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Abstract

Radio Frequency Micro Electro Mechanical (RF-MEMS) comgruts are a contender for fu-
ture low-power high-frequency wired reconfigurable netgoand wireless communication
systems. In many RF applications, a single MEM componentreplace and outperform an
entire solid-state circuit; in other applications, a judis association of MEMS with active
devices will result in smart communicating circuits andiegss. These MEM devices have the
potential to surpass the limits of today’s equivalent impéatations that use only traditional
solid-state technology. However, the scarce maturity of tichnology makes these devices
suffering of severe reliability issues. The purpose of thesis is to investigate the reliability
of RF-MEMS switches, starting from common measurements,tike cycling and DC char-
acterization, to more particular stresses, like Electaii&Discharge (ESD) or Radiations for
space applications qualification.






Sommario

Gli switch Micro-Elettro Meccanici per Radio Frequenza {REEMS) sono tra i dispositivi piu
promettenti per le future generazioni di network riconfahili ad alta frequenza e basso con-
sumo di potenza. Vi sono applicazioni RF in cui un singolgdsstivo MEMS puo sostituire
e migliorare in termini di prestazioni un intero circuito &t® solido; in altri campi invece,
un opportuno connubio fra tecnologia MEMS e dispositivivagphud portare alla nascita di
sistemi di comunicazioni estremamente brillanti e perfamth Infatti, i dispositivi MEMS
hanno in loro le potenzialita per sorpassare i limiti deli@ali tecnologie impiegate basate
su circuiti integrati. Tuttavia, la mancanza di maturitauda tecnologia cosi innovativa porta
con sé inevitabili problemi affidabilistici. L'obbiettivdi questa tesi € di analizzare I'aspetto
affidabilistico degli switch RF MEMS, cominciando da metaedimuni di caratterizzazione e
stress, come la caratterizzazione DC e il Cycling strese, ditest piu specifici, come la ro-
bustezza a scariche elettrostatiche (ESD) o il monitocadilanni indotti da radiazione per la
qualificazione dei dispositivi per missioni spaziali.






V: “Voila! In View, a humble/audevillianVeteran,
castVicariously as bothVictim andVillian by the Vicissitudes of Fate.

ThisVisage, no mer&eneer ofVanity, is aVestige of thé/ox populi, nowvacant,Vanished.

However, thisvalorousVisitation of a by-goné/exation, stand¥ivified
and hasvVowed toVanquish thes&enal andVirulent VerminVanguardingVice
andVouchsafing th&/iolently Vicious andVoraciousViolation of Volition.

The onlyVerdict isVengeance;
a Vendetta, held as ®otive, not inVain, for theValue
and Veracity of such shall one dayindicate theVigilant and theVirtuous.

Verily, this Vichyssoise of/erbiageVeers mosverbose,
so let me simply add that it is myery good honor to meet you
and you may call m¥'”

Evey: “Are you like a crazy person?”

V: “I'm quite sure they will say so”
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Introduction

Radio frequency (RF) micro-electromechanical system (MESWwitches are a contender for
future low-power high-frequency wired reconfigurable ratve and wireless communication
systems [1]. In many RF applications, a single MEM compormant replace and outperform
an entire solid-state circuit; in other applications, dgimls association of MEMS with active
devices will result in smart communicating circuits andiegss. These MEM devices have the
potential to surpass the limits of today’s equivalent impéaitations that use only traditional
solid-state technology. In fact, all RF-MEMS devices (nolyoRF switches) maintain good
miniaturization and they can be integrated with solid stateuits (e.g. either placed on the
semiconductor wafer back-end-of-line inter-level di¢lies, or wiring levels, or independently,
in the semiconductor component package). RF-MEM devichib#xalmost zero power con-
sumption, extremely good RF linearity, and high qualitgda¢Q) for tuning. Linearity metrics
of input intercept second and third order harmonics (IIR2[#A3) both can achieve better than
70 dBm. Concerning RF-MEMS switches peculiarities, they achiesry low insertion loss,
of lower than0.1 dB (up to 100 GHz) while maintaining high isolatior>20 dB). From the
technology standpoint, they are a low-cost fabricatiorcess compared to other RF and mi-
crowave solid-state integrated circuits (e.g. RF Siliconresulator (SOI), Gallium Arsenide
(GaAs)). In particular, RF-MEMS can be made using standauddry silicon processes, mak-
ing them a very promising candidate; Si RF-MEMS are very g¢asyicro-machine, can be
integrated with mature semiconductor technology prosgssed has the potential for wide
proliferation across the global semiconductor foundryifeess. Additionally, Si RF-MEM
technology is compatible with the integrated circuits fagitél, analog and RF mixed signal
environments, making it possible to realize high frequeREymodules featuring a high level of
integration (e.g. network-on-chip (NOC), and system-bip¢SOC)). Another very attractive
advantage for integration with Si-based technologiedaslto its mechanical properties that
make it possible to realize mobile regions through eletdtws magnetic or thermal excitation
that will result in devices featuring tunable behavior [2].

Despite these positive aspects, all the above and furthesfite go along with a series
of present-day shortcomings; these shortcomings are yrmeséited to the maturity of today’s
still-evolving design methodologies and semiconductoriéation processes. The integration
dilemma and potential MEM paradigm shift that these newrietdgies have introduced is
also accompanied by a lack of fabrication process starmirdn, big design flow impact,
a limited reliability database, and poor knowledge of agimgchanisms and reliable design
practices. In terms of future applicability of these RF-ME&Nb high-volume low-cost wired
and wireless telecommunications markets, there are a lewfapplications that can realized.
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Today, conventional solutions are currently reachingegalatlevels of cost reductions through
batch processing that could hardly be tackled by emergictgntdogies. The RF-MEMS tech-
nology does not only need to prove as performing and reliabliés established competitors,
but it must provide for completely new functionalities antkuplored circuits and systems so-
lutions, to gradually find its way into the commercial RF mieave market. In order for these
implementation possibilities to be achieved, the RF-MEM&strovercome these reliability
hurdles.

