the
RF signal induced a mechanical force that equals or exceeds the force created by
the actuation voltage Viown (Eq.2.9) of the movable electrode. The corresponding
equivalent DC voltage can be calculated with (wC'Zy << 1):

Vip—eq = \/2PinZo (2.36)

where P, is the input RF power and Z; is the characteristic impedance.

Consequently, this equation allows us to design a switch to withstand a certain
power, for instance in we target 10/ in a 50€2 system, then the pull down voltage
of the device shall be Vioun > Vip—eqg = V2-10-50 = 31V.

When the switched is self-actuated, there is also an equivalent voltage in the down-
state Viown—eq that maintain the switch in the down position if it is higher than the

pull-up voltage V., (Eq.2.12). The equivalent down-state self-actuation voltage is

2P, 7
‘/down—eq = \/ ° (237)

given by:

1+ 4w?C2, 72

down

The capacitive-contact switches have large contact areas and a insulating layer
between the electrodes. The ohmic-contact switches have relatively small contact
areas and small contact forces and therefore they are more sensitive to the input
power levels and heating. Fortunately both capacitive and ohmic contact switches
can reach > 100 billion cycles under low power conditions (< 100mW) and to
billion of cycles under medium to high power conditions (> 100 —500mW). Power
handling continues to be an area of MEMS switches that requires improvement
while reliable and impressive results has been worldwide demonstrated and they
are summarized in Fig.2.20. In the next chapter, a more detail description will be

given on the power handling characterisation methodology used to test switches
for [38] and [37].
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FIGURE 2.20: Hot-switching operation and power handling capacity comparison of
MEMS switches from worldwide publications.

2.3.4 Radiation effects

In the early 2000’s, it has been reported how MEMS are interesting for use
in space applications [69-71], thanks to its ability to enhanced space systems
performances by downscaling (i.e. small mass and size, small power consumption
and low cost). If all micromachined devices (Table 1.2) can perform all the tasks
require in satellite sub-systems such as communication, on-board sensor, power
conditioning and storage systems, then lightweight satellites Picosats may appear
in orbit [70, 71].

The opportunities of RF-MEMS in space are real and quite challenging, in terms
of miniaturization and reconfigurability for the development of highly reliable
microwave components in space |72]. Therefore, among all the qualification
procedures ' that must be performed for a new microelectronic device, radiation
influence on RF-MEMS capacitive switch is here investigated. The main failure
mode at high radiation doses is the accumulation of charge in dielectric layers
(including ohmic-contact switches having a dielectric material in the control part
[73, 74]). The traditional satellite radiation shielding has been proved to be efficient
to guarantee electronic device functionalities. However in Picosats this efficiency
should be verified or in case the radiation cannot totally been suppressed, we need

to anticipate the understanding of the failures mechanisms. Therefore the physics

10. Space specifications concerns are radiation, temperature, pressure and vibration. The
standardization of those procedures is defined in the United States military standard MIL-STD-
883E and it is also defined by the European Cooperation for Space Standardization; ESCC-22900,
ESCC-25100.
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of how different energetic particles interact with matter, the types of damages are

caused and the influence on our device should be well understood.

2.3.4.1 Space radiation environment

Exterior — Interior
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»
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FIGURE 2.21: The space radiation FIGURE 2.22:
environment near the earth (picture Space radiation environment inside
taken from NASA). and outside spacecraft (illustration

reproduced from MIT OCW).

The radiation environment in space is complex and varies with both time and
location, and models of particle flux include effects of the Sun, local magnetic
fields, and galactic cosmic rays [71]. Fig.2.21 and Fig.2.22 illustrate the main types
of radiation encountered near the Earth and inside and outside of a spacecraft in
this environment respectively. In consists of the following:

e Trapped radiation belts'!, which is a steady source of radiation. It contains
energetic electrons and protons magnetically trapped around the Earth. The
energy of the electrons can be up to a few MeV', and for the protons up to several
hundred MeV'.

e Solar energetic particles are high-energy protons up to 300MeV. The proton
flux is associated with solar flares, that is why the intensity is variable. For Europa
the total dose component of solar flares can be ignored except for peak flux. UV,
X-ray and solar cosmic ray burst are produced.

e Galactic cosmic rays contain low flux of high-energy particles (1MeV to
1GeV). It can be protons, « particles or even heavy ions.

e Secondary radiation comes from the interaction between the dose contribution

and materials inside the spacecraft. It consists of primarily electron-induced

11. The Van Allen belts are a torus of energetic charged particles near the Earth, which is held
in place by Earth’s magnetic field.
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bremsstrahlung 2, secondary electrons and neutrons.

