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Absttr ac

Microfabrication technologieallow building micrescale and nanscalemechanical switchedDespite the

fact thatthe solid-state switches exhibit superioperformance as compared to their mianrechanical
competitorgn terms of speednd lifetime mechanicabwitchesexhibit variousattractive featuresuch as

low power consumptiorhigh linearity,high isolation and low loss.

This wak summarizes the desigiabricationand testingf severaimicro-mechanical switches fdradio
Frequency RF) applications and using different microelectromechanical systems (MEMS) technologies.
The implementation is carried out through fapproaches$or realizingMEMS switches

In the first approach, the switches are built by ypwetessing chips fabricated in a standamahplementary
metatoxide semiconductor (CMOSabrication process. The structural layers of the electrostatic MEMS
switches are iplemented in the four metal layaybthe back end of line (BEOL) in the standard CMOS
0.35um process. In addition, an enhanced -postessing technique is developed and implemented
successfully. The switches presented include a comgaitttdpacitor bak, a compac-bit phase shifter

/ delay line, a Whand single pole single through (SPST) series capacitive switch, SPST shunt capacitive
switches with enhanced capacitance density, apbosedcompact Fswitch cell with metalto-metal
contact switches

In the second approacla, standardmulti-user MEMS process is implementelectrothermaland
electrostatidVEMS switches designethbricatedand testefor low-frequency higkpowerRFapplications
usng the MetalMUMPs process. The devidasludea 3-bit capacitor banka compact discreteapacitor
bank that can be configured for-l#it / 3-bit operation depending on thsroke of the electrothermal
actuatorsand anovelrotor-based electrostatic mutlbort switch.

In the third approach, an-touse uiversity-based microfabrication process is developed in order to build
reliable MEMS switchesThe UWMEMS processwvhich wasdeveloped at the Center for Integrated RF
Engineering (CIRFE)is usedin this research to fabricate novel switch configuratidereover, the
capabilities ofthe standard UWMEMS processe further expanded in order to allow for building
geometric confinement (GC) or anclemsswitches and other novel switches. The gmded UWMEMS
switchespresentednclude compact Bwitches R-switchesand Gswitches GC SPSTshunt and series
switches. Additionally, other novel switch architectures such as the hybrdcsed#ftion switch (HSAS)
and thermallyrestoredswitcheg TRS)

In the fourth approach, which is a hybrid approach betweerfitst and third approaches, the MEMS
switches are builtrad packaged in one fabrication process, aittlout the need for sacrificial laydny
means of a wafdevel packagingechnique Adopting silicon wafers for the microfabrication necessitates
using siliconcore switching, which offers few attractive advantages as compared to thebasedl
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switches implemented by the third approach. The desigwidhes to be fabricated in a stafethe-art
industrial facility includea variety ofsimple SPST antacttype switches as well ammpact designs of-T
switch, C-switch a novelfour-port gimbatbasedswitch (G-switch) introduced in this worlSP4T cells,

and a sesaw pusipull SPST switch desigis included.
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Chapterl:l nt roducti on

1.1 Motivation

Microfabrication technology enables realizimgicro-electromechanical systems (MEMS) and nrano
electromechanical systems (NEMS) that are employed nowadays in many applications such as inertial
navigation systems, energy harvesting, communications, pharmaceuticals, etc. Among this variety, MEMS
and NEMS allow building mechanical switchésr microwave and RF applicationdVhile, IC-based or
solid-state switching outperforms its mechanical counterparts in terms of apéetlrability / reliability

due to the fundamental differences between their physicoperation, mechanical switching exhibits
several attractive featuresch as low insertion loss andcelent linearity performanc@®theradvantages

include ultralow power operation for the widely used electrostatically actuated switches. Reeanthes
demonstrates that the leakage and switching power consumption of micromachined mechanical switches
can be as low a#iree orders of magnitudiess than that dheelectronic switching.

The major reliabilityconcerns of RF MEMS switches amechanial fatigue, dielectric charging, stiction

and contacts wear. The mechanical fatigue exists due to the presence of bending stresses associating the
switching operation. The stiction and contact wear problems are inevitable if there is a need for physical
contact between two surfaces, which is mandatory for direct mettdl interfaces encountered in RF
MEMS contacttype switches. Besides, dielectric charging is encountered if the electrostatic actuation is
employed with relatively large values of potentiifferenceqor, more accurately, electric fieldagross

thin layes of dielectrics

In this work, enhanced and nedesigns of MEMS switcheare reaized in different microfabrication
technologies with a focusnoimproving switch reliability.Four main approaches for building MEMS
switchesare considered, exploiting the relative advantages of each technology as al@Wwasg the
comparison ofhe performance differences between the switches implemétritealsopossible to explore

the possibilitiegor hybridization or integration of switchesingmore than one technology.

In the first methodtheswitches arduilt by postprocessing dpps fabricated in a standard f&brication
processwhere theMEMS switchesareimplemented in the metal laydrsthe back end of line (BEOLYf

the standard CMO$rocesses This provides high consistency and reproducibility of results while
restricting the structural layers to specific materials and thicknesses. It is also very advantageous to have
the potential &r monolithic integration with the MEMS interface circuitry. One main challenge with such
postprocessing technique is the implementation of the mme¢didl contactype switches. Another

challenge is coping with the loss due to the low conductivity o$itleon substrate.



In the second approach, a standakdti-user MEMS process, MetalMUMPwas utilized tarealize high
RF power switchedt is typically desirable to use thick metal layers. Also, the operation under high power
would necessitate careftbnsiderations for the immunity towards sattuation. Taking into consideration
as well the need for high restoring force, especially for the ON state at high RF power operation and for hot
switching, the MetalMUMPs process appears to be the mosttiattraptioneven thouglthere is only one
metal layer in this MetalMUMPs process that makes implementation of RF iarmlva&ve circuits very
limited. It is worth noting thatin addition tousing wire bondingfor a second metal layeflip-chip
techniquegan join more than one chip together. On another positive sidéealate itself can potentially
helpin building redundancy switch matrices. Moreover, the thermal actuation mechanism should not be
considered negatively in terms of high actuation pavegrsumption due to the feasibility of mechanical
latching and reconfigurability. It is worth noting that the electrostatic actuation is still a possible option,
though it is inefficient in terms of force level due to the minimum feature size allowed.
Thirdly, a custonprocesss developed in order to build the MEMswitches. The UWMEMS process
introduced in early 2000s and developed gradually over the past years for RF applications would be a good
starting point; it can be further expanded and optimize®&Foswitches. This goldased ceramisubstrate
surface micromachining process with its two relatively thin metal layers allows for building mettl
contacttype switches as well as capacitive switches. However, there is still a lot of room forienpans
For instance, adopting high resistivity silicon (HRS) for the substrate material would pave the way for the
packaging of the fabricated switches and integrating with modern sbased technologies such as
throughsilicon via (TSV). Also, in ordecthave much more reliable contaigpe switches, a tough contact
pair (e.g. AuRu) can be employed. That would necessitate-fogting electromechanical design of the
actuators. For a reasonable footprint of the actuator, the thickness of the stragarralduld need to be
increased considerably, which is also feasible.
Furthermore, the degrees of freedom in implementing different switch architectures can be increased
significantly by means of using different approaches for-postessing the UWMEMShips. For instance,
sacrificing the first dielectric layer in the process would allow for the release of the first metal layer, i.e.
resulting in two structural layers instead of one. The-postessing as well can include mdsks dry
etching of the oginal polymerbased sacrificial layer of the second metal that is the structural layer. As a
result, it is then possible to implement the anchorless or geometric confinement (GCGhaaicr® by
sacrificing the first and second dielectric layers dependimghe posprocessing sequenc&nchoring
necessitates the bending of thicro-beam throughout the switching action, which induces stresses in its
material that significantly affect trewitch lifetime or evolution of its mechanical performandue to the
mechanical fatigudn addition, anchoring necessitates incorporating mechanical stiffness, which does not
allow tuning MEMS and NEMS dynamics using only different domains such as electrostatic and magnetic.
2



Also, the mechanical boundary conditions asatmd with clamping limit the maximum attainable-oft

plane deflections, especially fahe electrostatically driven switches. Controllable large-aigplane
deflections can be useful, for instaniceachievinghigher isolation in RF MEMS switches. liew of the
commonly used attractive actuation fields, the-aftleflections are only towards the substrate, which
limits the degrees of freedom of the switch design and performtnseavorth noting here thahé great
majority of theongoing researchogs not focus on having the switokam flat (i.e. released and rigir
thick-enough during switching or, i n otdhercowmmnredcs,0 decocu
of mechanical switches from the need to bend or to clamp the b&aothe important byproduct ofthe

GC concept is theemote electrostatic actuatiREA) that isa mustfor actuatinghe essentially loos8C
micro-beamdsby a capacitive voltage divider similar to the gating or control of the scratch drive actuators
(SDA).

Finally, in the fourth approach, which is actually a hylesult based othefirst and third aforementioned
approacheghe MEMS switches can tmiilt and packaged in the same processing sequameven with

no need forthe conventional sacrificial @y essential for surface micromachining. This is possible by
virtue of waferlevel packagingechnology.lt is worth mentioning that adoptirgjlicon wafers forsuch
microfabrication processecessitates using silicaore switching, which offersomeattractive advantages

as compared to the metadised switches implementggbically in thefirst threeapproachs.

1.2 ThesisMain Objectives

Objective 1:

Development and analysis wiulti-port RF MEMS switcheswith a focus on reliability improvement

Objective 2:

Investigation and implementation of several microfabricafimtesses for realizing reliable RF MEMS
switches:
Developingreliablepostprocessing techniques for builditige CMOSMEMS switches
Exploiting the advantage of the MetalMUMPs procedsuitding high RF power switches
Further development and expansioriled UWMEMS process and pgstocessing sequences

Packaging of thé&abricated switches in order test their reliabilityin typical operating conditions



1.3 Thesis Outline

Chapter Two:

In this chapter, the literature survey tre typical requirements for reliabMEMS switchesfor RF
applications is provided.

Chapter Three:

Using the first approach, different designs of CMEIEMS RF switches are discusseith regards to
their operabn and the fabricationtheasurement resultShe devices are all implemented in the 0.35um

technology.

Chapter Four:

By means othe second approach, nickedsed switch designs fabricaiadhe MetalMUMPs multiuser
MEMS process are reported and diseed in view of thie design andabrication / measurement results
The switches presented are mostly reconfigured using electrothermal acwittidatching for the sake

of low actuation power consumption

Chapter Five:

Using the third approach, thdWMEMS surfacemicromachinedgold-based switches fabricated are
presented and analyzed. In addition, the novel switches employing the expanded version of the UWMEMS

process introduced by virtue of an enhanaed more generahip postprocessing processeadscussed

Chapter Six:

Following the fourth and last approadb be presented in this wqrla new wafedevel packaging
microfabrication process is presented, and the sHémse highforcing hermetically sealed MEMS

switches designed for the firgeéneration of fabrication are discussed

Chapter Seven

Finally, the summary of design and fabricatresults isprovidedin this chapter. This is followed by the

listing of the main conclusions andaommendations for future work.



Chapter2 The NeedMEfMSr SRW t ches

This chaptediscusses the major consideratidos building reliableRF MEMS switches. First, thRF
switch is described with focus on the reliabilipncernencountered due to its architecture and physics of

operationSecondthe main dsign challenges are addressed.
2.1 Mechanical Switches

A mechanical switch is constituted of a conducting beam that is switched by a control force between two
terminals such that the beam connectgisconnects these terminals4]. The basic architecture of the
mechanical switch is illustrated ifig 2.1. MEMS and NEMS switches are normally in the OFF state (open)

after being released, which prevents the electrical sigoal dIr electrical connection between the two
terminals unless the control force is present and the switch becomes in the ON state (closed), and connects

the two terminals 1 and 2.