The purpose of this thesis is to investigate the reliabitityRF-MEMS switches, start-
ing from common measurements tests, like cycling and DCadharization, to more specific
stresses, like Electro Static Discharge (ESD) or Radiatmmes. This work does not want to
provide a universal methodology to certificate any kind ofMREMS device, since the lack of
process standardization brings to the market every timedexices with new materials and
different reliability issues. Nevertheless, if only thehaologies based on Metal-Insulator-
Metal (MIM) structure are considered, an almost completfalydity perspective with the main
literature topics is presented.

The first chapter describes the different topologies of &stetd devices, with a general
presentation of the RF-performances and the main swit@npeters (actuation voltage, release
voltage, insertion losses and isolation).

The second chapter is an overview of the main reliabilityeéssthat affect RF-MEMS de-
vices with a particular attention to the less investigatsdst (ESD and Radiation) in literature.

The third chapter will be dedicated to the cycling stress, tese of the most common
parameter to classify the device robustness.

In the fourth chapter, the behavior of an RF-MEMS device stteohto continuous biasing
will be presented, focusing on the release time issues tichAt stress generates and the release
transient in general (bouncing).

The fifth chapter presents the ESD effects on an RF-MEMS bwifithe results on RF-
MEMS switches submitted to Electro-static discharge ifedént configurations will be shown
and a first study of HBM (Human Body Model) effects on such desiwill be discussed.

In the last chapter, after an introduction to the radiatiamedge mechanisms, the results
obtained after the protons and x-rays radiation stress 6MEMS devices will be presented.



Chapter 1

Devices and process description

The RF-MEMS switches tested and analyzed in this work haes meanufactured by the
Bruno Kesler Foundation (FBK) of Trento (Italy). The ohmigitches, both series and shunt,
based on meander and straight beams (see par. 1.3), haveroeeiced in the contest of a
Project of Relevant National Interest (PRIN) in collabamatwith other italian Universities.

1 The other kinds of devices tested, belong to an internatipraect in collaboration with
the European Space Agency (ESwith the target to develop a reliable redundancy switch for
space application.

1.1 A mechanical description of anchored beams and cantilev

To physically implement the RF-MEMS switch, a double aneldobeams and a cantilever
beam solution, based on electrostatic actuation, has lamptead. The principle that rules
these devices is quite simple: a voltage is applied betweeMEMS suspended membrane
and the actuation structure that typically lays beneathbtitge. The electrostatic force gen-
erated will bend down the membrane until a physical ohmicamirwill be achieved with the
transmission line contacts. The actuation structure (ily-Biicon) is normally coated with
Silicon Dioxide to prevent a short circuit with the membrameen it is in the actuated state.
The next sections will be dedicated to a summary on the elgettic actuation principles and
to the spring constarit determination and modeling for a generic MEMS switch basedre
chored beam or cantilever. A complete description of RF-MEMechanical model is given
in [3].

Electrostatic actuation

When a voltage is applied between the actuation pad and #pesded membrane, an elec-
trostatic force is induced between the two structures. #t éipproximation, this force can be
compared to the one induced between the plates of a chargadita (see figure 1.1). In fact,

!partners are: University of Padova (ltaly), FBK (ltaly), idersity of Bologna (ltaly), University of Udine
(Italy) and Politecnico di Torino (ltaly)

2partners are: University of Padova (ltaly), FBK (ltaly), iuersity of Perugia (Italy), Technische Universitat
Minchen (TUM)(Germany), Alcatel Alenia Space (Italy) ahé National Research Center (CNR) (ltaly)
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the suspended membrane could be considered as the upmeoftatnoving capacitor while
the actuation structure would be the fixed one: in this wayeasier model can be used to
understand the principle that rules the MEMS mechanicaiteh It is important to under-
line that the equivalent capacitance of the variable camashould be calculated taking into
account that the MEMS bridge is a mechanical continuum witimite length and therefore
an appropriate averaging method should be used to compd@esature to a single degree
of freedom system. However, due to the almost infinite depmgsibilities of an RF-MEMS
switch, it is no possible to find a optimum averaging methadte capacitance value which is
efficient for all the different designs. In fact, the capacte value depends on the membrane
dimensions and shape, and the capacitance variation slated to the dynamic response of
the used materials.

(a) (b)

Fig. 1.1: Examples of a anchored beams based MEMS switcim¢gfaa cantilever one (b).

If we definew the beam width andél” the pull down electrode width, the equivalent capac-
itance will be
cewW A
g9 g
where A is the area of the capacitor defined by the cantilever anddaowin electrode width,
andg is the height of the suspended beam. The attractive eléatim$orce generated by the
applied voltage will be

,dC(g) LegWwV?
<2 dg 2 g2
whereVis the voltage applied. It is important to underline thatéhextrostatic force does not
depend on the voltage polarity. If we compare the generaiszk fwith the spring restoring
force (F' = kx), we obtain

160W’LUV2 i
5972 = (9 - 90)

whereg is the bridge height in the rest position. From this we have

. %
“\ o (90 — 9)-

The graph in figure 1.2 shows the beam position versus théedpglltage. As it is possible to
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see there are two solutions of the beam height for everyegppbltage.
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Fig. 1.2: Beam height vs applied voltage: the structure shawinstability at2/3)g, that
lead the MEMS bridge to collapse on the bottom electrode ifghndr voltages.