Orbit Predominant particles | Dose per year
Low Earth Orbit (LEO) protons ~ 2krad
Medium Earth Orbit (MEO) protons and electrons ~ 100krad
Geostationary Earth Orbit (GEO) electrons ~ 10krad
Geostationary Transfer Orbit (GTO) ) | protons and electrons ~ 50krad

(nearly all from trapped particles)

TABLE 2.1: Total dose levels for Earth orbits.

The effect of the different types of radiation on devices is defined by the total
radiation absorbed dose. It is measured in rad (radiation absorbed dose) and its
equivalence with the Gray (J/kg) and the erg per gram of material is 1rad =
1072Gray = 100erg/g of irradiated material. The net effect depends on how the
excess charge is rearranged before returning to an equilibrium state.

Table 2.1 gives approximate values of energy deposited in a device for different
Earth orbits. The deposited energy is time and space dependent of the satellite or
spacecraft (as well as on the shielding). Several software (SPENVIS 3, SRIM and
TRIM '* and Space Radiation 5.0 %) are available allowing the determination and
prediction of the dose of energy and the type of radiation that can trapped (as a
function of the trajectory).

In Picosats, the shielding will be reviewed and therefore understanding the effect of
radiation on MEMS is important|71, 75]. For space missions, they will last at least
several years in a radiation environment with dose rates of ~ 1rad/hour. Hence,
accelerated radiation testing methods is necessary (e.g. 36rad/hour—36krad/hour
are commonly used for ©°Co, Cobalt-60 gamma rays). However up to now, there

is no standard testing procedures established for MEMS, neither for RE-MEMS.

2.3.4.2 Radiation effect on materials

In this section a brief overview of radiation effects on different materials is given
and represented in Table 2.2. Usually three degradation mechanisms are

distinguished namely ; Single Event Effects (SEE), Ionization and Displacement.

12. Bremsstrahlung, literally “braking radiation” is the electromagnetic radiation produced by
the acceleration of a charged particle when it is deflected by another charged particle. It is also
refer to the process of producing the radiation.

13. SPENVIS, the Space Environment Information System : http://www.spenvis.oma.be/

14. http://www.srim.org/

15. http://www.spacerad.com/
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Radiation Consequence Principal radiation damage effects
e Polymers: crosslinking, chain scission, embrittlement,
outgassing, loss of tensile strength, loss of elongation, destruction
Electrons of elastomers
Tonization : e Wire and cable: fracture of insulation, loss of dielectric strength,
Total Ionizing change in dielectric constant, change in impedance
Dose (TID) e Lubricants: loss of lubricity, change in viscosity, outgassing

Thermal control paints: fracture and discoloration

e Optics and glasses: darkening, internal charging, fracture,
fluorescence

Gammas e Charge accumulation in dielectrics, possible internal arcing
e Ceramics: may cause conductivity, loss of dielectric strength

e Semiconductors: charge deposition, single event upsets

e Primary effect is damage to semiconductor devices (junction
Electrons > 0.5MeV/|

Displacement: damage)

Non Ionizing e Glasses:  density change, refractive index change and
Protons Energy Loss discoloration

(NIEL)

e Ceramics: fracture, embrittlement, conductivity, density change

Neutrons Metals: generally immune, but decrease in tensile strength and
yield in some

e Magnets: possible damage to permanent magnets

TABLE 2.2: Overview of radiation effects on materials.