OFF = Pull up the beam to prevent
the electrical connection between
terminals 1 and 2

Switching beam Physical contact
\ occurs here
Terminal 1 ‘ Terminal 2

ON = Pull down the beam to
allow the electrical connection
between terminals 1 and 2

Fig 2.1: The basic architeatre of a mechanical switch

The components of a mechanical switch are illustratdeigre.2. Switching from OFF state to ON state
necessitates that the beam undergoes bending to bring the tip of the beam in contact with2tefimmal

is governed by the net force, depending on the actuation and restorini@eoe$O, respectively. The
physical nature of these forces (i.e. mechanical, electrostatic, magnetic, etc.) and their magnitudes affect
the switching time othe switch. In addition, the switch must provide an appropriate amount of contact

force "O between the free end of the switching beam and terminal 2 such that the contact resistance is

5



appropriate for the application for which switch is used. Thigoises strict limitations on the cleanliness

of the contact surface as well as preserving high quality surface through the lifetime of thewitttep

the electrical connection is not required, the restoring f@should also be enough to pull the beam back.
The restoring force controls the ON to OFF switching time. If the force is large, not only the restoring time
is shorter, but it can overcome more efficiently the existing surface force between the two contacting

surfaces.

Beam
tethering

Terminal 1 Actuation Terminal 2
Force

B

Fig 2.2: Main components of the operation of a mechanical switch

The idea of contadlype switches represents the mechanical analogue of solid state switches or electronic
transistors that are bed on the widespread semiconductor technology such agype Rtrinsic-N-type

(PIN) diodes, where a current switches the connection betweendopdd and Rloped terminals, and

field effect transistors (FET), where an appropriate voltage at one eftt r ansi st or 6s ter
switches the electrical signal between two other terminals (drain and sdjrcd)d major drawback of

PIN diodes, in conjunction with high power consumption, is their low frequency limitidigbms typically

in the KHzMHz range. On the other hand, the main drawback of FET switches is the degraded high
frequency isolation performance due to the drain to source capacitance thatalbytyp the vicinity of
10-50fF.

There are major differees between the switching mechanisms and switching performance of a@id st
and mechanical switcheg, [3]. This becomes clear if micromachined mechanical switches are compared
to their solidstae counterparts. MEMS switches outperform well the ssiide switches in terms of power
consumption, isolation, insertion loss in conjunction with liitgaand intermodulation?, 3, 5]. The
isolation describes the ability of the switch to isolate the terminals electrically whereas the insertion loss
indicates the power loss due to the electric signal transmission between the terminals of thé]siiteh [
though some MEMS devices require more th@@V for their electrostatic actuation, they do not dissipate

current, and tyically energy of less than 180 can be wasted per switching cycB. [Other more
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dissipative techniques such as thermal and electromagnetic actuation can be designed to latch when
switched, and this also makes their overall power consumption less than that of solid state devices.
Additionally, MEMS switches possess actuation air gapseroder of :3um, which makes their OFF

state capacitance as low adfE. This necessarily means very good isolatmmffequencies up to &Hz

[3, 5]. The more the isolation, the better theefilhg and lower the interference.

Moreover, the insertion loss of MEM&witches can be better than dBL For switching networks, an
electrical signal typically passes by several switches in series (depending on the routing), which makes it
crucial to hae mechanical switches rather than sshiate switches where the insertion loss is as low as 0.5

dB per switch. As a rule of thumb, it is always beneficial to reduce the number of connections in the
networking or routing system. Furthermore, MEMS switches much more linear, and the linearity
concerned in comparison is the electrical linearity in terms of electrical performance and their
intermodulation products. The mechanical linearity is meaningless forstatil switches. Actually

MEMS switches atiw for 3050dB more linearity as compared to solid state switches. More linearity leads

to less generated noise that accumulates in an unwanted fashion if there are several switches encountered
in the signal path.

Besides the superior electrical perforrm@anmechanical switching exhibits major drawbacks as compared

to solidstate devices. The limitations include low switching speed, high voltage or current requirements,
high power handling capability issues, religpiand packaging issueg, [3, 5]. First, mechanical switching
requires the deformation or the movement of a given mass, and thstatdidwitches are then expected

to be faster. The fastest MEMS switclaes those actuated electrostatically, and they can dwitehing

times as low as-10usec p]. However, this switching speed is not acceptable for some communication and
radar systems. Second, MEMS mechanical switches reujginevoltage operation and almost no current

for the electrostatically actuated devices whereas the thermally actuated devigesratwith as low as

1-3V driving large currents up to 100 m&][ For portable devices, suchtings are problematic.

Third, most of MEMS switches cannot handle signal powers uglW [5]. Some of these switches can
easily undergo selictuation due to high power levels. Fourth, MEMS switches suffer from rdlabili
problems. This fact limits their cycling lifetime typically to 10s billion cycles, and has been the main reason
behind their limited commercialization. In fact, the reliability of contgpe switches has been limited by

the metaito-metal interface, Wereas the reliability of capacitive MEMS switches used to be mainly limited

by dielectric charging]. Recently, researchers focus on developing dielelesis capacitive switches,

which eliminates the charging problem. Hipgin order to keep the contact surfaces reliable as much as
possible, packaging of MEMS switches requires inert and low humidity environment for sealing them,
which necessitates employg hermetic packagin@][ 4, 8, 9]. Table2.1 compares between the solid state

and mechanical switchin@].



Table2.1: Reproduced datfor solid-state and mechanical switching fron2]

Type of Switch| Insertion loss| Isolation | Linearity | Power | Speed
Solid-state 0.5dB 25dB 40dBm | 5mW | <100 ns
MEMS 0.1dB 35dB | 65dBm | 10 yW | <10 us

Actuation of MEMS switches can be electrostatic, piezoelectric, magnetic, electromagnetic| trerma
electrethermal B, 5, 10, 11]. Most of the reliable RF MEMS switches demonstrated to date are tvased
electrostatic actuatiorb]9]. They can operate up to 188iz at relatively low RF power for contatyipe

and medium RF powdor the capacitivaype switches. The major advantages of electrostatic actuation are
the very low power consumption and the design simplicity. However, it relatively provides small forces
and requires oftehigh voltage levels. Thermal actuation candseomplished using dissimilar thermal
expansion coefficients of two or more dissimilar materials in order to induce motion if heated or cooled. It
can also employ a single material type carrying an electric current and heatednmogeneously using

this aurrent, which is recognized as eleethermal actuation. The major drawbacks of thermal actuation
are low speed operation ahigh power consumptior3][ 10, 11]. The dsadvantage of electromagnetic
actuation is that it dissipates high current legdim high power consumptio,[12]. Employing hybrid
actuation physics allows making use of the advantages of édthitues. For instance, the work 2]
utilizes hybrid electromagnetic and electrostatic actuation scheme in order to suppregsiired voltage
down to 3.%. This isat the expense of supplyingrd® current.

2.1.1Metallic Contact

At high frequencies such as in RF applications, it is very common to encountetonatthl contacts for

high performance devices. In order to monitor the reliability of such contacts, the value of the contact
resistance can be estimated from treasured insertion loss or from DC contact resistance measurements
during the cycling of the mechanical switch. It can also be characterized usingndentation apparatus

that is combined with highly sensitive source in order to emulate the cyclirmpatich without fabrication

[2, 4. The mechanism of naradentation provides accurate monitoring of the contact force and
displacement while the sensitive electronics measure the correspondirart coggistance. High
performance metal contact switches should exhibit the lowest possible contact resistance and the highest
possible lifetime. To accomplish this, it is essential to maintain clean surface for the contact. Organic
residues are among thgtcal problems imposing cleanliness limitations. For the cases where the sacrificial

layer is not a polymer (e.g. sacrificial metal), the contact resistance is muchmpoozed P,13]. For
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instarce, sacrificial Aluminum or Copper can be used for to release structural gold switches. Also, wafer
storage prior to bonding or packaging leads to undesirable deposition of contaminants from the environment
on the contact surface, which results in the a@édgtion of contact resistance and reliability. Plasma cleaning

can be used to clean the contact surfaces for storage wafers before their packaging or hermetic sealing. Such
plasma cleaning can sometimes render the contact surface even cleaner thanhthatsiabricated,
however, clean contact surfaces are reported to aggravate the metal to metal stiction problems especially
for the soft metals such as pure g&fl |

Moreover, even though the current driven through mechlacacdacttype switch is relatively small, the

current density can be very large in view of the very small contact area that cautoleas 100m in

diameter 2, 4]. As a result, there can be ldcaelting at the contact area due to the generated heat. In
addition, high electric fields can polymerize nearby organic molecules, which can degrade the surface. The
absence of organic molecules in the ambient of the contact surface is clearly crdcibis aaveals the

need for hermetic packaging. In general, the selection of contact metal depends on its hardness, electrical
resistivity, melting temperature as well as its processing flexibility. Gold offers an attractive electrical
resistivity, but itshardness is relatively small, and it limits its performance as a contact metal. In addition,
gold exhibits very low chemical reactivity, which makes it the most inert material in terms of oxidation.
Traces of oxide can still exist even within hermetickaging B], and a tiny layer of oxide can cause
remarkable increase in the contact resistance when the contact force is low. Harder metals include Rhodium,
Ruthenium and Tungsten. The harder the material, the less stictidarpsabcauses even with very high
contact forces that are then crucial for attaining reasonable contact resistance values due to the very small
contact area. Even though harder materials such as Ru and Rh are better candidates in order to avoid stiction
at contact, they tend to absorb organic vapor from air and form a contaminatingdfilin general,
bimetallic or asymmetric contacts have superior stiction immunity as compared to mallionost

symmetric contacts4] 9]. Table2.2 compares some of contact materials in terms of the aforementioned

properties.
Table2.2: Reproduced data for contaenaterial properties?]
Contact Resistivity Hardness Melting point Chemical Process Complexity
Material (Y. cm) (MPa) @i C) Reactivity
Au 2.2x10°8 250 1060 Lowest Simple etching
AuNis 12x108 1600 1040 Very low Simple etching
Rh 4.3x106 2500 1960 Low Difficult etching
Rn 7.1x106 2700 2330 Low Difficult etching
Ir 4.7x10° 2700 2460 Low Difficult etching




W 5.5x106 > 3000 3420 Medium Simple etching
Mo 5x10° 2000 2620 Medium low Simple etching

For metalto-metal contats where the contacting metals are the same, the contact resistazare be
written in terms of the material hardné@snd the contact forc®as inEq. 2.1 The contact resistance is
also inversely proportional to the square root of the contacbaras shown irEg. 2.2 The model irEq.

2.1 correspods to plastic deformation of the contact area, and, accordingly, it does not apply for small
forces leading to elastic or hybrid elagpiastic defomation of the contact area |4,

Yo — Eq. 2.1

b o — Eq. 2.2

As compared to Rh contact coating, pure Au and AuNi contact surfaces show comparatively stable contact
resistage with contact forces below @N. On the other hand, Rh contact layers show stable contact
resistance vales for contact forces abo86uN. If the material is harder such as W and Ir, there is a need

for more contact force in order not only to obtain appropriate resistance values but also to overcome the
oxidation layer caused by the chemical reactivity ehdoarder metals, and this is where the t@ifiées.
Moreover, although hard metals provide unmatched contact reliability performance in terms of stiction,
they are not also easily integrated into fabrication processes, and they are not suitataelatvadlontact

force switdes (below 100N) [5, 9]. W and Mo allow for more hardness along with higher thermal budget

for the operation in terms of their high melting temperatures. Such tempenaiaie it easy to handle high
power signals without significant degradation of the contact, but the major drawback of using W and Mo
is they are more prone to oxidation. Clearly, the material selection should be made through compromise
between the differdrproperties of the contact material in mechanical and electrical doraible 2.3

includes the main selection criteria.

Table2.3: Main selection criteria for the contact material

Contact Material Property Main Reason

Low electrical conductivity| To reduce the conduction loss

High melting point To handle high power
High hardness To avoid stiction at the contag
Low chemical reactivity To avoid oxidation
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The contact resistaador micromachined switches results from the electrical conduction through a very
small area. As a result, mieszale contacts are significantly different from their masale counterparts.