This is due to the fact that the beam becomes instable aiy(2¢8)ce the feedback gen-
erated by the electrostatic force is positive. This inditgbcan be better understood if the
electrical field applied to the beam is considered. In fachese that

_QE

Ee 5

where( is the electrical charge on the beam atid= V/g is the electrical field. When we
increase the applied voltage, the electrostatic forcecieased too for the accumulating charge
on the MEMS beam. At the same time the structure capacitamcedses for the approaching
of the beam to the pull down electrode caused by the attfiiice. When the /3¢y height is
reached, the increasing of the electrostatic force oveedbmmincreasing of the spring restoring
force leading the beam to collapse on the bottom electrodem Fhis we can calculate the
voltage value needed to bring the beam to the collapse point:

v v 2 8k .
Act = 590 = mﬂo
whereV 4., is the nominal device actuation voltage. A more detailedyaigis presented in
[3].
The spring constantk

As has been demonstrated in the previous section, the mctwaltage is strictly dependent on
the spring constarit. There are different parameters that allows to change ttiegsponstant
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value, from the material used to build the beam to the shapleedbeam itself or of the beam
anchors. For an assigned beam material, the stronger syomsgant is typically obtained with

a double straight anchored beam. On the contrary, if thegserpf the project is to obtain a
weaker spring constant, different solutions based on lweadehors can be adopted, depending
on the application. In figure 1.3 multiple examples of beachars are reported from the more
stiff configuration (a) to the weaker one (d). The (b) and @utons are a little variation of
the configuration (a) (straight beams) with the aim to justdoa little bit the straight beam
spring constant (b) or to improve the beam truss stiffnessNcomplete analysis of the spring
constant modeling and derivation is reported in [3].

(d) e

Fig. 1.3: Examples of anchored beams topology: straightsda), softer straight beams (b),
very stiff truss beams (c) and meander beams based (d).

1.2 FBK process description

FBK developed a process that is optimized for the fabricatibRF-MEMS switches on a high
resistivity silicon substrate. A cross section of the psscis shown in figure 1.4. The process
makes use of a photoresist as a sacrificial layer for theioreaf the suspended structures.
These are defined using electroplating. A thick field oxidér& deposited on the wafer to
isolate the devices and minimize the electric loss towaedsthbstrate. A polysilicon layer
allows the creation of integrated resistors and the switthadion electrodes. A multimetal
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layer, which is a sandwich of titanium, titanium nitridepadinum and titanium nitride, can
be used as a contact to the polysilicon or as an underpasseoVat it can be used to form
an integrated capacitor with the subsequent isolation atdi metal layer. Gold suspended
structures can be created with three different thicknessssilting from the combination of
two electroplating steps. The maximum electroplated goickhess, which i$ pum, is used
also for the definition of the coplanar waveguides. An addéi layer of sputtered gold can be
used to create floating electrodes. For capacitive switehgeld layer deposited on top of the
dielectric enhances the contact with the armature, wheswlieh is closed. Moreover, this
layer is also required for the realization of gold-gold obrontact in metal contact switches.
The FBK switch process makes use of 8 masks and a total of 22 pnacess steps, listed
in figure 1.4. The process starts with the growth of the fieldl@xon the wafer. Then, the
polysilicon layer is deposited, doped with Boron and cogleséth a thin TEOS oxide. After
the opening of the vias to the polysilicon, the multimetsklais deposited and patterned on the
wafer. The metal is covered with a thin low temperature oid€), which is removed, where
necessary, for the realization of electrical contacts. gdid floating metal is then deposited
and patterned. At this point, &um thick photoresist is spin-coated on the surface, which
serves as a sacrificial layer for the creation of the susmkestieictures. The photoresist is
post-baked at high temperature, in order to round the edgbe photoresist structures and to
avoid further deformation of the spacer photoresist dusimigsequent high temperature steps.
The seed layer for the electroplating of the suspendedtstegand other thick metal parts
is then evaporated on the substrate. Evaporation does atdrgee a good coverage of steep
edges. This renders the removal of sharp edges from the waffarce necessary to ensure
a complete coverage of the seed layer and thus electricihady during the electroplating
steps. Afterward, gold is electroplated on the wafer in téeps with different thicknesses: a
first layer of2 um, called BRIDGE layer, and a second layer of arodnam, called CPW
layer. Areas on which the gold has to be electroplated araeeatkfivith a photoresist masking
layer, with a thickness higher than the one of the layer tavgrafter the electrodeposition
steps, the wafer undergoes a temperature treatment, wéiige & improve the adhesion of
the gold to the wafer. This is especially important for wiantding purposes. The suspended
structures are then released by dry etching of the spaceowyjigen plasma. The most critical
part of the process is the creation of stress-free suspestdectures. When thin films are
deposited on a sacrificial layer at a temperature lower ttsaftow temperature, then intrinsic
stresses develop in the film-sacrificial layer sack. Botplane stress and stress gradients can
arise. These not only modify the mechanical properties @mtiaterials, but can cause out of
plane bending of the suspended structures after theirseleghe entity of the effect depends
mainly on the temperature treatment, to which the waferlgesied and on the materials used
[4]. In the presented process, the annealing of the wafer afectroplating leads to in-plane
tensile stress in the gold layer.

Moreover, the diffusion of the seed layer into the elecitgdd membrane led in the past to
a stress gradient in the thickness of the suspended gold [Hye thicknesses of the layers used
in the seed layer were therefore optimized in order to mipéntihe effects of this phenomenon.
A more detailed process description is given in [5].

The FBK process can be summarized in six phases (figure 1.4):
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V)

Siliean B Cxide B Poly-Si
. TN B Si-nitride I Resist Spacer

Fig. 1.4: Phases of the physical process (by FBK) to manufa¢che RFMEMS devices.

[) growing of 1000 nm of insulator oxide, deposition @330 nm of polysilicon, Boron
implantation, definition of polysilicon, Boron diffusiort 825 °C, deposition o800 nm
of TEOS and opening of the contacts

II) deposition and definition of metal alloy Ti/TiN/Al/TiiN, respectively o80/50/410/60/80 nm
(underpass)

[l) deposition 0of100 nm of LPCVD oxide (or PECVD Nitride) and VIA definition
IV) deposition and definition of the spacer basedqom of resist

V) seed layer of Cr/Au¥0/150 nm respectively), area definition of the first electro-deposit
and first electro-deposition of Ad .6 wm for pads and bridges)

V1) second electro-deposition of AB.6 wm for thick bridges and CPW), seedlayer removal.