SEE is not included in this table because it is the macroscopic manifestation
of single ions that should in principle not be problematical for fully mechanical
MEMS (without insulator). Moreover its effect on RF-MEMS switches has not
been investigated and reported.

e Total Ionizing Dose effects arise from ionization'¢ and it leads to an
progressive accumulation of electrically active defects. In dielectrics used in MEMS
switches there will be charge accumulation that can be accelerated by the driving
electric field. Furthermore the worst case can happen when internal arcing occurs.
e Non Ionizing Energy Loss or displacement damage arises from a part of
the energy loosed from the radiation, which if it is sufficient to transfer the
momentum to the atomic nuclei, will generate atomic displacement. Hence the
internal structure of materials used in MEMS will be affected and so will be the

device’s functionalities.

2.3.4.3 RF-MEMS switches sensitivity to radiations

The first data on radiation effect in RF-MEMS switches came from HRL Labs in

California [76], where a RF switch has shown to operate dynamically up to a dose

16. ITonization is the conversion of the energy lost from radiation interacting with an matter
to electron-hole pairs.
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of 1Mrad. However no longer after, a work done under the NASA Electronics
Parts and Packaging program [73| demonstrated that insulators used in switches
are affected. Rockwell RF switches were evaluated in the °C'o gamma total dose
environment. They have shown that the predominant charging mechanisms is
charge injection in the dielectrics and that it can be avoid using a proper design.
In fact, the switch responds to radiation is mainly determined by where the charge
deposition takes place; ions passing through metal layers would not have a real
impact on its performance, but ions passing through the dielectrics will cause
charge trapping that will impact the electrostatic force. Since then, year after
year a growing interest and attention is given, trying to understand and make
the distinction between radiation effects and operation charging effects. The
contribution from numerous interesting work in this field is summarize in Table
2.3. The experimental results that will be discussed in this manuscript concerns
the effect of 5MeV a—particle irradiation in RF-MEMS capacitive switches (see
Section 3.4 in Chapter 3).
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Is it possible to be the last to do something first ¢

Chapter 3

Experimentations: methodology,

equipment and results

This chapter details the experimental studies that have been carried out during
this Ph.D. It is an extension of the discussion started in Chapter 2, Section 2.3.
The physical mechanisms involved in the reliability of those structures is still an
active area for discussion because it varies greatly from device to device and from
one application to the other, due to the numerous factors such as material choice,
processing, environmental factors, and operating parameters. Standard testing
procedure for RE-MEMS switches do not exist yet. Therefore this chapter will be
organised by type and specificity of the experiment. For each experiment we will
report:

e The Device Under Test (DUT) i.e. its specificities such as the design, the
processing and the materials...

e The detailed testing methodology and equipment.

e The results and discussion.

63
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3.1 Hold-down charging studies on AIN devices

and comparison

3.1.1 DUT

The first device that has been tested is an AIN-based microwave capacitive micro-
switch and its topology is presented in Fig.3.1. A design from LAAS were used [83]
and fabricated by ISIT-FHG within a multi project wafer run!. From the bottom

I and

up, it starts with a silicon wafer of which resistivity is higher than 3k -cm™
a thickness of 508um. A 2um-thick silicon oxide is grown on it. The coplanar lines
are formed from a Ta/Pt/Au/Pt stack which low roughness. The lines outside the
switching area and all other interconnections consist of 3um thick electroplated
gold Au. Then 300nm thick sputtered AIN acts as the dielectric between signal
line and bridge (dielectric 1). To avoid high voltages in the active parts of the
switch two actuation electrodes with an additional PE nitride isolation of 300 nm
(dielectric 2) are patterned on the lateral ground planes. Finally, using a Cu
sacrificial layer, the membrane is formed of a stack of Au/Ni/Au layers and the
total thickness is 0.9um. Without electrostatic force, the metallic membrane above
the dielectric layer of the signal line features 2.4um in height. Its RF performances

and electromechanical parameters will be described right in the next section.

300 nm AIN 900nm AuNiAu

3um Au 2um SiO2

\ T \
400 nm Ta/Pt/Au/Pt 300nm PE SisN4

(b)

FIGURE 3.1: Topology of the AIN-based capacitive RE-MEMS switches, (a) microscope
picture (b) cross-section A-A’ view.