The contact in micr@cale is very sensitive to the surfacagibness of the contact materials, and surface
protrusions (or asperities) are responsible for the electrical conduction. Depending on how the electrical
conduction is performed, different contact resistance mamtelsouilt and experimented,14]. If the
electronic mean free path in the material is much smaller than the contact size, the Ohmic contact model is
then assumed. For an electrical resistivignd contact size) the contact resistanoé is given inEq. 2.3

The current density can be relatively very large depending on the contact area, and this can lead to serious
high power issues including localized melting. In addition, the Ohmic model assumes no interdependences
between the sperities. This means that the overall resistance for a given area is simply the parallel

combination of the contact resistance imposed by the different spots available in that area.

Y — Eq. 2.3

On the other hand, if the mean figsth of electrons is much larger than the contact size or contact radius,

the transport of electrons through the contact surface is then ballistic, and the resistance model is referred

to as ballistic contact]. In ballistic transport of electrons, the electrical resistance does not result from
scattering. As a matter of fact, the motion is similar to that of projectiles, and electrons are assumed to
collide elastically given the constriction. The contact resistance is aeghyranodeled using $h vi n6 s
resistance formula given q. 2.4 In the equationpis the effective contact radius ands the electronic

Knudsen number that is the ration between the electronic mean free path and contact size. If the mean free
path d the electrons is on the same order as that of the contact size, the contact resistance model is then a
hybrid model bet ween Ohmic (Hol mds) -mlisiccdntadt| i st i c

resistance model then.

Y — Eq. 2.4

Since the current flow through contact is localized to the contact asperities, the heating of the contact is
consequently localized, so the switch can operate at room temperature while the contact areas undergoes
softening or melting. Iftte contact is Ohmic, the temperature is then proportional to the contact voltage and

its ambient temperature. Moreover, since the temperature rises at the contact, the resistivity of the contact
material must consider its temperature dependent evolutiough specific temperature coefficient.

Furthermore, the switching triggers thermal cycling at the contact, which affects the creep performance of
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the contact 4]. Recalling the asperity deformation, if the softening tempegatiattained, the plastic
deformation is more pronounced at lower values of contact pressure, and the effective contact area is larger
which leads to lower contact resistance. The softening tempeddityoéd contacts is around 10C, and

it corresponds to 780mV and 4@nA contact current whereas that fathenium contacts is about 43C,
corresponding to 200mV and 3@ at room temperatur@]. When softening temperature is reached, the
contact temperate does not anymore depend strongly on high contact current. Also, metal softening
triggers strain hardening leading to the wear of the contact area.

Based on the value of the contact resistance, a figure of @ériifor MEMS switches can be calcubat

as given inEq. 2.5°Y is the series resistance of the switch when it is ON or actuated ands the
OFFstate capacitance of the switch. The contact resistance is the main constitdenamnd it has to be
suppressed as mueas possible in order foO0 Oto be the highest possible. If the values@b Ofor
mechanical and sohdtate switches are compared, it is found to be remarkably higher for the mechanical
switches. ThéOU0 Ofor FET and GaAs switches is up to 258z whereas, for instance, its value for the
MEMS switch in[15] is reported as 3THz, i.e. 12 times higher.

06 ) —— Eq. 2.5

2.1.2Actuation Force, Contact Force and Restoring Force

Since low and sible contact resistance requires generally high contact force, it should be notégl2t2at
uncovers a tradeff between contact force and restoring force for the fact thatgtgirhas to be anyway
equal to the actuation fa@ccording t&g. 2.6 In fact, the equation reveals that an increase of the contact
force must be accompanied by a decrease of the restoring force, and vice versa. Tdiisisraddesirable
since a reliable switch should have high contact force wWiailéng high restoring force for high stiction

immunity especially for soft contact materials in conjunction with high OFF to ON switching time.

O 0 O Eq. 2.6

Taking this tradeoff into consideration, it is obvious that in orde increase the contact and restoring force

simultaneously, the actuation force itself has to be increased significantly. For the widely used electrostatic

actuation switches, the force can be increased by simply increasing the voltage differencedocibg

the electrostatic actuation gap. However, depending on the design specifications, reducing the air gap may

not be possible due to the isolation constraints. Moreover, there can be voltage constraints that do not allow
12



for more contact force. An dient solution for such a problem is increasing the voltage starting from an
intermediate state in which the tip of the beam is already pinlladd touching the contact electrode where

the entire beam is close to the actuation electrodes. In othes vtbedbasic operation of the mechanical
switch has to be modified in a way such that there are two steps for the actuation force resulting into
different levels for each of the g@ring and contact forced§, 17]. The approach described here is

illustrated inFig 2.3 thatis reproduced from?].

Switching beam

T RATT K
Actuation Contact pad
electrodes

/Stoppers
O

P

Slight bending
1 More bending

Co O

Fig 2.3: Mechanical solution towards increased ctatt force; adapted from [2]

The basic switclof Fig 2.3 is referred to as the collapsing switch or fpasition switch. In step 0 that is

the nonactuated state, the lumped stiffness at the tip of the cantilevey ot all the length of the beam
contribute to this stiffness. Step 1 represents the intermediate state mentioned above where the tip of the
beam is landed on the contact metal. The actuation voltage required to attain step 1 is within the typically
applied values; however, when the voltage is not much increased, the beam snaps down or collapses such
that its stoppers are all landed, and the lumped stiffness for that case is madedd together leading

to step 2. Encountering and0 together necessitates that the restoring force must increase when the
contact force increases. Another more advantageous version of thesiion MEMS switch reported in

[16] is displayedn Fig 2.4. The switchis capable of providing up tariN contact force in conjunctiomith

0.5mN restoring force Wwen the actuation voltage is\@0Two actuation or pullown electrodes are

employed. The forc® contributes the most to the first step aaintilever bending leading to physical
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contact between the tip of the cantilever and the dielectric stopper. In the second step, tBdfanceh
more effective leading to partial collapsing of the cantilever. Other switches with similar architectu
exhibiting high contact and restoring forces are reportetiinThe force'O is large with not much voltage
increase due to the small actuation air gap between the electrode and the switched beam.

M

M1
g R 2
lF (\ZTD Dielectric
1 V4

Pull-down Electrodes  RF Pads
(Connected) (Connected)

Fig 2.4: Two-position contacttype switch; reproduced from [16]

2.1.3Mechanical Properties of the Switching Beam

In conjunction with the implications of direct metaktal contacts in contattpe switches, it is instructive

to address another major reliability concern that is the mechanical performance of the switching beam that
depends on that of the structural layers. The study of the mechanical properties of micromachined structures

is crucial for analyzing their reliability.ig§ce most of the mechanical properties of materials depend on

their microstructure, there are significant differences between such properties fesaailerand macro

scale structures. In micigscale domain, the size of the entire structure can be afrttee of a grain size.

For instance, bulk micromachining of silicon structures renders the structural layer almost the same
properties of bulk material due to that the micromachined structure possesses the same crystal orientation.

If surface micromachinip is used, the layers are not single crystalline anymore, and their grain
microstructure affects vehemently their mechanical performance. Ultimate tensile strength, proportional

i mit strength and fracture st r emangthe propediesrihngtdé s mo c
depend strongly on the level of miniatutioa of mechanical system%§,19]. The properties also depend

on the architecture of the structural layer. For instance, platewiale surface micromachined beams are

typically perforated for the feasibility of their wet release as well as for damglatpd issues. The etching

or release holes are reported to induce up to 50% reduction in the tensile strength of samiequoliin

films in conjunction with approxil®ately 20% reduc
The cyclic loading and unloading of the switching beam under the effect of frequent actuation trigger

mechanical fatigue. In other wotdshen loading and unloading is associated with deformation such as
14



bending, mechanical fatigue is pronounced. This is one of implications of clamping the switching beams,

in addition to the increased stiffness due to such @estonal fixation. Conveittnally, micromachined

mechanical switches are based on clamparnhped or clampefiee beams]], 5]. The anchoring has been

an essential design component implying that the maximum stress is latdbedanchor, and its value

depends on the mechanical design that depends on the actuation and restoring forces. As a result of

anchoring, not only fatigue exists, but also energy loss through coupling to the support or the s2@strate [

Also, the fatigue performance of amorphous materials is different from that of crystalline or polycrystalline

structural layers. For example, the fatigue effects and the degradation of deflection performance are much

less pronounced in theaity grown SiQ films as compared to metals, and this is attributed to the

amorphous nature of such dielectrics, and arouAtici@les with insignificant performance degradation

was reported]].

The creep performance of sttural layers is important if the components are operated at high temperatures

or for materials that can creep at ro@mperature such as polymeislP]. Since the creep performance

is the outcomef temperature cycling, the most sensitive devices to creep or thermal cycling are those that

are thermally or electto her mal | 'y actuated. Similar to fatigue

stresses depend strongly on how structural layers feomaxchined devices are fabricated. If the switching

beam is not subjected to cyclic thermal loading, the mechanical fatigue can be the dominant failure mode,

especially when the contact reliability is not the bottleneck (as in capacitive switching wéreréstho

need for contact current). Similar to the experimentation of metallic contact reliability that must allow

precise control of the contact force and displacement as well as the accurate measurement of the contact

resistance, the mechanical fatigesting procedure must also be capable of two main functions. First, it

should allow the generation of various forcing and deformation levels in order to provide a wide range of

stresses to be tested. Second, it must be feasible to monitor specific tiegafdaerformance or material

damage during the cycling of the beal][

In literature, resonant frequency, quality factor and electrical resistance measurements are widely used as

damage or performance degradation detsdtorthe sake of characterizing the fatigue. Employing the pull

in voltage of an electrostatically actuated beam as fatigue detector was recently rdgprigagugh the

evolution of an intermittent cyclic loading, the purl voltage of the beam is measured and stored

periodically after certain number of cycles. The collapse criterion can be set such that, for instance, when

the measured puih voltage is changed by at least 10%, damage can then be declared. In thigieechni

fatigue detection, the frequency of the AC voltage signal should not hit the mechanical resonance frequency

of the structure due to that dynamic amplification disturbs the evaluation of internal stresses of the beam

material and the technique is bdon detecting changes to stiffness which in turn necessitates the shift of

the resonant frequency. This is actually how the measurement of resonant frequency can be used as damage
15



detector for fatigue testing. The analysis reportedL8) for clampedfree gold micrebeams before and

after failure due to mechanical fatigue confirms the fact that the damage is induced at the clamped region
where the maximum stress exists. The reason behind the damage seen in the scanomgelextcopy

(SEM) at the surface of the miecbmam is the fact that this surface is subjected to tension, and tensile
loading produces faster degradation in metals during fatigue testing. The local surface yielding of the failing
micro-beams is relatedtrengly to the loss of stiffness and pull voltage reduction. This correlation
matches the findings ir2l], and the testing using static actuation reveals that there is no loss of stiffness
for the gold micrebeam as pronowed by the unchanged pifl voltage. This means that the structural
stiffness of the device was not affected by static loading, and the stiffness loss is just triggered dynamically.
However, if the static loading induces plastic deformation, the mechéeicavior of the gold thin films
depends as well on their dimensio&g]]

2.1.4Dielectric Material for Electrostatic Actuation

Besides the ability to use it as@pper Fig 2.3 andFig 2.4), thepresence of the dielectric on top of the
actuation electrode offers three other advantages. First, it allows the protection of the voltage source from
short circuit if the beam collapses on the actuation electrode (due to absenggpmypnate design of
stoppers). Second, the physical contact between metal and dielectric is more efficient in terms of contact
stiction that is more pronounced for direct métaimetal contact. Third, if an air gap is filled partially with

a dielectric,the effective air thickness of that dielectric is equal to its physical thickness divided by its
permittivity. This fact is very advantageous when the released beam is to have a small actuation air gap
(effectively) while it is isolated from the contactdpaith large enough actual air gap.