1.3 The devices designed by University of Bologna

The devices produced in the contest of the PRIN project cativided in four categories:
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e Ohmic series meander beam based switch the device is an open circuit when no
actuation voltage is applied and become a transmissiomiiven actuated; the meander
beams result in a weaker spring restoring force and in a qoiesgially lower actuation
voltage (typically around0 — 20 V) (see figure 1.5a and figure 1.5d)

e Ohmic shunt meander beam based switchthe device is a transmission line when no
actuation voltage is applied and become a short to grounch\abeiated; the meander
beams result in a weaker spring restoring force and in a qoiesgially lower actuation
voltage (typically around0 — 20 V)(see figure 1.5b)

e Ohmic series straight beam based switchthe device is an open circuit when no actua-
tion voltage is applied and become a transmission line wherated; the straight beams
result in a strong spring restoring force and in a consegalnhigh actuation voltage
(typically around40 — 60 V) (see figure 1.5c)

e Ohmic shunt straight beam based switch the device is a transmission line when no
actuation voltage is applied and become a short to groundhebtiated; the straight
beams result in a strong spring restoring force and in a cpresdially high actuation
voltage (typically around0 — 60 V)

To reduce the oxide charging phenomena (see par. 2.1, pagandaterdigitated topology
is adopted for signal underpass and actuation electrodedjiéect contact is allowed only
between the plate and the signal electrodes, by raisingigin@lsunderpass metal above the
level of the poly electrodes, through the placement of palsnohy rectangular bricks. There-
fore, during the actuation, the suspended membrane getsitaat with the signal underpass
crating a low resistance path between the input and the bptpts (series configuration) or
between the input port and the RFground (shunt configuratitocking the RF signal. In
some variation (thick bridge switches) of the four basicicey just presented, apum thick
electroplated gold layer is used for the plate to improveigislity, whereas a thinnet.5 um
gold membrane implements the four suspending beam sprirtgs electrostatic pull-in volt-
age is typically around0 — 60 V for the straight beams design, reaching befw for the
meander-based devices. To guarantee a good release etdhsteuspended structure layout is
binded in one dimension &0 um. This leads to the perforated plate structure k20 pm
holes with20 um separation. This characteristic, typical for surface mitiachined devices,
is a key factor in defining viscous damping phenomena for yimauchic behavior of the device
operating in non-vacuum conditions. The RF signal is agdptie the left side of the device
which can be contacted with microprobe (Ground-Sourcesd@agprobe with150 wm pitch)
and read on the right side (see as example figure 1.5a). Siaaevice is symmetric from a
RF point of view, the input and output port can be switcheck pad in the bottom provides the
actuation force through a polysilicon structure that runsifthe pad to the suspended bridge.

Contacts with dimples

The devices presented in par. 1.3 typically exhibit a flafasr on the contact blocks un-
der the suspended membrane, as shown in figure 1.6. This wathld-to-metal contact area
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RF RF
Input Output
Port Port

Actuation
Pad

@

Actuation
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(b)

(©

(d

Fig. 1.5: Picture of an ohmic series switch (a) and of an otshimt switch (b) with meander
beams. Optical profilometer image of a straight beam sewigsts(c) and magnification of a
meander based switch membrane (d).

should guarantee a lower series resistance between ttgelait the transmission line dur-
ing the device actuation and, therefore, excellent RF peidioces. Nevertheless, due to nano
irregularities on the gold surface and to hardening or miitige of the contact during multiple
actuation [3], it happens that only a small part of this areis ¢n contact leading to a sensible
increase of the series resistance and a degradation oftee d@F performance.

A possible way to obviate to this uncontrolled use of the aonsurface is to introduce
a "dimple" on every single contact. A "dimple" is a small lalter the contact which has
the property to locally increase the pressure generatetiebguspended membrane during the
actuation phase, with a consequentially higher force agpid the metallic contact. In this
way, a lower and more repeatable series resistance shoadhieved leading to a better RF
working device. In figure 1.7a, an optical profilometer imafe@n ohmic series switch after
the membrane removal is presented. Comparing figure 1.Tefigritre 1.6 it is immediate to
note the presence of dimple over the contacts. A zoom of éisngtkucture is reported in figure
1.7b.

The main difference between Poly dimples and Conho dimplé®ei structure height: Poly
dimples are aboui30 nm tall, while the Conho structure (which are obtained with @@nho
mask that keeps the acid attack from removing the siliconlexiver the Poly-silicon) are



1.3. The devices designed by University of Bologna 11

Fig. 1.6: Optical profilometer image of a series ohmic swétter the membrane removal: in
the underlined zone it is possible to see the input port flatamis.

(b)

Fig. 1.7: Optical profilometer image of a series ohmic switéth dimpled contacts after the
membrane removal (a) and zoom of the dimpled contacts (b).
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400 nm.

1.4 The devices designed by University of Perugia

The devices tested in the contest of the ESA project and miexséere, belong to a first pro-
totyping run and not to the last and more advanced technaeglution of the devices. The
devices has been designed by the University of Perugia andfatured by FBK and can be
divided in four topologies.

Series ohmic winged switch with stopping pillars (PSX)

Fig. 1.8: Picture of the series ohmic winged switch stoppifigrs (PSX).

The series ohmic winged switch stopping pillars (see figuB) &onsists of a metallic
bridge, isolated from the ground planes of the co-planaregaide, suspended above an in-
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terrupted signal line. In the up state the bridge is susptmadeve the interrupted signal line
providing very high and wideband isolation better trzindB from DC up to30 GHz (see
figure 1.9a). On the contrary, in the down state the bridgewefed by the electrostatic forces
applied through the actuation pad in order to contact thesmas of the signal line. The device
exhibits very good insertion losses (.8 dB at 30 GHz) and excellent return losses on the
whole broadband (between20 dB and—30 dB from DC up to30 GHz), as shown in figure
1.9b and figure 1.9c respectively. The measured pull-irageltto actuate the device is about
50 V.
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Fig. 1.9: Isolation vs frequency (a), insertion losses (t) eeturn losses (c) of a series ohmic
winged switch stopping pillars.
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Since the dielectric charging phenomenon is one of the nmitgtat issues for an RF-
MEMS device reliability, a first solution to overcome thideet is to realize a dielectric-free
actuation pads avoiding the contact between the bridgetsngad [7]. This is possible by
either realizing mechanical stoppers on the bottom suidétiee bridge layer or building stop-
ping pillars on the activation pad. The latter solution hasrbadopted since it does not require
any modification of the FBK MEMS process.