1. http://www.amicom.info/upload/Call for MPW ISiT.pdf
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3.1.2 Testing methodology and equipment

3.1.2.1 The in-house RF-MEMS characterisation set-up

Vector Network Analyzer
(Anritsu 39397C)

GPIB Connection

Signal Generator [
4

(Tektronix AFG320)
r-— TRIAN 100Hz
...... o ? o
b P
Bias T £ 3
High voltage amplifier P wevs 9 DC block
—— (Falco WMA-300) RF Probe
Probe station Amplifier
Multimeter
(HP34401A)

0.100000 mV_ |

Automation controlled by
CVI LabWindows
LabVIEW

RF Power

Oscilloscope Detector

(TDS1002)

GPIB Connection

FI1GURE 3.2: Diagram of test equipment setup for RF MEMS reliability monitoring.

The performance characterization and reliability testing of the switch has been
performed using an in-house set-up (derived from the one presented in [60] it has
been improved). This test bench integrates the examination of the microwave,
electrostatic, cycling and charging properties of RF MEMS switches. As depicted
in Fig.3.2 it consists in using a Vector Network Analyser (VNA) to monitor the
microwave characteristics combine with a Arbitrary Signal Generator to applied
the DC voltage to drive the electrostatic behaviour of the device through a Bias
Tee (the signal is also collected by the channel 1 of the oscilloscope). Then the
mechanical changes is monitor through a series of 10dB coupler-RF amplifier-
RF power detector that have been connected to the channel 2 of the oscilloscope.
Finally by setting the oscilloscope in the X-Y mode, we will obtained the operating
signature of the structure, which reflects or is correlated to the C-V characteristics
(Fig.3.18). The probe station is mounted with a thermal-chuck for which the
temperature ranges from —65° to +200°C, so thermal cycling and steady- state
thermal testing can be done. In addition the station contains a moisture-free
cold testing controlled environment enclosure (dry air or nitrogen flux). The
automation of the set-up is done with CVI LabWindows or LabVIEW programs.

Among the numerous measurements that can be performed, the following will be
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detailed:

e Up-state and down-state S-parameters;

e Up-state and down-state capacitance extracted from S-parameters;
e Switching times;

e Transmission parameter So; as a function of control voltage;

e Hold-down charging.

3.1.2.2 Microwave measurements

The VNA used for the microwave measurements is the Anritsu 39397C. The
frequency span of this appliance ranges from 0.04 to 40GHz. First-of-all, a full
2-port on-wafer SOLT calibration is done. The procedure of up-state and down-
state S-parameters probing can be executed. It is illustrated in the timing charts

shown in Fig.3.3.

Delay
A, \ ‘*} ,
Signal  VdoWn e s ERE
Generator
A
Up |
Switch
State
Down #t
A
VNA b
Measurement Up-state E : Down-state
Time S-parameters . S-parameters '
i L
2

Pl Tt
B W
FI1GURE 3.3: Timing charts of microwave and switching measurements.

The first S-parameters measurement is done when the membrane is in the up-state
(no voltage is applied) and the VNA is in the frequency sweep mode. Right after
the data acquisition is made the signal generator is programmed to supply one
pulse square signal to the DUT with a magnitude 30 — 40% higher that the pull-
down voltage of the switch (note: we can applied a maximum magnitude of 300V
peak-to-peak). After a short delay the membrane will switch and the switching
time can be acquired using both the “CW single frequency sweep” and the “Swept

Power Gain Compression” modes of the VNA. It is obvious the data acquisition
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time depends on the measurement speed (1.5ms/point in GPIB connection and

the maximum points equal 1601) and the average function.
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FIGURE 3.4: Measured S-parameters of the DUT.

Fig.3.4 presents the measured S-parameters of the afore-described capacitive
switch in its two states. It shows a resonant frequency of 16GGH z where a isolation
greater than 40dB is reached and the insertion loss remains below 0.5dB until
28G Hz. From the point of view of performances at low GHz frequencies, the use
of high constant k dielectric material seems to be more attractive for RF MEMS.
However the drawback of high k materials is the high field strength in the case
of thin dielectric layer and its sensitivity to electrical breakdown. The calculated
capacitance ratio of these switches is about 83, whereas the measured one is about
75. The difference is probably due to the roughness and asperities of the active

contact area which reduces the actual contact area.

3.1.2.3 Extraction of capacitance values from S-parameters

Y
| c=y D=1

O

F1GURE 3.5: The ABCD parameters of the equivalent 2-port circuit.