However, placing a thin film of dielectric between two conductive electrodes with high enough voltage
across them induces dielectric charging problems, which imposes a serious reliability concern for capacitive
MEMS switches for RF application®] 6, 23-26], for instance, this dielectric charging occurs leading to
drifts in the pullin voltage [/]. The exact mechanism by which electric charges get into the dielectric and
end up to be trapped is not completely understood, however, the effect of dielectric charging can be easily
measured and quantified. Since the capacitanceutidtr RF MEMS switch is required to be the highest
possible when the dielectric layer separates the electrodes, the layer is made relatively too this, and i
below 10Gim typically B, 23, 24]. The voltage acrss the layer can be up to-30V, which necessitates

having an electric field acroske layer on the order of 10MV.cm™. It is thought that under such high

field conditions, the electric charges can tunnel thinatng dielectric layer while a portion of the charges

get trapped into the layer, sometimes for few days depending on the recombination rate and amount of
trapped charges. Thannelingis thought to be similar to FrenkBbole emissions in insulating figrfor

which the current density is exponentially related to the voltage across the layer, and, accordingly, the
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electric field R3]. Charge trapping into the dielectric causes serious problems for the ON state as well as
the OF- state of a RF MEMS capacitive switch or a conventional switch with dielectric protecting the
actuation electrode. The trapped charges result in screening effects for the electric fields used in actuation.
The screening hinders generally the operatiai@fwitch. If the switch is required to switch from ON to

OFF, the buileup of charges generated a voltage drop that opposes the applied voltage. If the applied
voltage is not high enough to counteract charging, the actuation can be impossible at sbiviéhpai the
actuation voltage is removed so that the switch goes back to threctuaied state or OFF state, the build

up charges can hold the switch in the actuated position, thus preventing it from switching. This is well
recognized in literature asatton problem leading normally to failure of the switch.

If the switching voltage is composed of AC only, then the forcing frequency is double the input frequency
only since the electrostatic force is proportional to the square of the voltage diffédemaaer, if there

is DC and AC, the forcing has two components at two different frequencies, one of them at the input
frequency whereas the other one is at the double. Dielectric charging causes B biiildverse polarity.

To investigate experimentalthe presence of dielectric charging, AC only can be used to actuate the beam,
and if there is a component of the signal at the input frequency, then there are charges across the dielectric
[27]. To get rid of such chargesdre is a need to reverse the polarity of the applied DC component of the
actuation voltage. The amount needed to annihilate the forcing component at the input frequency can be
used to quantify the dielectric charging. It is worth noting that dielectecgatg is significant when the
switching beam comes into contact with the dielec2®.[This can be avoided using stoppers as mentioned
previously éeeFig 2.3 andFig 2.4). In fact, for dielectridess switching, the reliability of the mechanical

switches is then mainly affected by the contact and mechanicalmparfoe of the switching bear, {].
2.2 Mechanical Switdhes in RF Applications

The previous sections report on the almost ideal electrical response of micromachined mechanical switches.
They have been employed typically in various applications, including RF and microwave applications such
as switching networksnatching networks, tunable filteesd phase shifter§[6, 8, 9, 30]. The term RF

MEMS refers to the desigand fabrication of MEMS devices that serve as main components of RF
integrated circuits (RFIC) in addition to enhancing discrete elementsréhased for RF operatios,[5,

31]. For instance, in communication industry, the switches are used for signal routing. Such switches can
also be used to share one antenna between a transmitter and a réced&displaysthe block diagram

of switchng networks in addition to the SEM micrographs of a previously fabricatsd33switching

matrix at CIRFE 82, 33]. For certain configuration of the mechanical switches all over the network, the

signal can be routed from any port to the other. It is obvious that the number of ports and, accordingly, the
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number of routing alternatives are critical information for the design of such matrices. As mentioned
previously, for large matrices, a single rocém be formed using several contggie mechanical switches

in series along the signal path. As a result, it is very important to reduce the insertion loss per switch as
highlighted previously. Not only the insertion loss is to be minimized, but alsevitiehing time of

individual switches is required to be reduced as much as possible.

Portl

Port 2

Port N

Fig 2.5: (Left) Block diagram for RF switching network; (right) CPWased previously fabricated switched network at CIRF

In Fig 2.6, the basic blockliagram of a phase shifter is shown and camera photo of a previously fabricated
shifter at CIRFE. Given certain ON/OFF setting for the MEMS switches, the path taken by electrical signals
between twgorts (i.e. ports 1 and 2) can change such that a different time delay is associated with each of

these paths.

MEMS relay Bias lines

3 different paths

Fig 2.6: (Left) Block diagram for reconfigurable phase shifters; (right) CRWased phase shiftgoreviously fabricated at
CIRFE

Similarly, MEMS switches can be employed in improving the gain of an antddin®[ie to the increased
demands for higher bit rates, wireless systems shift fro@58G85z bandto 60GHz band. However, the
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attenuation due to path loss at that eiggaggravated by more thand®) and the operation of CMOS at

such frequencies imply lower transmit power; hence, the gain of the antenna at such frequencies is very
critical. On the other handhcreasing the frequency to 861z necessitates decreasing the wavelength by

the same factor, which allows integrating multiple antennas in phased arrays. Such phased arrays are
typically used in steering the beam and achieving high gaienna. The phase differences between the
radiating elements are performed by means of switching, which is where MEMS switches exist for the fact
that they exhibit relatively much lower insenti loss at frequencies aboveGHz as compared to their
ferroelectic and solid state switches, [34].

In addition tothis, Fig 2.7 showsthe block diagram of a capacitance bank for CPW termination and the
SEM micrographs of a pvusly fabricated capacitance bank at CIRFE. Depending on the configuration

of the individual switches, a different value of capacitance can be loaded to the shunt termination of the
CPW line. For N switches with only two states per switch, the overatlbeu of states is™2 This
determines directly the number of discrete values for the loading capacitance.

e

Ciotar = §1C1 + 5207 + -

Capacitance MEMS
CPW port relays

Fig 2.7: (Left) Block diagram for the tunable capacitance; (right) CPWAsed capacitance bank preusly fabricated at
CIRFE

2.2.1 Series RF MEMS Switch

There are two main architectures for RF MEMS switches, namely, series andbghuargdries switching,

the switch beam is part of the transmission Ifig.2.8 displays the widely used electrostatic actuation co

planar waveguide (CPW) series switch, where the switched beam is part of the signal line of the CPW. To

actuate the cantilever beam such that it connects the CPW signal lines from porf tharappropriate

voltage difference must exist between the center line to which the beam is anchored (port 1) and the DC
19



bias pad. The resistive bias lines exist to prevent loading the signal line at high frequencies of the signal
line when the switch isctuated. The bias lines should be resistive enough; however, depending on the
value of the actuation capacitance, this may result in an increase of the RC time constant for the switching
action, which is undesirable. In fact, using this architecturee ikealways a tradeoff between the loading
cancellation and the time constant of the actuation capacitance through the resistive bias lines to the DC

pad that is ground for the RF signal.

Ground lines

Dielectric

Fig 2.8: Convential series RF MEMS switch

It is worth noting that the RF signal of the CPW can be switched ON and OFF through switching not only
the signal line of the CPW, but also through its ground lines, but the ground levels of the two ports are
normally connected ithin the measurement devices situated in the same laboratory, this approach is not

practically employed.
2.2.2Shunt RF MEMS Switch

In addition to the series contagpe switches, shunt RF switches as illustratelign2.9 are widey used

as basic elements for various RF MEMS switching applications. The operation for the shunt switch is the
opposite of that for the series switch. If the series switch is not actuated, the signal is not transmitted and
the ports are isolated from eaather with reflections due to the open circuit in the signal line. As soon as

the series switch is closed, the two ports are connected and the signal can be transmitted with some insertion
loss. On the other hand, for shunt switches, the signal is traedrag long as the shunting beam is not
actuated. When the bridge is switched, it results in short circuit termination for the ¢gpeashunt
switching and higHrequency short circuit termination for the capacitive type shunt switching involving

dielectric asdemonstrated ifrig 2.9.
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Anchor

Ground lines

Dielectric

Fig 2.9: Conventional shunt RF MEMS switch

The shunt capacitive switching is widely used, and dielectric materials with high permittivity ase high
recommended such that the loading capacitance is the highest possible, thus exhibiting accurately short
circuit termination at the frequency range of interegj 2.10 shows the ON and OFF states of the basic
shunt capacitiv®EMS switch. Typically, actuated to neattuated capacitance is to be at least 100 times

for acceptable performancé&][ The shunt beam is electrostatically actuated by means of a voltage
difference between the signal line detCPW and its ground lines. It is worth noting that reducing the
actuation voltage of the RF MEMS switches make them more appealing to industry as well as wider range
of applications where not only the power consumption is limited, but also the voligglg sulimited.
However, reducing the switching voltage has a lower bound. In factactekition in response to high
power signals imposes the lower limit for the switching volta@fg. [If the bridge is not stiff enough
medanically, the switch is then allowed to satftuate independent of the voltage applied to it and

depending primarily on the RF power level.

MEMS bridge dielectric - L >
S~ '
2

Y L M

iy ==
- -
G W G
e substrate
(a) Switch “on” state (b) Switch ‘off” state

Fig 2.10: The operation of capacitive shunt RF MEMS switch

In gereral, there are two actuation mechanisms that can be applied to mechanical switches: staiit actua
and dynamic actuatio?,36] . I n el ectrostatic act uawhenonlyDCt he t

voltage is employed in switching. Besi des, t he
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involved in the electrostatic actuation process. The main advantage of the dynamic electrostatic actuation
is the significant voltage redtion that can be up to 70927, 34, 37]. The major drawback of the dynamic

mechanism is the switching speed that is remarkably larger than that associated with thetusitto.a
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Chapter3:RF CMEBABEMS Switches

The fabrication of RF MEMS switches can be accomplished in a multitude of different ways including the
postprocessing of a fabricated chip where the technology is not necessarily a MEMS techmblegy
chapter consigrs sucltasa and reports on the design and fabrication of various RF MEMS switches based
on the mashess posprocessing of aseceived CMOS chips using the standard 0.35um technology. It is
worth mentioning that similar pegrocessing procedures caa hccomplished in similar technologies
including the more advanced CMOS technologies such as 0.18um. That would generally benefit from more
degrees of freedom in terms of implementiifferentMEMS switch architectures in conjunction with the
possibility for monolithic integration with solid state devices / circuits running at higher frequencies, e.g.
mm-Wave. This is all at the cost of significantly higher price pep.chi

Section 3.1 demonstrates the design and-pastessing of CMOSIEMS capacitive swiches whereas
section 3.2 covers the design and fabricatioanather CMOSVMIEMS compactswitching cellemploying

metalmetal contact.
3.1 Design and Fabrication of CMOSMEMS Capacitive Switches

The postprocessing of CMOS chips in order to fabricate MEMS8icks has mostly been employing the
back end of line (BEOL) layers where the different stacking of metal and insulating oxide layers are used
to build the structural layer(s) of the MEMS devi8gq1, 55].

3.1.1Compact CMOS-MEMS Digital Capacitor Bank

Digital MEMS switched capacitor banks are key components in the design of tunable RF deljices [

They offer a superior performance in both lingaand Q in comparison with #r semiconductor

counterparts While it is feasible to realize switched capacitor banks by integrating SPST MEMS switches

with bank of capacitors, such approach often leads to high losses and very ims@adince frequey.

More recently, monolithically integrated MEMS switched capacitor banks have been repo@e82n [

54]. While offering excellent performance, they are generaijtdéid to low frequency application. With

the emergence of 5G systems, there is a need to develop monolithic switched capalkcstdhddtacan

operate in the-8GHz range.

The 4bit compact capacitor bank proposed utilizes capacitive loading of a CPW Igigniay means of

MEMS clampedree beams that connect the loading capacitance to ground. The micromachined beams of

the corresponding bits are all initially warped with significantly large deflection of their tips representing

theupst at e, ®Oro otfatthefi@C@®Pacitor bank in order to
23
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any of the 4 bits requires applying a DC voltage to its designated-tréams such that the voltage
difference between the warping beam and the CPW ground planénptiis beam and loads the signal
line with significant capacitance. The structure of the capacitor bank is displafyigBit.