. 04 05 06 07 08 09 1
Stoppers Heightjum] Pillars Heigh [um]

ol i i i i i | TSy
0 01 02 03 04 05 06 07 08 09 1 00 01 02 03

@) (b)

Fig. 1.10: Bridge deformatiofi as a function of the pillars height. Fixed spacirrg50 pm
and increased voltagé(from 10 V to 60 V, with a10 V step) (a). Fixed voltag€ =50 V
and increased spacinag(from 10 pum to 60 wm, 10 um step) (b).

Since the actuation structure is not covered with any dietedt is extremely important
to properly design the mechanical stoppers in order to pitetee bridge from any contact
with the bottom electrode. A first estimation of the bridgéodmation above the stoppers has
been done by assuming the bridge to be like an infinite plathicknesst supported by dot-
like pillars positioned in the vertexes of squares [8]. Raglsa structure the plate maximum
displacemeny is given by the following expression:

()

WhereF is the Young Modulust is the plate thickness, is the length of the square sidess
the applied load which, in the case of electrostatic aatnais equal to:

Fe B 1 EOApad

P=ET T avT

whereF. is the electrostatic forcey is the vacuum permittivityl” is the voltage applied on
the aread,,,q. Note that such expression provides an overestimationedftisige deformation
since it does not account for the bridge tensile stress aridgsponstant. In figure 1.10 the
bridge deformation as a function of the pillars height witspect to the actuation structure is
reported. figure 1.10a presents the bridge deformation wheset to40 wm andV is varied
from 20 V to 60 V with a step ofl0 V. The variation off as a function of the spacingfor
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a fixed applied voltagé” of 50 V is shown in figure 1.10b. According to this computation,
a 0.55 wm thick and40 — 50 wm spaced pillars should ensure the bridge isolation from the
bottom electrode.

1
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Fig. 1.11:Vpo /Vp; ratio as a function of the pillars height. The yellow line megent the
working points fol0.55 wm stopping pillars.

As well as reducing the dielectric charging phenomena, tbpping pillars lead to an
increased pull-out voltag€pp which is in general a desirable effect since indicates arease
of the beam restoring force. The rafi®o / Vp; is given by the following expression which
has been derived by the formula for the standard dielectvered pads:

Vpo/Vpr =

whered is the total air gap above the pad, is the pillars height with respect to the pad,
d. is the thickness of the dielectric covering the pad anits dielectric constant. In figure
1.11 is shown the rati®»o/Vp; as a function of the pillars height for the case of dieleetric
free electroded,.= 0). Note that for &.55 pm stoppers the pull-outpo /Vp; ratio is close
to 0.5. It is important to consider that in standard dielecswitches the pull-out voltage
values are not easily predictable due to the uncertaintheradhesion forces value between
the dielectric covering the pad and the metal bridge. On tmdrary in the case of stopping
pillars such forces do not act, and a better agreement bettheetheoretical and the actual
value is expected.
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Fig. 1.12: Layers constituting the contact bumps (a), tbpprs (b) and the electrodes (c).

gl o B R R

Pillars

Fig. 1.13: Cross section of the series ohmic switch constijtthe switching unit.

New stopping pillars have been designed tothen x 4 um large,1.18 um thick bumps
deposited on the substrate. The pad thickne$s6i um resulting in a stopper elevation of
0.55 um with respect to the electrode. The thickness of the contaais in ohmic switches is
0.63 pm bigger than the stoppers height in order to guarantee lowacbresistances. The pil-
lar spacing is about0 — 50 um. In figure 1.12 is reported the layers that have been patierne
for the realization of the contact bumps, the stoppers ameldctrodes. Asitis possible to see
in figure 1.13, the pillars height is larger than the actuagtectrode height. In this way when
applying the actuation voltage, the suspended membraheegiilon top of the pillars that will
prevent it from touching the polarized actuation electrode

Cantilever switch (CA)

The ohmic contact single pole single throw (SPST) switchsigia of a gold membrane sus-
pended above an interrupted micro-strip signal line anth@md at one end.

A photograph of the fabricated cantilever switch is showiigare 1.14. In order to guaran-
tee a repeatable and low contact resistance seven dimplesdban placed in the contact area
of the micro-strip line, and the beam central part has bemrfioreed with thicker gold, thus
leading to a lower total contact resistance [9]. The per&oroe of the single MEMS switch
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Fig. 1.14: Photo of the series ohmic cantilever MEMS switch.

has been presented in [5, 10]; it shows a contact resistameer thanl (2, an insertion loss
better thar).1 dB and an isolation better thar? dB up to15 GHz (see figure 1.15). Actuation
voltage of aboub0 V and un-actuation voltages (which is the voltage value wtiexeestoring
force becomes higher than the electrostatic force brintiegswitch in the up-state position)
of about40 V have been recorded.

The cantilever switch can be implemented with stoppingapslland without dielectric as
the series ohmic winged switch with stopping pillars (PSX).

Boosted ohmic shunt switch (BO)

The boosted ohmic shunt switch (see figure 1.16) has beegngesio have a very high ca-
pacitance ratio,,=21 fF, Cypun=4.55 PF, Cioun/Cup > 200) between the capacitance in
the un-actuated state and the capacitance of the actuaged lois high capacitance ratio leads
to very good RF-performances in terms of insertion los8esdB at 30 GHz), return losses
(—27 dB at 30 GHz) and isolation ( down te-58 dB at27 GHz), as depicted in figure 1.17a
and figure 1.17b respectively. Typical device actuatiomags is around0 V.