The capacitance is not directly measured but it can be extracted from the
transmission ABCD matrix [84]. The equivalent two-port circuit is shown in
Fig.3.5. The conversions between the equivalent 2-port network parameters is

given by:
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A— (14 511)(1 Q—Sim) + 51259 (3.1)
B— Z0<1 +5S11)(1 ;‘Sizz) — 51259 (3.2)
1 (1 —511)(1 — Sa) — S1259
C = Z 25y, (3.3)
D — (1-5m)( ;Sim) + 512591 (3.4)

So with Y = G + jCw and Eq.3.3, the final function that is integrated in the
program is written as:

c=T"0) 2 Re(Su) - Im(Sa) + Im(Sn) - Re(Sa)]  (35)

w Z()'W'|521‘2

The extracted data is presented in Fig.3.6. The effect of the inductance is
clearly shown, therefore the equivalent capacitance values should be extracted
at a < 1GHz frequency. The determined capacitance values are 33fF and 2.5pF
for the up-state and down-state respectively. The calculated switching ratio is
75.7. Concerning the accuracy, it has to be pointed out that even if the error rate
is less than 10%. This methodology is for sure less accurate than using a good

capacitance-meter.

40 T T T T T T 1 O
_30f 10.8
L 10.6
£ 20t Resonant frequency ~16GHz
8 Cdown=2.5pF / 10.4
c 10+
@© 10.2
g OF v\ - 0.0
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S -0  Cup=0.033pF 02

T 1-0.4

o .

5 20

© 1-0.6
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< 30}
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Frequency (GHz)

FIGURE 3.6: The extracted capacitance values.
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3.1.2.4 Switching times

The switching times are measured by using the VNA in the “CW single frequency
sweep” and the “Swept Power Gain Compression” modes. In this configuration
the VNA works as a RF source. A bias-tee is used to combine the RF signal with
the control signal (one pulse square signal with frequency range of 0.5 — 1kHz).
The mixed signal is then applied to the switch. A part of the modulated signal
is split with a 10dB coupler, which is then amplified, detected and connected to
a oscilloscope. The outcome of this procedure is shown in Fig.3.7 including two

insets with shorter time span.

LN BLFEN RPN B LA L L L L L B B BLA B B T ' L L
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FIGURE 3.7: The switching times.

The results show that the pull-down time (positive edge) is around 20us and the

release time (negative edge) is around 30us (Vapprica = 1.3 X Viown)-

3.1.2.5 Transmission parameter S3; as a function of control voltage

Control voltage (V)
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FI1GURE 3.8: Timing charts of control
and detected signals.
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FIGURE 3.9: Transmission parameter
So1 vs. control voltage.
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In this procedure, the transmission parameter S; is not directly measured from
the VNA, because the same aforementioned configuration of the VNA is used (i.e
CW single frequency sweep mode). So the detected signal comes from the 50€2-
RF detector (Anritsu 75KC50), which has a bandwidth of 0.01 — 40GHz. The
accuracy of the measurement depends on the sensitivity of the detector and it is
given in its datasheet 2.

The control and the detected waveforms is shown in Fig.3.8. By plotting
the measured data in the X-Y mode we obtained the converted transmission
parameter as a function of the control voltage (Fig.3.9). This is typically the
electromechanical behaviour of the switch and it can be easily correlated to the
C-V characteristics. As depicted, this DUT has a pull-down voltage of around
Viown ~ 40 — 45V and a pull-off voltage of around V,,, ~ 15 — 20V.

3.1.2.6 Hold-down charging

Programmable time
. Vdownt - Y P 4 N,
Signal
Generator
0 >

Up
Switch \ ’ \ ‘
State [7
Down >
Data
Acquisition

F1GURE 3.10: Timing charts of hold-down measurements.

Hold-down tests asses the ability of the switch to stay in the down-state. For
dielectric charging studies it can be considered as an accelerated charging test
[85]. Besides as it has been already demonstrated, the operation-time of the device
does not depend on the actuation frequency but mainly on the total actuation time
[51] (note: it is not a substitute test for cycling, but it gives new benchmarks).
Furthermore, for mechanical studies this procedure can be interesting to analyse
the device anchors and beam regions in terms of aging (crack propagation, or stress

relaxation phenomena).