Fig 3.2 demonstrates the HFSS simulation results of the 16 different statesapmpact capacitor bank.
The simliated selfresonance exceeds@Hz whereas the ugtate capacitance (state 1) is around 50fF.

The footprint of the capacitor bk is 0.6mm x 0.6:m including the 150urC pads.

DC Pads

CPW Port

Fig 3.1: 3D structure of the proposed compaci#t CMOS capacitor bank designed and simulated

Simulated Capacitance States [pF]

=

0
3 4 5 6 7 8 9 10
Frequency [GHZz]

Fig 3.2: Simulated capacitance values for the first state (all beams up) and last state (all beams down)
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The device fabrication employs a mdeks posprocessing of the silicesubstrate chips fabricated using
standard CMOS technolog$6]. The main posprocessing steps are illustrated with the cigEsgions in

Fig 3.3. The layout for the aseceived CMOS chipsvas designeds shown inFig 3.3a, where the
uppermost metal layer (M4) is primarily used as a hard mask for the subsequent dry etching of the exposed
oxide layers as ®ll as the isotropic etching of leresistivity silicon in the substrate. Reducing the mass of
such lossy silicon in contact with and near the RF circuit is very critical for the overall performance of such
devices given the lowesistivity nature of thetandard CMOS substrate®3 64, 66]. The impact of such
significant conductivity is addressed more in the mpagesvhere the measurement results are discussed

and andyzed.

(@) X X
Substrate Signal Ground

(b)

(©

Silicon Trench

(d)

(e)

Fig 3.3: The employed fabrication procedure based on the mkesls posprocessing of standard CMOS 0.35um chips

In Fig 3.3b, the dry etching of the exposed oxide allowseasdo the second metal layer (M2), which is to

be later sacrificed through wet etching along with the M4 layer. For large areas to be micromachined, there
must be release holes. For the sake of simplicity, they are not sh&ig8if. Also, such holes can expose

the silicon volumes to be etched upon the complete dry etching of oxide layer. The subsequent isotropic
etching of the exposed silicon is illustratedHig 3.3c, and the result of the wet etobistep of Al along

with the thin adhesion layers of TiN as well as the optional wet etdiitige silicon pits is shown iRig
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3.3d. It should be noted that the last wet etching step of silicon in KOH has the advantage g thi@ni
oxide layers of the micrbeam, which improves the capacitance tuning ratio. Finally, after the proper
drying of the wetreleased chips in the critical point drier (CPD), the third and first metal layers (M1 and
M3) are exposed by a second dry etghstep of the oxide layer covering them.

The ability to control the residual stress in the micromachined composite beams of altoxridardayers

is the most critical for the tuning of the initial warpage of the beams and the RF performance. That is in
terms of the ugstate capacitance and the tuning ratio of the capacitor bank in conjunction with the
electromechanical performance in terms of the restoring force in-dtate and the required puri
voltage. The inherent or #abricated stresses in tld@ferent chip layers can be analyzed following the
same posprocessing steps above while keeping the chipvaenough temperatures (~°0) during the
different dry etching step3hat was performedsing an Oxford Instruments RIE with cryogenic coglin

In Fig 3.4, a scanning electron microscope (SEM) image of a capacitor banfprposssed while
maintained at low temperature (i.e. without acquiring residual stress due to processing) reveals that the as
received stresses amet capable of providing the initial warpage required for the operation of the capacitor
bank.

After 2 dry etching of oxide
with cryogenic cooling

Release Holes

Bit 1

CPW Ground CPW Signal

Fig 3.4: A scanning electron microscope (SEM) image of a released device using theppmstssing step and crgenic
cooling of the chips (keeping them at ~ 10 °C) during all the higlasmapower dry etching steps
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After 2 dry etching of oxide
without cryogenic cooling

Tip deflection > 100 pm

WD30 .7mm 4 .00k¥ x200 200um

Fig 3.5: A scanning electron microscope (SEM) image of a released device using theppmstssing step ihout using
cryogenic cooling for the second dry etching step where the acquired stress is controlled via the duty cycle of the plasma
generation inaddition to the power level of the plasma

ON time = OFF time = 15 sec. ON time = OFF time = 30 sec.

Little Warpage . Warpage 1

SE 01757

ON time = OFF time = 45 sec.

. -

Fig 3.6: Impactof the postprocessing timing on the warpage profile of the suspended structures in the absence of the
cryogenic cooling. The power is 2.5 KW for the three cases

However, with good control of the duty cycle of the plasma etchin@Qs@c intervals) andki highpower
level (1-2.5 KW) in the last pogprocessing step aforementioned (where the dry etching of the oxide layer

on top of the probing pads and the switched beams is performed), it is possible to tune the final residual
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stress in the beams suchttlizey warp in the desired orientation as demonstrat&yiB.5 andFig 3.6.

The p deflection shown exceeds 108 for the 250urrong beams.

The different 16 states of the capacitor bank were megamddhe extracted capacitance values are plotted

in Fig 3.7 for the frequency band of interest. Due to the thinning of the oxide layers during the KOH wet
etching step of the silicon trench, the destate capacitance increas@mificantly for each switched beam
resulting in an overall increase in the capacitance values by more than 10%. Additionally, the measured
tuning ratio is almost 10:1.

Measured Capacitance States [pF]

1.2
1
/
08 =— —
— ——
\‘
0.6 —F])000—=
0.4 ——
0.2 F~—————
0
3 4 5 9 10

6 7 8
Frequency [GHZz]

Fig 3.7: Measured capacitance values the 16 different states of the proposedi capacitor bank

The measured Q is found to be less i which is significantly smaller than the simulated value that is

up to 15 br a silicon trench depth of Gt and no significant silicon underctihis is due to the insufficient
removal of lowresistivity-silicon in contact with or in the vicinity of the signal line, especially at the RF
probing padsFig 3.8 shows the measured return loss at the maximum capacitancei(dtatel 1 6) v er s u
the extracted return loss using ADS afteretiebedding the probing pads where it is clear that further dry
and/or wet etching of the substrate silicon would alleviate the issue with the low Q of the proposed device
[56, 63. Tuning the lateral or isotropic etching component in the silicon dry etching while optimizing the
design of the release holes would allow controlling the removal of silicon from underneath the capacitor
bank withou affecting the structural integrity of the device. Varying the trench depth and silicon undercut
in HFSS of the structure fRig 3.1 confirms thatlt is worth noting that a slowave structure design can

help reduce the overalbss without the need for trenchin§0f62]. Such solution can lead to higher

capacitance tuning ratios and relatively high values of Q can be achieved acco&ling¥}. [
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Before substrate loss
‘ extraction or de-embedding
v A
SSCH

RS
LIRS
Wageesis:

freq (1.000GHz to 20.00GHz)

Fig38 Measured return | oss at the maximum capacitance (state

embedding the probing pads, S33

3.1.2CMOS-MEMS Digital P hase Shifter / Delay Line

Fig 3.9 demonstrat¢he design of a compactbit phase shifter based on a similar concept of the capacitive
switching and controlled warpage presented in the previous sethiersame structurean beused as a
delay line The actuation voltagound experimentallys ~ 6680V depending on the resulting warpage
and comparable values were obtained in COMSOL electromechanical simulAsoinsthe case of the
compac-bit capacitor bank, it is possihbie use a holding voltage using a bias tee connected to the signal
line. In addition, depending on the power level, the lowaetfiation immunity of the design can help hold
the beams down in the absence of the actuation voltage.

Moreover, the symmetridesign employed in the phase shifter offers relatively better matching for no
significant deviation in the phase shift performance. Also, only one side can be used actuated if the loading
capacitance per bit is to bess.The SEM picture of the pogtroessedphase slifer is displayed irFig

3.10 where the tip deflection is ~ 100urhis is the value that was used in the HFSS electromagnetic

simulation Fig 3.9).
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DC Pad for Bit 4

DC Pad for Bit 1

DC Pad for Bit 2

DC Pad for Bit 3
CPW Port 2

[— |
0 04 0.8 (mm)

Fig 3.9: 3D structure of the proposed compachit CMOS-MEMS phase shifter / delay line

ON time = OFF time = 20 sec. -
CPW Port 1

WD29 .7mm 5.00kV x180 250um

CPW Port 2

Fig 3.10: SEM of the fabricated compact-Bit CMOSMEMS phase shifter / delay line

Among the most importantpformance parametefor the design of phase shifters is the insertion loss as
well as the insertion loss variation. For the different phase values or states of the device, it is always
desirable to have the smallest possible variation of the phasersidtthan the need for having low
insertion lossThe HFSS electromagnetic simulation resultSign3.11 confirmthe factthat the maximum
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variation oftheinsertion loss over the operation bandwidth is ~ 1dB, which is relatreefygood 67, 68].
Also, the insertion loss is acceptable. It should be noted that the matching and insertion loss strongly
depends on the silicon trench shape and depth. The design and sirm@atiome 60um trench depth.

Insertion Loss 4bPS_Simulation_Results 4
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-1.75 ‘ ‘ ‘ . |
0.00 2.50 5.00 7.50 10000 12550 1500 1750  20.00
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Fig 3.11: HFSS electromagnetic simulation results of the insertion loss for all the 16 states of the proposed phase shifter. The
results show good RF performance in terms of tinsertion loss and insertion loss variation

The relatively low insertion loss variation across all the 16 states of the proposed phase shifter is confirmed

by the measurement resultsHig 3.12.

1.06 Measured Insertion Loss ImportedSample2 4

Curve Info
— Import1 : 0000
— Import2 : 0001
— Import3: 0010
-1.50 - — Import4 : 0011
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— Import6 : 0101
— Import7 : 0110
— Import8:0111
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— Import10 : 1001
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— Import16: 1111
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Fig 3.12: The measured insertion loss for all the 16 states of the proposed phase shifter
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In addition, the phase curve kig 3.13 shows that a maximum phase change of ~58€hievablelf the
capacitive loadig per bit is increased, the phase change can be made considerablyAetigaly, the
measurement resultf the phase variation iRig 3.14 demonstrate that. The large range of variation is
attributed to the thinner thicknesksilicon dioxide layers use for the capacitive loading, which takes place

mainly in the KOH etch step for finalizing the trench patterning.
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Fig 3.13: HFSS electromagnetic simulation results of the phaseigton for all the 16 states of the proposed phase shifter
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Fig 3.14: Measured result®f the phase variation fothe 16 differentstates of the proposed compact phase shifter
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3.1.3CMOS-MEMS W -band Switch

The lav capacitance density or capacitance per unit area is suitable for higher frequency applications, for
instance, mnwave frequencies or highérhe structure of a nedesign of Wband CMOSMEMS switch

is presentedn Fig 3.15. The actuation electrode is used to collapse the clarmgedplate such that the
series capacitance between the two ports increases to several pF, which caedeadragperfect short
circuit atsuchhigh frequencies. Applying a voltage to the holding etett can be used in the dowtae

/ ON-state to hold the beam if the actuation signal is to be remdhedCPW signal line and ground plane

are suspended on top of a 60um silicon trench, and they are mechanically reinforced by the thick oxide
layers in he BEOL stack.

DC Pad for Holding Voltage DC Pad for Actuation Voltage

Fig 3.15: An exact layout of the proposed ¥sand CMOSMEMS switch design

The SEM pictures of the different pgatocessing conditions of the switches confirm thatwarpage of
the same degh / layout can be controlled depending on the level of isolation requireel @Rk state (see
Fig 3.16). Depending on the tip deflection, or the warping profile of the structural layer, good isolation can
be obtained, as shovimFig 3.17. This simulation result assumed a tip deflection of more than 200um.
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ON time = OFF ON time = OFF
time = 15 sec. time = 30 sec.

WD30.0mm 4.00kV %100 500um

ON time = OFF
time =45 sec.