Spring anchor ohmic switch (BAT)

The spring anchor ohmic switch (BAT) has been designed whi¢ghaim to obtain a winged
stopping pillars switch (like PSX) but with a lower actuatieoltage. In figure 1.18, an image
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Fig. 1.15: Isolation vs frequency (a), insertion lossesaty return losses (c) of a series ohmic
cantilever switch (CA).
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Fig. 1.16: Photo of the boosted ohmic shunt MEMS switch.

of the device is presented where the bended beams desigr egpieciated.

As it has been discussed in the par. 1.1, a bended anchoramg leads to a weaker
spring constant for the structure, reducing the actuat@tage which is depending on it. For
these devices, low actuation voltages have been measwrtdegm15 and30 V). From an
RF point of view, the spring anchor ohmic switch has shownrg geod behavior in terms
of insertion losses ( abolt5 dB on the whole broadband, see figure 1.19a), of return losses (
about—25 dB on the whole broadband, see figure 1.19a) and isolati@n (B at30 GHz, see
figure 1.19b). Moreover, the measurement results are in gowdspondence with the devices
simulation as shown in figure 1.19a and figure 1.19b, with aeetxon for the low frequency
range where the probable presence of parasitic oxide onidheontact tends to block the RF
signal inverting the RF device expected behavior.
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Fig. 1.17: Simulated (blue line) and measured (red linegrninan losses and return losses of a
boosted ohmic shunt switch (a). The device isolation shoegative peak &7 GHz in good
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Fig. 1.18: Image of a spring anchor ohmic switch (BAT).
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Chapter 2

Reliability of RF MEMS switches

Emerging and future autonomous wireless communicatiostes)s require highly reliable
electronic components with very low power consumption. rglicachined devices present a
promising technology to meet this demand. RF-MEMS are fipeuicromechanical switches
designed to operate at RF-to-millimeter-wave frequengidsto 100 GHz). Such RF switches
have been demonstrated with low loss, low power consumgtendistortion, and higher off-
state isolation as compared to p-i-n diodes or field effentdistors. However, before such
switches can be used in commercial or spatial applicatithes; must demonstrate the abil-
ity to switch reliably over billions of cycles, or, as in thase of a redundancy switch, to
maintain their electrical and RF performances for a veryglime and guarantee the switch
actuation even after years of storage in harsh environnidm presence of mechanical contact
introduces a whole new class of reliability issues relateloiath mechanical and electrical phe-
nomena [11, 12]. Cycled mechanical deformations and ststadg vibrations introduce new
stress mechanisms on the structural parts of these dewbashanical relaxation of residual
material stress, plastic deformations under large sigegihre, creep formations and fatigue
can all impair the stability of electro-mechanical deviehavior and eventually cause device
mechanical failure. Finally, other surface effects sucbxadation or absorption can also result
in changes of effective mass or stress of a moving or vilgatiructure, causing stability issues
and device failures. Ohmic contacts occurring between twtalic surfaces can also suffer
from stability problems due to cycling, resulting in chasge the ohmic contact resistance.
The causes can be diverse, such as surface contaminatiatesjahtransfer and erosion, and
surface changes due to absorption or oxidation. Furthernoonsidering that RF-MEMS will
be largely employed in space applications (i.e. satellimmunications) several issues con-
cerning the radiation tolerance with respect to both tataizing dose (TID) and single event
effect (SEE) must be assessed before they may be successfybloyed in radiation harsh
environment. Unfortunately, the available literatureadedncerning RF-MEMS reliability is
very poor and no documentation, procedure, guideline aripation are available today for
the evaluation of the RF-MEMS robustness. Typical failurechanisms of MEMS devices
can be divided in three classes regarding the nature or theecaf the problem. Because
of the electrical and mechanical nature of these kind ofasyi some phenomena are also
correlated. In the following sections, a description of thain reliability issues is reported,
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dividing the nature of the problem in electrical, enviromta, and mechanical causes. This
yet non-exhaustive collection of possible reliability eadure mechanisms occurring in RF-
MEMS devices depicts a very complex scenario for lifetimsgitegy. For this reason this new
class of devices, needs the definition of new methodologiegice degradation models, and
accelerated tests criteria, all covering different andsoupled physical domains.

2.1 Electrical phenomena

2.1.1 Dielectric charging

Dielectric charging is described in literature as the maitufe mode for capacitive switches
[13, 14, 15]. Itis caused by charges trapping in an insuldtbis can be both positive and neg-
ative charging and interest both the bulk interface andasetf There can be different reasons
that cause dielectric charging. If a large electric fieldrissent over the dielectric, it can cause
charge trapping due to Poole Frenkel or Fowler-Nordheimeiing. The presence of surface
states can affect charge trapping. Also radiation can iedlectron-hole pairs in an insulator.
If an electric field is present, these carriers can beconppée before they recombine. All
devices where an insulator is present can suffer from tloblpm. Charging is accelerated
at higher electrical fields. So, tests at higher actuatidtages can accelerate the problem.
Humidity can affect charging. Also the environmental gas (8, compared to air) has been
reported to affect the charging mechanis¥s,giving a better lifetime. Radiation can also give
rise to charging. It can be reduced by applying differentiaibn schemes to the capacitive
switch, such as bipolar actuation and by reducing the dotusbltage as much as possible or
removing the charges by other means. The dielectric chgugan have two consequences:

e Screening Charge entrapment produces parasitic electric fieldscdrascreen the effect
of the applied voltage, see 2.1a. This typically leads ta&tian of the actuation voltage
needed to properly actuate the device. In the case of a bipaiaation, charge trapping
leads to a not symmetrical actuation characteristic [16].

e Stiction It occurs when the entrapped charge creates an attractioa $trong enough
to hold the bridge in the down-state position even when theséion signal is removed,
see figure 2.1b [15, 16, 17].