2. http://www.us.anritsu.com/downloads/files/Microwave Detectors 70 75Series 54c.pdf
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The procedure starts with a first Sp; (V') measurement, for which the control signal
is provided by the channel 1 of the arbitrary signal generator. The hold-down
voltage is supplied through channel 2, in order to make the stress signal being
programmable in time. Finally the measurement period ends with another Sy (V)
measurement. By superposing the pre- and post- data acquisition the rate of

charging can be evaluated.

3.1.3 Results and discussion

10 — ; . | : : : 5 -
5L R UPSTATE vt ] UPSTATE
- AVa Voun ol
of : : .
5L i 5L
10+
o — 0r
S -15F %
- 2 15
S 20f t -
@ sl j &
T + + * e X n 201 - Rt T
30k _ i -
va ? A VoV Virs ﬂ 25| Stiction
DRV POWNSTATE + Vituns Veom DOWNSTATE
40 . ! L | o L . 30 L L L L , L
60 40 20 0 20 40 60 60 40 20 0 20 40 60
Actuation Voltage (V) Acutation voltage (V)
(a) Typical hold-down charging S21 (V') graphs. (b) A case where the switch failed to release.

FiGURE 3.11: Hold-down charging in AIN-based switches.

The results obtained by means of the hold-down charging procedure described
previously is depicted in Fig.3.11. The transmission parameter So; was recorded
while the VNA was in a 10G H z single frequency sweep mode. The Fig.3.11(a) was
captured before and after the hold-down configuration of 56V stress during 3min.
The shift of the threshold voltage (i.e.Viown and V,,) is relevant with a dielectric
charging effect leading to create an internal remaining electric field. This will
translate into sticking if the electrostatic force exceeds considerably the restoring
force of the membrane and this case is illustrate in Fig.3.11(b).

To continue the work that has been done on SizNy-based switches [60] and
contribute to the understanding of different insulating materials susceptible to
be charged, AlN-based switches are here tested using the hold-down charging
procedure. Usually in capacitive switches, charging is assessed by characterizing
the bias voltage dependent capacitance C'(V'), which exhibits a shift with respect
to the initial Vppiieq = O signature. This shift is mostly due to charge trapping
(abundant at the surface) and it could depend on the design, material composition,

contamination and environmental conditions. The analytically estimation of the
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shift of the voltage is given by solving the one dimension Poisson’s equation

(considering the simple model of dielectric charging (Fig.2.6)):

&V p(2)
dz2  ge]

(3.6)

where V' is the electrostatic potential, p(z) is the height dependent trapped charge
density in the dielectric and it is treated as uniform in the lateral dimensions, so
it is shown as a function of only along z direction. The voltage shift caused by

insulator trapped charge is given by:

1 #d
AVipipe = / z - p(z)dz, (3.7)
0

Er&o

where p(z) is the height dependent trapped charge density related to the
total polarization Ps, (Eq.2.30), zg4,&, is the dielectric thickness and constant

respectively.

Experimentally, the voltage shift is calculated using the superposition of the initial
S91(V') graph and the one measured after the hold-down charging procedure (as
shown in Fig.3.11(a)). It is clearly shown that trapped charges modify the charge
distribution in the dielectric and hence the electrostatic force and it is translated
into a shift in the Sy (V') characteristics. If careful attention is paid on the residual
charge before and after the stress, the change of charge can then be evaluated.

From Fig.3.11(a), the residual charge before stress is defined by:
Avdoum = Vd—gum + ‘/;l;wn (38)

AV =V + Vo,

, and the residual charge after the stress is defined by:

A‘/down—s = V+

down—s

+V,

down—s

AVyps =Vt + V.

up—s up—s

In an ideal switch, AV should be symmetrical independently on the polarity of
the bias. In practice it is often not the case. Therefore in order to compare various
structures with different materials, average charging values are extracted from the

measurements (such as data shown in Fig.3.11(a)). As it is shown in the figure, the
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superposition of the initial measurement and the last stress measurement shows
different AV in the positive and negative bias polarity. In order to calculate the
average rate in change of charge all the four branches of threshold voltages are

considered (V.. Vo5 = Vi s Viwns for the pull-down and Vi, V£ Vi,

V,p—s for the pull-up) and they are given by:
AV own AV own—s
<A‘/;iown> = a 9 4 (310)
. AV, AV,
(AV,y) = — == (3.11)