7

W25 OmmE4MO0KY. %80 500um

Fig 3.16: SEM pictures of the fabricated Wand switches using different nenryogenic posprocessig conditions for the
sake of controlling the warpage at the expense of the increase in actuation voltage
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Fig 3.17: HFSS electromagnetic simulatiomesults of thereturn loss and insertion loss of theroposel W-band switch in the
OFF state
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3.1.4Capacitive Switching with Improved Capacitance Density

For capacitive switching at lower RF frequencies, it is possible to improve the capacitance density by using
arrays of W via / pillars between the M1 and M3 layerseré are two main approaches that can be
followed. In the first approach, the W pillars attached to M1 and M3 layers can be misaligned like the upper
and lower tooth of an alligator. Depending on the interleaving distances, the capacitance density can be
increased by more than a factor of 10 as compared to the maximum attainable density péB|isdgd [

This is illustrated irFFig 3.18andFig 3.19. Following this approach would require controlled oxide etching

around the via features.

Air gap between the pillar and the
Al plate of the other electrode

W pillars
The bottom electrode (on M1 layer) The upper electrode (on M3 layer)
“not showing the Al plate holding the W pillars” “not including the Al plane holding the W pillars”

Fig 3.18: : COMSOL 3D illustration of the interleaving of the upper and lower W pillars for the sake of increasirgg th
maximum attainable capacitance density publishé&3[64]

Using 0.6um misalignment between W pillars

02 |

Co =0.0225 fF / pm?

o 05 1 15 2 . : . .
o 02 0.4 06 0.8 1 1.2 14 16

Distance between parallel electrodes [um] Distance between parallel electrodes [um]

Fig 3.19: Simulation results of the interleaving of the upper and lower W pillars for ake of increasing the maximum
attainable capacitance density publishe®] 64]
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On the other hand, instead of interleaving the W pillars connected to the M1 and M3 layers, it is possible
to have hem perfectly aligned such that the distance between the electrodes for at least 25% of the area is
the minimum possible. This technique is easier, but it would not yield much increase in the capacitance

density as compared to the first approach. Thiduistiated inFig 3.20 andFig 3.21.

Air gap between the
upper and lower pillars

W pillars
The bottom electrode (on M1 layer) The upper electrode (on M3 layer)
“not showing the Al plate holding the W pillars” “not including the Al plane holding the W pillars”

Fig 3.20: COMSOL 3D illustration of the alignment of the upper and lower W pillars for the sake of increasing the mmauxi
attainable capacitance density publishegi3] 64]

Using 0.5um W pillar spacing

0.08 35

Co = 0.0225 fF / pm?

15
0.03
14

0 0.2 04 0.6 08 1 o 0.2 04 08 0.8 1

W pillar height within the 1pm oxide [um] W pillar height within the 1pum oxide [pum)]

Fig 3.21: Simulation results of the alignment of the upper and lower W pillars for the sakenofeasing the maximum
attainable capacitance density publishe®] 64]

As a result of the increase in capacitance density, significantly improved capacitive switching results at
lower RF frequeneis can be obtained. Two capacitive switch SPST designs are shbigr3id2 andFig

3.23. The fabrication results for the switch filg 3.23 are provided in the SEM pictures kg 3.24. The

design inFig 3.22is identical to the design in the SEM pictures-j 3.6. It is an enhanced version of the
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design published in6f] where the capacitance density is increased significantly by virtue of interleaving

the W pillars with 0.6pum misalignment.

i 3 DC Actuation

Pad

DC Actuation
Pad

Fig 3.22: An improved design of the capacitive SPST switch@d][where the capacitance density is increased using the first
approach, i.e. interleaving the W pillars

DC Actuation
Pad

DC Actuation
Pad

Fig 3.23: An alternative design to the capacitive SPST switch6d][where the capacitance density is increased using the
second approach, i.e. alignment of W pillars

37



ON time = OFF time = 15 sec. ON time = OFF time = 30 sec.

id ~

ON time = OFF time = 45 sec.

Fig 3.24: SEM of the fabricated devices following the alternative design to the capacitive SPST swif6H]iwhere the
capacitance density is increased using the second approach, i.e. alignment of W pillars. Three levels of warpage are shown
where theup-state capacitance is further suppressed in order to increase the capacitatioe
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Fig 3.25: HFSS simulated results of the alternative design to the capacitive SPST swit@¥]ridr the OFF state
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TheHFSS electromagnetic simulation restittsthereturn loss and insertion losd the alternative design
demonstrateih Fig 3.22 andFig 3.23 are displayed ifrig 3.25 andFig 3.26 for the OFF and ON stes,

respectively.
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Fig 3.26: HFSS simulated results of the alternative design to the capacitive SPST swit@d]ridr the ON state

3.2Design and Fabrication of CMOSMEMS Metal -Contact Switches

Besides the capability for building capacitive switches, it is possible to sacrifice a portion or all of the
silicon dioxide betweethemetal layers in order to perform metaktal contacts for switching. That is the

focus of this sectioranda compact multport switch ispresented in terms of the design and fabrication.
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3.2.1Compact CMOS-MEMS T -Switch

T-type, Ctype and Rype switches are required for different applications in satellite communications such
as the redundancy switch matrickwing a signal to be reuted from a malfunctioning or damaged
component to a replacement or spare compoéhi80]. However, Ftype switches provide the largest
count of degrees of freedom fterms of signal routing paths if they are compardt Ritype and Gype
switches B2]. Also, implementing such switches in standard CMOS technology not only allows monolithic
integration, but also it allows further compactito their sizes as well as reproducibility of RF performance
of the individual switches in a large matrix, which is due to the high reliability and maturity of standard
CMOS processedn this section a relatively compact -Type switch design is propas@nd analyzeth

terms of its design and simulated RF performance, fabrication process andaibitcgtion results

The design of the RF MEMS-flype switch presented employs a tietd symmetric architecture with the
four CPW ports at 90°. In orden tmplement the switch in the back end of line (BEOL) of the CMOS
0.35um chip as proposed, metall (M1) and metal3 (M3) layers are used to build the circuit and MEMS
switches, where M3 is part of the structural layer. The layers for metal2 (M2) and niéfaldré used
mainly as sacrificial layers:ig 3.27 shows the HFSS 3D of the proposetype switch.

Silicon Crossover Siliconposts
underneath

(not shown)

[

0 025 0.5 (mm)

Fig 3.27: HFSS 3D view of the proposed RF MEMS compactype switch using a mésless posprocessing of standard
CMOS 0.35um chips. The DC actuation pads and biasing resistorsxateshown. The core size of thagrcuit is ~ 0.5 mm

In each of the four 90° and two 180° signal paths, there are two cldrepede. cantilevetype) series
switches that are actuated electrostatically in order to connect the corresponding two ports, or two pairs.
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The contact can be made using an array of one 0.5um W via on a contact area of Al (in M1) or two opposing
W arrays of vial2 and via23 featar&mploying arrays helps improve the contact resistance, provided that
an adequate contact force is applied, which wouldtieadsuitable contact pressuhe addition, using two
contact series switches in each signal path helps improve significamilothtion when the switches are

OFF and it simplifies the matching of the different ports when one of the three paths (per port) is ON.

Fig 3.28 provides a top view from the actual layout of the fabricated switch where onM3/Poly2 and
Contact layers are shown in order to clarify the details of the design. The relativelyavesy biasing
resistors (>20q) are buil't u shie seges switahes Bre ¢agh2l30junalgng apom30T
wide, where the suspended lengthli@um andthe gap from ground planes igrd. The wdth of all the

CPW line is 10Qm. The gynal crossover is made with 2 wide lines, and all air bridges arepil wide.

Such dimensions are &fir a silicon trench that is @@n deep.

Moreover, the bottm electrodes of individual switches are connected to the RF ground planes through the
highly resistive Poly2 bias resistors mentioned above. That allows for having only one DC actuation pad
connected to both anchors of the suspended switches, which ¢eim ©Ni a desired signal path or switch
state (using two pads).

b G2 25’ Gb G(#&bOd:

Pad Pad

Pad

Polysilicg
Bias Resi % ./.

A

Dimple
of Series ) .
Switches a{ 0z
Pad
“ La g 2 169 2
Pad

Fig 3.28 Top view of the Ttype switch design from its layout showing the 150um actuation pads fostkdifferent signal
routing paths. Thdayers for vial2, via23 and M4 hard mask are not shown
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Fig 3.29: HFSS simulation results for 180° signal paths (i.e. when the signal crossover is needed); (a) return loss in dB; (b)
insertion loss in dB; (c)solation in dB; the simulated results are for a 60pum deep silicon trench

The RF design and simulation of theype switch was performed in HFSS, where the different states of

the proposed desi

gn

wer e

t est e dan drF ofirEFig3@Sa $doing n a |
the return loss revealing good matching by virtue of the deep silicon trench. Moreover, the insertion loss in

Fig 3.2% confirms the exigent need for deep silicon etchihtindre is no trench in silicon, the return loss
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would be ~ 10dB, and the insertion loss would increase by at least Z€iB.329c, the isolation between
both paths is relatively very good. It is worth noting here that thdagvéetween the crossover lines is
20um x 20um. On the other hand, for the 90° signal paths tey( e oper ati on), e. g.
W0 Fig 3.30a shows the return loss of two connected ports, which again reveals gobdihgate to
20GHz. Besidedkig 3.30b demonstrates the insertion loss for the 90° signal routing. It is clear that the
design for the crossover andtype states is close, which is a desirable feat8®e79). The results for
isolation are almost the same like thos€im3.29c; hence, they are not shown.
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Fig 3.30: HFSS simulation results for the 9Q5aths (i.e. Ctype operation); (a) return loss in dB; (b) insertion loss in dB; the
simulated results are for a 60um deep silicon trench

The fabrication of the -Type switch utilizes a madkss posprocessing of CMOS 0.35um. The process is
significantly different from previously reported pagtocessing proceduredndeed, the design and
architecture of the proposed MEMS switch impose such difference. Theseigms of one of the signal
paths inFig 3.31 illustratethe mainpostprocessing steps
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Fig 3.31a shows the aeceived chip with a given relative alignment of the different metal layers on top of
the CMOS active parts (not shown). M4 serves primarily as a hard mask for the subsequentioractive
etching (RIE) of all exposed oxide areas on the chip as well as the deep reactive ion etching ¢(DRIE)
RIE for isotropic etching of the lowresistivity silicon in the substratBig 3.31b andFig 3.31c show the
crosssections for such steps. In order not to change thecagved stresses in the different layers while
being able to process the chips in reasonable time, dry etching with cryogenic cooling is adopted, which is
a main deviation frompreviously reported processes. Also, creating the trench in theekistivity silicon
substrateKig 3.31c) under the CPW lines is very critical for the overall RF guenaince of such devices
This is the main reason for the wisution of release holes-ig 3.27 and Fig 3.28) across all the CPW
sections of the switch, as they allow etching the oxide stack down to silicon. Accordirgiiyholes allow
attacking of the lossyl&on near the CPW lines, which improves matching of the different signal paths as

well as the overall insertion loss.

- n n
() S
Substrate Actuation Electrode
H- H H H-
(b)
L L] - L] - L
| | L} - L ] - -
© Silicon Trench
- H H -
(d)
= = H \l = =
(e)
Crossover
Port 1 Port 2

Fig 3.31: The CMOS masHKess posprocessing procedure using the relative alignment oétal layers in the standard CMOS
0.35um BEOL; (a) Asreceived chip; (b) after dry etching of oxide; (c) after dry etching of low resistivity silicon or trench
creation; (d)after wet etching of the sacrificial M2 and M4 layers as well as the adhesion |gggrafter the dry etching of

oxide on top of M3 / M1 probing areas and released switches; (f) after thinning the oxide layer around the tungsten pillars o

contact dimples. For the sake of simplicity, the details of release holes are not shown

In Fig 3.31d, the primary sacrificial layer M2 is stripped through wet etching in Al etchant (PAN) along
with M4 as hard mask. M4 cannot be protected in this procedure. The thin adhesion layers of TiN are wet
etched in HO,. At this stagef processing, an important deviation from previously reported processes takes

place. In fact, after the stripping of Al and TiN, wet etching of the resulting silicon pits using &6#]
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cannotbe performed due to the presence of W vias to be employed in the contacts of the series switches as
proposed. Another main difference is that KOH etching would help thin the oxide layers around M1 and
M3 layers, which would then allow for higher capacitadensities for the sake of buiid better capacitive
switches However, it does not make any difference for the comyget switch presented, and, as a result,
there is no gain from using such wet etching.