E lfl Evo I
1 L4 e+
® ® sip & T se
t- line Ve t- line oo V=0
(a) Screening (b) Stiction

Fig. 2.1: Schematic of charge distribution causing thei@iestreening of the actuation voltage
(a) and the stiction of the suspended gold membrane (b).



2.1. Electrical phenomena 25

Theoretical analysis

Assuming that the MEMS switch acts as a parallel plane pleapscitor, the switch capaci-

tance for unit area is:
€0 * €1

€o * h1 + €1 % ho
whereg is the air dielectric constang; is the material dielectric constarity is the distance
between the suspended bridge and the dieledisids the dielectric thickness. If a sheet of
charge with charge densipy; is inserted inside the dielectric, the electrostatic fdareunit
area on the suspended bridge due to the actuation vdlfaayed the sheet charge will be:

2
V B (hl — Ahl)ps

F=— ‘1

a [60]11 + 61(h0 — Aho)]

whereAhy is the membrane deflection from the rest position, &id is the distance of the
charge sheet center from the dielectric upper surface.cintfze actuation voltage drift due to
the charge presence into the dielectric is given by:

(hl — Ahl)ps

€1

This means that a nearer to surface sheet of charge willtaffe@ctuation voltage drift more
than a deeper one. Equating the electrostatic force gekebgt both the biasing voltage and
the charge sheet to the membrane restoring force, it islgedsi calculate the biasing voltage
vs. deflection:

1 1]€Ah0 (hl — Ahl)ps
V(Ahg) = — leoh1 + €1(hg — Ahg)] + ——
€1 €A €1

wherek is the membrane spring constant afids the capacitor area. If we assume now that

h h
€1(ho — Ahg) >> €yh1,V(Ahy) has a maximum al\hy ~ 30 andV go ~ Ve, Where

Ve is the device actuation voltage. If we use a linear approtionaof the spring restoring
force, in the actuated positiohd = 0) this force will be about three times greater than at

% (whereV (Ahg) is maximum). This means that the electrostatic force ne¢dlédep the
membrane bended should be three times stronger than theqwui force. However, the hold-
down voltageV;, is typically lower than the pull-down oné/{;) for e;hg >> eghy. If, i.e.,
the device under test has an actuation voltaged¥, the electrostatic force for area unit will
be61 N/m?2. When the membrane is completely actuated, if a charge slibatharge density
ps = 7.5 % 10'° cm~2 is present into the center of dielectric, an attraction éast200 N /m?

is generated. Such a force should be enough to maintain thdraee in the actuated position.
However, such a charge sheet would reduce the actuaticageodtf a 5% only underlining how
the dielectric charging is more critical for the hold dowrtage than the actuation one.
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2.1.2 Dielectric breakdown

Dielectric breakdown happens if a conduction path growsufh an insulator making it con-
ductive [18]. The conduction path is created either throaghincreasing number of traps, or
through damage of the dielectric causing a short. It is noags$ visible. It can cause local
stiction of one part to another. If a high current come togethith the event, then burned spots
can sometimes be seen, or local damage (holes). In somewhses the MEMS is moving
vertically, such as a capacitive switch, the bridge mightehm be removed to see the fail-
ure. Eventually a FIB cross-section has to be made to shovetiaé stiction point. Dielectric
breakdown can in some cases also be observed opticallygighoton emission microscopy.
Source of the breakdown can be:

e High electrical field across an insulator during a long tirmesing trap generation and
eventually breakdown

Electrical overstress

Electro-static discharge

Sparking

Air-gap breakdown

It results in a shorted and thus in a non-functional device.

2.1.3 Power handling

The RF signal power flowing through the switch (with a micretritc dimension of the struc-
ture) can bring to either logical or physical reliabilitgiges. Logical issues are related to some
malfunction of the device that can be auto-actuated evereifittuation signal is not applied.
These events are named:

e Self-actuationa strong enough energetic RF signal can have a DC compouféiotent
to accidentally actuate the device.

e Latching a strong enough energetic RF signal can have a DC compogeat ® the
hold-down voltage. In this case the bridge will be no moreaséd [19].

Physical issues are typically related to electromigrapbenomena [20]. It deals with the
high current that propagates within the transmission lareswithin the upper membrane. Itis
well known that high current can generate electromigragiffect that degrades the conductiv-
ity of the metallization leading to an increase of the terapge through a rise of ohmic losses.
Furthermore, in RF regime the electromigration impact issimilar to the impact in DC one.
Due to skin effect, in fact, when the operating frequencyn@easing, this leads to a higher
concentration of the current lines. This current conceiotmecan easily cause line melting due
to the material removal and the subsequent high temperdiaté can reach. In figure 2.2 itis
possible to see how an high current flow can damage the swigchlorane generating bubbles
caused by local heating.
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Fig. 2.2: Bubbles due to high current inducing membranefusi

Theoretical analysis

It is well known from the theory [3] that the actuation voléagf a suspended membrane can
be approximated with:

VAct =

wherek is the spring constani, the gap between the bridge and the dielectric beneathid,
the actuation area ang is the vacuum dielectric constant. If an RF signal withamplitude
is applied to the switch membrane, a DC component will be igged. This will be equal to:

v Vo

and the equivalent power at the switch input port will be:
P V02
IN =55

If the actuation voltagéd’,.. is lower that the DC component generated by the RF signal, the
switch will suddenly actuate itself. Typically the neceggaower to actuate a capacitive switch

is aboutd W[19]. On the contrary, for the latching phenomena, the RFgrdw keep a device
actuated is lower (aboutl0 mW). It is important to observe that every RF signal that will
pass through the device will generate a DC components thidiviher the switch actuation,
and this is a parameter to take into account during the grpjegse. However, the maximum
current density {,7..) tolerable in RF mode is about forty times larger than the Ddglen In
table 2.1 is reported the current density that generatetrelmigration in both RF and DC
mode for different RF power signals. Typically the testedicks have been measured with a
0 dBm RF signal { mW), a power that should not generates electromigration dbasalation
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Power Max @18 GHz | Jyjaz (GA/IHQ) IrtazrE! InfazDC
17.8 W 185 37
20 W 196 39
224 W 207 41
Table 2.1

phenomena.