The offset voltage V,s; defines the average value of residual charge from both
threshold voltages AV, and AV,, extracted from Sy (V') graphs, and it is

calculated as:

<A‘/doum> + <Avup>
2

Vory = (3.12)

Analytical model
The interpretation of data obtained in this experiment is done through the general

case of the analytical model reported in [52]:

2 9 5
akp + COV(a allg + COV(y en - k-z/A — +o
V = f(2)xg(z) = Palls ( ,mi\/(u 13 ( ,m) L %0 JA = (1 + 03)

pz + o pz + o pz + o
(3.13)

where f(z) is a shift of the reference voltage, g(z) is the mechanical contribution,

the symbol =+ is either the positive or negative bias branch of the C(V)

2 and cov denote the mean,

characteristic and z is the displacement and p, o
variance, and covariance respectively, of the a(z,y,z) and charge ((z,y,z)

distributions:
€0

O((QZ,y,Z): Zd

(dof,9) = 2) =

which is the distribution of capacitance per unite area and:

z
B(x,y,2) = 2 \Ifeq(:v,y)oz(m,y)
Er€o

is the distribution of charge density induced at the armature area and W.,(x,y)
and z are the equivalent surface charge distribution and the displacement from

equilibrium respectively, dy(z, y) the height of the upper electrode from the surface
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of the dielectric along z axis and zy is the thickness of the dielectric.

Although this equation (Eq.3.13) is valid only for equilibrium (i.e. pull-up
state), we can use it in the vicinity of pull-down and pull-up or either in the
infinitesimal below pull-down and pull-up state. Under equilibrium, the applied

voltage practically has the value of the pull-down and pull-up voltages.

For instance, if we apply Eq.3.8 and Eq.3.9 to Eq.3.13 and assume that during the
hold-down procedure the function f(z) and g(z) do not change, then it leads to:

AV = [ +9(2)*] + 1) — gla)] =2 (P00} (a1

AVigwn—s = [f(2)F +9(2)T] + [f(2)7 —g(2);] =2 (uaujgfzé(a,m)s

Afterwards, by applying Eq.3.10, we will obtain:

~ [ Hatts + COV(ap) Falts + COV(a,p)
(AVioun) = — — — (3.15)
ILLCV + O’CM :U’a + O-Oé S

, which is the change in net charge (the same calculation can be performed for
(AVip)
Finally applying Eq.3.12 to Eq.3.15 and assuming always that no change occurs

during a full C-V measurement, it leads to:

~ [ Halg + COV(a,p) Halls + COV(a,p)
Vors = R - — (3.16)

It means that the shift of the voltages depends directly on the mean value of
the background charge distribution ps and the variance oz. The lesser uniform
the charge the higher is its variance os and the larger will be the change in
the distribution of the electrostatic field and hence the drift in the actuation

parameters of the structure.

The purpose of this study is to compare the charging of the material used in this
work (AIN) with other materials, whose properties were reported in the literature.
However this parameter may depends on the bulk, surface and interface properties
of the material, the quality of the contact, the geometry of the structure or the
choice of the metal of the electrodes. A huge amount of parameters that are

directly or indirectly related to the charging behaviour of the device. Therefore in
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order to make this study, an empirical factor translating the kinetic of charging is
used. This empirical factor is defined as the rate of charging R (here it is stated
that charging is related to the time the switch last in the down-state [51]):

_ dVoyy

Ry =
< dtdown

(3.17)
Experimentally, V, s is extracted from C(V) or S21(V) graphs using Eq.3.12 and
tdown corresponds to the hold-down time in the hold-down charging procedure
while for cycling tests, the approximative value of 4., is calculated by taking
into account the duty cycle and the frequency of the control signal.