Instead of using KOH for finalizing the shapé the trench, a combination of 4Dum DRIE (using
standard Bosch process) and dry isotropic etching steps-blid have been employed successfully
leading to the removal of most of the silicon near CPW lines. More isotropic etching could be dadne, but i
would at the cost of increasing the size of probing pads, which would harm the compaction process. A
critical point drier (CPD) system is then used to properly dry the chipgg Bi31e, another major deviation

has been intragted, where the second RIE of the remaining oxide layer on top of M3 structural layers and
probing pads is etched while allowing the released exidwloxide beams to heat up, i.e. without
cryogenic cooling, in a controlled way depending primarily on @ and OFF times of the plasma
ignition. This way, the warpage of the release structures and the deflection of the contact dimples in the
OFF state as well as the required pnllvoltage for the switches can be wedintrolled for the same
design/layout.

Fig 3.31f demonstrates the need for etching the oxide layers attached to M1 and M3 in order to uncover W
vias partially. That is a second wet etching step that can be performed using silicon dioxide etchants
optimized for minimbattack of the Al metallization. Products such as Silox Vapox Il or AIPAD Etch 639
from Transene Inc. are good candidd&g}. Both have been used for the ppeicessing reported in this

work, and their etching performanbas been highly comparable. Finally, a second CPD step is required

in order to finalize the fabrication.

Fig 3.32 displays a DC contact resistance test switch after undergoing the first dry etching steps while
keeping the cryogean cooling then the wet release steps. It is clear that the inherentewreaged stresses

in the different layers including those of released beams do not provide a desirable warpage.
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After 1stdry etching of
oxide and silicon with
cryogenic cooling followed
by wet etching of metal
sacrificial layer

Air gap under the curved
cantilever after stripping
M2 & M4 layers

Fig 3.32. SEM picture demonstrates an identical test switching element (for DC contact resistance characterization) after the
first dry etching steps with the cryogenic cooling, wet release of switch and drying using CPD

As previously discussedf the oxidemetaloxide rekased micrdbeam encounters a controlled over
heating, the desired warpage of the individual switches can be reliably obEq@83 proves that where

the same DC contact resistance test switch was subjected to secondidgystéghof oxide with the same
plasma power level, but relatively long bombardment time. On the other hand, when same switches were
subjected to a significantly shorter intervals of bombardment, the overall warpage is obviously less, which

would help redoe the pullin voltage of the zipper actuator made by the fabrication process.
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After 2nd dry etching of oxide without cryogenic cooling

Switch Switch
Dimple Anchor

Silicon undercut
Array of
tungsten pillars

After 20d dry etching of oxide without cryogenic cooling

Release

: Holes for Dry
Released Switches and Wet

for a Gtype Path Etching

(b)

WD24 -Imm! 4/.00k¥, x45S00 1001m

Fig 3.33: SEM picture of different switching elements after the second dry etching of oxide without the cryogenic cooling; (a)

DC contact resistance test switch with a relatively long plasma bombardment duration, and-ffgedpath switches of the-T

switch cellwith a moderate duratiorfor plasma bombardment, whickesults in less membrane warping and lower actuation
voltage
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Chapter& MEMS Swi tches Using Metal MU

In this chapter, RF MEMS switches using the standard MetalMUMPs process by MEMSCAP Inc. are
presented in terms of the design, fabrication and measurement results. The fabricated devices employ
mainly electrothermal aagtion, but they can still be considered for ID@ power applications by virtue

of the adoptednechanical latching or reconfigurability of individual switching cells. The devices presented
include a compadtiscretecapacitor bank with the core ataching conventionatomb-drive varactorfor

high power applicationsnovellow-frequency higkpower 3bit capacitor bankand a rotcbased4-port

RF switch design that i€apable of switching two signlhes simultaneously with opposite statescan

be configured as Single Port Two Throws (SP2T) switch

4.1 Advantages of Using MetalMUMPs Process

In order to build RF MEMS switches, it is generally possible to rely standardnulti-user MEMS process

such as PolyMUMBMetalMUMPs, SUMMIT, etcFor low freqency and high power applications, it is
desirable to use thick metal layers taking into consideration the large skin depth. The operation under high
RF power would necessitate careful considerations for the immunity toward&sglfion, which can be
emgoyed instead of a holding electrostatic actuation voltage, as highlighted briefly in chapter 3.

By considering the need for a relatively high restoring force (in the mN range), especially for the ON state
at high RF power operation (BDW) and for hotwitching, the MetalMUMPs process appears to be the
most attractive option. The process features only one metal layer made of 20um thick electroplated nickel
[70]. That makes the realization of RF circuits limited to some exteatto the signal routing constraints

to one level / plane. However, it should be noted that wire bonding and evehiflipechniques can join

more than one chip together, and, accordingly, solve the problem.

Moreover, the process has been introdudestdrically) in order to realize a higleliability thermally
actuated switch. As a result, the implementation of th@ane electrostatic actuation would require large
footprints of devices for the sake of obtaining enough actuation forces. Thaaislgetue to the minimum
feature size allowed for the metal layer as well as the limited thicki@isg he thick nickel layer would

not allow an efficient oubf-plane electrostatic actuation, even if there is a second fagéalto employ

for switching and / or building the circuit. It should be noted though that thermal actuation mechanism
should not be considered negatively in terms of its high actuation power consumption due to the feasibility
of mechanical latching aneeconfigurability. It is worth noting that the electrostatic actuation is still a

possible option, though it is inefficient in terms of force level due to the minimum feature size allowed.
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4.2 MetalMUMPs Devices Fabricated

In this section, some of the MetalM/APs devices fabricated and released are demonstrated. An overview
of the MetalMUMPs process layers is provided in the esessions displayed iRig 4.1 [70].

|Plated Nickel | |Sacrificia| oxide |
— - - H
HRS Substrate
— — ——

Nitride Link

Silicon Trench

Over-plated
Gold

Fig 4.1: Crosssections of the MetalMUMPs process by MEMSCAP Ing0[

Briefly, thesubstrateised is made ofigph resistivity silicon (HRS)with anelectricalresistivityhigher than

4 K'Y c That is required for theperation of lowloss RF devices. Otherwise, deep trenching in silicon
would be required as discussed earlier in chapter three sacrificial oxide layer§ink and purple in the
figure)are employeéh the processand only one resistive layof polysiicon can be used for implementing
micro-heates forthermal actuation as well as possibly biagiegistorsfor RF switching The gld over
plating up to2um cantypically be used in between nickel featarfor the sake of realizing diregld-to-
gold switch contacts and for reducingein-planeair gaps forlectrostatic actuatiohe devicereleasés

finalized bya st@ of bulk micromachining to a trench depth of 25using KOH
4.2.1Compact RF MEMS Discrete Capacitor Bank

The first device to present this chapter is a reconfigurable compdistcretecapacitor bankhat isshown
in Fig 4.2 using an exact layout of a fabrieat device Depending on the maximupwossibledisplacement
or thestroke of thehermalactuator, the nuber of states and, accordingly, the numbeeaiivalentits

can be determined. The undocKed. initial) state is considered the first state.
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Latching Actuator

Reconfiguration
Actuator

Fig 4.2: Layout of the MetalMUMPs compact capacitor bank d¢fet second generation

The capacitance is formed by the overlap distance in the comb drive actuator. In order to perform the
reconfiguration of the capacitor, the latching actuators are first activated by the required DC input power
such that the latching docking tips in the vernier shown kig 4.3 are pulled away from the pivot on the

movableelectrodeof the comb drive fingers. The same

actuators. This is not the case foe tleconfiguration actuation. More input power would be required for
higher states where more displacement is needed. After setting the displacement of the reconfiguration
actuator, the latching actuators are released in ordirdothe movable side of éhcomb driveand get it

locked firmly ata specificposition.

voltage and current can be usedHetatthing

Polysilicon micro-heater in direct
contact with the nickel shuttle

Latching
Vernier

Nitride mechanical link for
electrical insulation

(6 states)

Fig 4.3: Layout of the latching electrothermal actuator showing the polysilicon mitreater
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A closer look at the dockingechanism as illustratl inFig 4.4 suggests a minimum initial reconfiguration
displacement of 25um and a corresponding minimum reconfiguration step (i.e. from a docked state to the
following / higherdocking state) of 18um. That is imposed by the miom feature size and minimum
spacing design rules of the process, which is1 8pr both cases, and by assuminmiaimum practical
docking clearance of 1unit.is worth noting that using the gold owelating layer can help achieve good
contact resistandeetween the latching actuator and the movable comb drive electrode, but it cannot help

with reducing the minimum requirement for the reconfiguration step.

Vernier finger spacing 2 10 pm

[assuming a docking
clearance2 1 pum)
Allowed movement
of the locking
vernier for latching

Allowed movement of
“ the reconfiguration
thermal actuator
Finger spacing 2 8 um \ t

Finger width = 8 pm mm———T

The initial reconfiguration displacement = 25 pum
The reconfiguration displacement = 18 pm

Fig 4.4: The latching or docking mechanism and tygicgeometrical dimensions imposed by the integyer design rules for
the metal layer in the MetalMUMPs process

As a result, the displacement required for the second docked state, or the third state, monédtban or
equal to 43um, and the displacerheequired for the following state would be 61um. As mentioned above,
there isaccordinglyan exigenheed to design a thermal actuator with a relatively large stroke in order to
abide to the reconfiguration restrictiomsposed by the design ruleBor arelatively high numbers of
equivalenb i t s ( iactuatodisplacémedts up to 1AM would be required.

There are two actuation schemes that can be used for the opefatierelectrothermal actuatior air as

well as in vacuumrThis is explaind in Fig 4.5. In scheme Jthe polysilicon micreheater indirectcontact

with the suspended nickel shuttierough the thin silicon nitride layecan be employed. Typical resistance
ofthemicreh e at er wo ul dhelcaesporaeing medsdred power consumption in arasind

200mW [71, 74-76] for a displacement exceeding80. Following scheme 1ht operation of the thermal
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actuator tkn is based on two sets eH2main physics. Solving for two coupled domains in Multiphysics

problems is generally more accurate than solving for three coupled domains as in the case of scheme 2.

Actuation Scheme 1: Actuation Scheme 2:

Electro-thermal + Electro-thermo-
Thermo-mechanical f mechanical

(2 x 2-domain multi- (1 x 3-domain multi-
physics) physics)

Using Polysilicon No need for the micro-
micro-heater heater

Fig 4.5: Two different actuation schemes are possible for the electrothermal actuators

The COMSOLthermaemechanical angkis of onlythe thermal actuator in scheme 1 hedpgly and tune

the performanceof thermal actuator for both schemasview of the different dsign specificationand
constraintdncludingthe requiredeasonable footprir(i.e. compactionand acceptable electrical lumped
model, especially the inductance for the sake of controlling theessihance frequen¢$RF)of thenet
capacitance

In order to maximize the displacement of thermal actuatoat a given input thermal powehe slanting
offset of the chevron beam is to ¢penerallycloseor almost equatb the width of the chevron beanis

is considered for all the chevron thermaluators in this chapteRepending on the length of the chevron
beams on each sidd the shuttle mass (that 190um x 200um)the optimal slanting angle can then be
calculatedFor the sake of compaction, beam lengths up to 600um are possible.