The rate of charging factor is in principle an image of the response of the material
to charging and it is electric-field-dependent. Moreover the charging factor, as it
is analytically discussed above, depends significantly on the roughness [52, 60].
Therefore, to compare materials, it would be more consistent to use the intrinsic

electric field of the dielectric proposed in [60]:

‘/a lied Cmeas
B, = | oppred 1
o/ ( Zd ) - ( Cin ) (3.18)

where V,p,ieq 1s the applied voltage, Cy, is the theoretical down-state capacitance

value calculated from Eq.2.4 and C),..s is the measured down-state capacitance

value, with: p
€0 &
Cy = 2 =
Zd

go-p A
Cmeas = —

24+ Tq

, and the ratio is given by:
Cmeas Zd 1

Cth 24+ Tq 1+ —=
, where r, represents the air gap due to roughness and asperities.

These two expressions (Eq.3.17 and Eq.4.5) together includes implicitly all the
physical and electrical parameters such as dielectric properties, the effective
intrinsic electric field, the quality of the contact (asperities and roughness of the
contacting surfaces which is mainly technology dependent).

From electric conduction fundamentals, the conductivity is a measure of a

material’s ability to conduct an electric current and it is defined as the ratio
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of the current density J to the electric field strength by:
J=0-F (3.19)

In the case of MEMS switches, the conductivity of dielectrics is affected by the
contact between surfaces of the bridge and dielectric (roughness and asperities)
and the electric field is inhomogeneous. Those concerns have been taken into
account in the calculation of the effective electric field (Eq.4.5). So using Eq.3.17

and Eq.4.5 the apparent conductance of dielectrics can be calculated using:

Rg coer

Oeff = 3.20
= By 2 (3.20)

where z,4 is the thickness of the dielectric.

This parameter is then calculated for experimentally obtained and reported data
and it is summarized in Fig.3.12. It shows the apparent effective conductivity
of the dielectric as a function of the intrinsic electric field. The extracted E.s¢
values of published papers have been calculated using either values provided by
the authors or reported C(V) graphs.

The results obtained from the series of measurements and calculated data of AIlN-
based structures is shown in Fig.3.12. In terms of comparison it includes also
data from previously work on SizgNs-based devices [60] and other informations
extracted from reported publications showing state-of-art components that have
been stressed under a cycling procedure (rough estimations).

How to read this graph ? Higher the extracted point is plotted in the top right
hand corner better is the device.

The first remark is that there two groups of points, one group is made from hold-
down charging tests and the second one comes from cycling tests. This is due
to the electrical accelerated charging effect of hold-down procedure compare to
cycling test and the calculation of the rate of charging R¢ in cycling results in
very small values (i.e. the mean Vs is very small).

Concerning hold-down charging group of points AlN-structures seem to be less
sensitive to charging than SizNs-structures. This reduced charging affinity is
probably resulting from a higher structural quality. Which means that PE nitride
usually has an amorphous structure that favour the accumulation of traps, whereas
sputtered AIN layers are characterised by densely packed columnar grains with

an excellent orientation [86]. It is also outlined that AlN-based structures exhibit
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FIGURE 3.12: Empirical comparison of different insulating materials.

similar dielectric charging robustness than S70,-based ones with a higher dielectric

constant. However, it has been shown that the effect of spontaneous polarization

which is related to the defects will affect the C'(V') characteristics of the device

[87] (it leads to dipole moments related to dislocation or other structural or point

defects in polycrystalline AIN).

Finally as a subjective opinion on dielectric charging in switches, if the switch can

cross over a few billion cycles, then it will reach easily > 100 billion (as shown by

the state-of-art components in Fig.3.12) because the failure mechanisms appear in

the time scale before the first billion cycles (as shown in Fig.2.12 the inverse-power

law in this time scale and it corresponds also to the “infant mortality” part of the

bathtub curve, Fig.2.1).
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3.2 ESD investigations in RF MEMS capacitive

switches

This section is devoted to describe ESD effects in RF-MEMS capacitive switches.
ESD testing is particularly relevant for electrostatically actuated RF MEMS
devices, but unfortunately no standard is available yet. Nevertheless several
different types of tests exist to examine sensitivity to different types of electrical
discharge and breakdown phenomena. TLP and HBM testing results will be

presented here.

3.2.1 DUT

Ry |
B

(b) SW2 (c) SW3

FIGURE 3.13: Tested devic