In addition, the Jouldeating mechanistim the micreheater that is idirectcontact with the shuttle mass
(with the 0.35um thick LPCVD silicon nitride) provides the input thermal power to the thermal actuator
thus acting as the source of the thermal energysitibstrate acts as heat satkoom temperaturas well

as the arlwored pads (typically 10050uminsize and O 60 Om b if thetphds arapeobed g n
or wire-bonded to another platform, they should accordingly be modeled as heat sinks at roomuegnperat
independent of their sizes

Considering an input thermal current from the miceater, mcreasing the overall thermal resistance of the
chevron beams would help increase the temperature difference between thenstastdenperature (that

is the maximum temperature in both schengessidering the symmedrand the room temperature at the
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heatsinks. The heat flux to the ambient air can be neglected, which igvaitdacceptable extefar the
operation under vacuum or lialativelylow pressure such as being packaff.

Adopting narrow and long chevron beafosthe thermal actuator would help increase the overall thermal
resistance significantly and increase the deflection for a given input thermal current. However, that would
result in a significant increase in the equivalent inductance of the chevron baedntkecrease ithe
capaci t.acompromid&dhould be mabetween the thermomechanical and RF performairces
addition lowering the maximum stress encountered in the mb&dms is important for the sake of
extendingthe lifetime and reliability bthe thermal actuator. Foeliable switches based on thick plated
metals such as Au and Nie literaturgo keep the maximum stress belowBIDMPa §].

For a relatively compact design and acceptable RF performance, $ewei@l @m-wide chevron beams

can be usedFig 4.6 displaysthe COMSOL thermomechanical simulation results that demonshate
dependence of ththermal actuation distance on the input thénpaaver consideringseveraldifferert
configurationsassuminghree to sevenhevronbeamson each side of the shuttieass The increase of the
number of beams results in a decrease of the thermal resistance, which decreases the temperature drop
across thechevron actuatoand, accordinglydecreaseshe thermal expansiocomponentdue to such

temperaturelifference across the chevron beams
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Fig 4.6: COMSOLthermomechanical simulatioresultsof the thermal actuatoshowing the displacement k&us the thermal
input power to the shuttle magprovided by the Joule Heating mechanism taking place in the mibeater)
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This can be further investigated and confirmed by looking at the curve for the dependence of the maximum
temperature (i.e.thetgme r at ur e of t homthaioputtharima podes that ik displayedan)
Fig 4.7. Reducing the number of chevron beams from seven to three results in increasing the temperature

of the shuttle mass by ~ 400at the same input power level.
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Fig 4.7: COMSOLthermomechanical simulatiomesultsof the thermal actuatoishowing the maximum stress and maximum
temperature versus the thermal input power to the shuttieéss (provided by the Joule Heating mechanisaking place in the
micro-heatei)

There are two possible RF configurasdar the circuit of the switched reconfigurable capacitor. This is
illustrated inFig 4.8 andFig 4.9. The drawback of the first configuration is the dependence of the RF
performance of theeconfigurablecapacitoron the equivalent lumped elements corresponding to the
flexures holding the movable side of the comb drimethe figures, te gold wire bonding employed
represents the second metal layer nedxethe circuit Using wire bonding igenerallyinevitable if the

RF circuits are to be implemented in MetalMUMPs, and it has been one of the main drawbacks of using
such process, espalty for larger circuits wherenerearemore chances for theeed to deembed the wire

bonds.

Following the second configuration, the RF performance can be independent of the geometry or mechanical
design of the flexure. This allows optimiziag muctes needed the mechanical latchingchanism while
obtaining higheSRFor less overall equivalent inductanaiethemicromechanical componentsis worth

noting that dlexure that isconsiderablyess stiff was found to be more compliant experimentailly the

docking operatiomescribed earliethus resulting in less sharircuit failures aftethe reconfiguration of
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the capacitarHowever,the stiffness of the flexure is a critical factor determining the immunithef t

capacitor to selctuation uder high RF power.

RF Configuration 1:

RF performance depends on the inductance of
flexure. It can lead to low SRF.

Gold wire bond
for RF grounding

Fig48:First RF configuration of the capacitorés circuit with t
the actuator flexures in addition to the equivalent lumped elertseof the chevron beams

RF Configuration 2:

RF performance depends on the inductance of
chevron beams only, which leads to higher SRF.

Gold wire
bond

Gold wire bond

for RF grounding

Fig49:Second RF configuration of the capacitords circuit with
elements of the chevron beams, independent of the flexure desigimeimctuator

Fig 4.10 displays the 3D structure of the discrete capaaitmulatedand analyzed in HFSS takimgto
consideationthe approximategeometry othe~ 200um-high and 4fum-thick goldwire bonding thatvas

used expementally torealize the compact pacitor on the fabricated chip.
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0 500 1e+03 (um)

Fig 4.10: HFSS simulated structurdollowing scheme 1 andiaking into consideration the require@00umhigh and 40um-
thick gold wire bondingin addition to the 2%um trench in the HRS substrate

The HFSS electromagnetic simulation results of the conthsatetecapacitorareshown inFig 4.11 and
Fig 4.12. It can be seen that tt#RF valuesare almost the same for bottase (Fig 4.12). This can be
attributed to the relatively small value of capacitance, wheréttieedifferences between the equivalent

inductances in each case would not result in significant chiarige corresponding SRF values.

Return Loss SC Latistatesconfigl 4 Capacitance Latistatesconfigl 4
90 Gurve info 2.00
— state 0/
Imported
1.754
— state 1 T
Imported —msiah::e o
— state 2| 1.50 - Imported
Imported — state 1|
— state 3| 1.25] Imported |
Imported ’ — state 2|
E Imported |
=1.00+
3 i slgtzsi
S mportes ’
0.75 - —
0.50 /
0.25
0.00
1.00 225 3.50 a.75 6.00 7.25 8.50 9.75
Freq [GHz]

Fig 4.11: HFSS electromagnetic simulation of the first four states of the compact discrete capaniteig 4.10 following the
first RF configuration

56



Return Loss SC Latistatesconfig2 4 Capacitance Latistatesconfig2 4
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Curve Infa
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— state 1
Imported

— state 2
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Fig 4.12: HFSS electromagnetic simulation of the first four states of the compact discrete capaciteigid.10 following the
second RF configuration

On the other hand, consiiley the experimentally more reliable flexure dessfown inFig 4.13, the
equivalent inductance is expected to be highahe first RF configuration. As a result, the SRF value
should be significantly lower, which is confirméy comparing theHFSS electromagnetisimulation

resultsfor the extracted capacitance curieig 4.14.

Modified design of the compact
reconfigurable capacitor with
enhanced flexure design for higher
yield of mechanical latching

— >

Depending on the possible asymmetry due to fabrication tolerances, both latching
actuators may not be actuated and/or released simultaneously for higher docking yield

Fig 4.13: An exact layout and 3D structure of aompactreconfigurablecapacitor withan improved mechanical design of the
flexure leading to higler yield in mechanical latching
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Using RF configuration1 Using RF configuration 2

Capacitance
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Fig 4.14: HFSS electromagnetic simulation results for the extracted capacitance of the compact deskig #.13. The
results of using the first and second RF configurations are compared

Several other flexure designs were also considienethe design and fabrication of the compact discrete
capacitorproposedincluding themedanicaldesign inFig 4.15, which exhibited a comparatively lower
latching yield experimeatly.

Thermal
Actuator

Gold wire
bonds

Fig 4.15: SEM of a fabricatedfive-statecompactdiscretecapacitor of the first gearation. The smallestgold wire bonds were
200pm-high on average with the wire diameter dbum
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The measurement resultbtbe capacitor bank iRig 4.10 aredisplayed inFig 4.16. Due to the warpage
issues with the stissed nitride layeas shownn Fig 4.17, thefourth state could not be measured. From the
measured states, tBRF valuds low ~ 6GHz butthe RF performance &cceptabldor the operation up

to that frequency.
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Fig 4.16: Measurement results of a compact capacitor bank of the first generation

Latching
Shuttle

Warped nitride
layer prevents the
full operation of
the actuator

Stressed
nitride layer

Significant
undercut in
silicon

Fig 4.17: SEM pictures showing some of the main issues with the first getiereof fabricated compact capacitor banks
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As highlighted previouslyit is critical to increase the stroke of the thermal actuatorse way to do that is

using thenovel mechanicatlisplayedin Fig 4.18 where the stroke of thinermalactuatordemonstrated
earliercan bealmostdoubled. This ismainlyachievedy the proposed cascade of a second stage of chevron
thermal actuator that expands relative the position of the driving sbhiitle primary actuatarather than
anchors The overall thermal loading on the midneater is expected to be higher, but the proposed
cascading provides the large stroke of the actuator without affecting negatively the compaction of the
overall device size.

Due to the increased equivalent induate of themodified thermal actuatgorand depending on the
maximum reconfigured value of the capacitance, adopting the second RFatirdigiirationmay ensure
ahigherSRFandbetter overall RF performance.

Secondary Actuator
(Slave)

Primary Actuator
(Master)

Fig418 Second RF configuration of the capacitorés circuit usi

The first generation of thenhanced thermal actuattesignwas characterized in termstbk feasibility of
using the low stress nitedayer as the mechial coupling frame, which has not berccessful ashown
by the SEM picturesiFig 4.19.
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Primary Actuator
(Master)

Secondary Actuator Failure of the secondary actuator due
(Slave) to the failure of the nitride link

Fig 4.19: SEM pictures of the first generation thermal actuatorstivienhanced stroke revealing the failure due to the flexible
nitride mechanical link

4.2.2Low-Frequency High-Power 3Bit Capacitor Bank

The second device considered in this chapter Kid &pacitor bank based on tparallel connection of
three comkdrive fixed-value air-filled capacitors that are seriewitched for the sake of performirige
requiredengage / disengage operatiémsthe individual capacitorepresenting each bih order to design
a binarycapacitor bank in this way for a binary ogion, if the value of the small capacitance ig Ge
value of the second capacitance should @g, Zhe value of the third capacitance should &,4he value
of the fourth capacitance is to b&g etc. The values should take into considerationekthe inevitable
parasitic capacitances in the RF circtliihe switching uses mechanical latchamyillustrated irfFig 4.20
andFig 4.21in order to ensure low reconfigation or DC power consumption
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RF port

Bit 1 (LSB)

Bit 2

Gold wire
bond

Bit 3 (MSB)

Fig 4.20: An exact hyout of theproposed3-bit capacitor bankfor low frequency and high powerRF applications

Switched capacitor
for least significant

bit (LSB)
Latching or
Locking Tip
/ Latching
Switch Beam Actuator

Switch

Actuator \

Fig 4.21: An exact layout ofa single bit denonstrating the mechanical latching mechanism employat the structure of the
individual bit
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The mechanical latching mechanism is further explainetidsEM pictures showin Fig 4.22, where an
insulated latching actuator tip initially pulled back in order to allow the insulated switch beam to be
actuated forward towards the two tips to be connected. The release of the locking tip would keep the switch
beam docked for the ON state, and there would no more need for DQyltfesiswitch beam actuator.
Therefore, the overall energy consumption of the reconfiguration is low, and the theenahfigured

device does not generally consume energy sincariies zero current faall the time except during

switching or reconfigration

Fig 4.22: SEM pictures of the fabricated thermal actuators showing the mechanical latching mechanism empléfed

In order to perform the switching and mechanicalhieig needed, a stroke of up to ~#0 is needed,

which would correspond to a maximum DQtage < 13V and current < 20mA in aif4. In Fig 4.22, a
U-shaped nickel mechanical reinforcement structuas used for the lowstress thin nitride links to which

the insulated locking tip and switch beams are connected. Otherwise, the insulated structures would
experimentally fail and get disconnected from the nitride membrane. In fact, there is stédlvaalifihge

that can be observed underneath the locking tip with the presermeerafitl ushaped nickel frame.

The HFSS electromagnetic simulation resultghefextracted capacitance tbethreeindividual bits are

shown inFig 4.23 for the OFF and ON states. When all the bits are engaged (i.e. switched ON), the SRF

value is expected to be worse than the SRF value of the largest capacitor, or the most significant bit
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