2.1.4 Contact resistance variation

This reliability issue is typically related to resistiveitehes. The aging of the switch can bring
to an increase of the contact resistance. This can thendemuincrease of the temperature at
the contact point and finally to a failure of the switch. Ferthore, the increased resistance in
the closed state can become comparable to the resistanbéexxim the open state, impairing
the function of the switch. In figure 2.3 it is possible to see tomparison between apparent
contact area and the real contact area in a gold-gold metéhcto The reduced size of the
contact point increases the series resistance of the déegrading its electrical performances
[21, 22].

+~— Apparent Contact Area

Real Contact Area

Fig. 2.3: Comparison between apparent contact area ancneizct area in a gold-gold metal
contact.

Theoretical analysis

The contact resistance is generated by the roughness ofitfe@ss that get in contact. In fact,
when two surfaces adhere, only a finite number of pointsyregt in contact. This leads to a
reduction of the effective surface for the current flowingiehhincreases the resistance of the
electrical path. Moreover, for a contact with a radius samtb the electron mean free path
(10 nm) or smaller, the current flowing is constricted also by thattering around the contact
(boundary scattering). Taking into account these phenamtiie contact resistance can be
approximated with:

1+0.83(1/a)

a 4pl
R, =
1+1.33(1/a)

3ma?

L
2a
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whereR; is the contact resistanckis the mean free patla, is the contact radius andis the
electrical resistivity. The typical radius for two adheyimaterials is:

F.
TH

wherer, is the contact force anl [Pa] is the material hardness which can be obtained with
standard tests, e.g. the Knoop method [23]. Due to the Jauleal current flowing through a
contact tends to heat it up to a technical temperature calgoertemperature”. This temper-
ature can be hundreds of degrees higher than the surrounditegial one. If we assume that
the Weidemann-Franz law is valid for metals and that theecuirand the thermal flow have the
same direction, the supertemperature is given by:

V2 OL(T2 —T2)° T2 472
TSQ -4 ( b 5 0) + b 0
4L 4V 2

whereT} is the supertemperatur®, the voltage drop on the contadt,is the Lorentz constant
(2.47 * 1078 V2 /K?), Ty, is the membrane temperature near to the contact zonel@iscthe
substrate temperature. Tests carry out on macro-scaleshaven that the contact resistance
grows with the supertemperature [22]. However, after threwasming of the supertemperature,
a softening of the contact happens with a consequentiatiease of the contact radius and a
reduction of the electrical path resistance. The contaa wariation is approximated by:

2
2L

4 _ml
HET

A_O:ﬁ (Ts = To)

where A is the softened contact ared, is the contact area before the softenirg),s the
softened contact resistance, aRglis the contact resistance before the softening.

2.1.5 Metal - metal welding

Metal-metal welding is the joining of materials, usuallytals, by coalescence. It happens if
soft metals come into contact with high forces, at local hgnperature, and/or high current
(ESD, spikes, dielectric or airgap breakdown), causingfisti and/or damage at the contact
point [18, 21, 22]. As a material transfer can happen, theambrarea may be reduced by
increasing the roughness of the contact, even if the switithet stick. In this case, anincrease
in contact resistance in an ohmic switch or anomalous simigdbehaviour is observed. Ohmic
switches are mostly concerned. Several studies have betormped by Radant MEMS to
improve contact reliability. The use of refractory metalke ITungsten could help to increase
the contact lifetime. Aluminum is there the worst case oflgtsince its welding temperature
and adherence voltage are very low. It results in degradatiad eventually failure of the
device, or direct failure in case of sticking.
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2.2 Environmental phenomena

2.2.1 Capillarity stiction - Humidity effects

Surface micromachined devices, for reasons related tepsoty, are extremely hydrophilic.
An hydrophilic surface in a humid atmosphere will expereihoth condensation, which will
create bending moment in structures, and capillary forebg;h will create stronger adhesive
bonds than Van der Waals forces alone [13, 24, 25, 26]. Waté#uid that is present in a
small cavity between two moving parts or a moving and a fixetl gan keep them together
due to its liquid surface tension [18, 24, 25, 26]. The siittiorce depends on the roughness
of the surfaces (the rougher the smaller the force), on ting@eéeature, and on the pressure of
the environment. Stiction can be best observed using aabpticroscope, motion analysis
instrumentation (the stuck part will of course not move)agrofilometer. Stiction can also
be observed in a SEM but best in a low-vacuum instrument atvoitage (the vacuum can
remove the fluid and SEM can induce charging which might asalt in stiction). The main
occurrence of capillary stiction is after the release eteh, during the drying of the MEMS
(due to the water left under the structure pulling it down$irid an appropriate release method
can prevent this problem. However, it might also occur durtise of the MEMS device in a
humid environment. This can be prevented by protecting tBEI8 using a hermetic package
with a low internal humidity. But also the following factostould be taken into account:

1. MEMS with a large restoring mechanical force (stiff stuwe) will be less sensitive to
capillary stiction than a sloppy MEMS

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

It usually will occur in an environment with a high humidity after etch of the sacrificial
layer of the MEMS using wet etch methods. Capillary sticttam occur in all MEMS. This
is a failure that in general can be avoided by good procedsakg care during etch of the
sacrificial layer), optimal design (stiff moving parts) @dprotection of the MEMS against
high humidity (packaging). In Oya et al.[26], capacitiveitelves were reported that kept func-
tioning even at humidity levels as high as 95% RH. This ingisahat if the restoring forces
of the switches are large enough (stiff bridge), capillaigtion will not probably be an issue.
Anti-stiction coatings can be used to produce hydrophobitases, although those currently
under investigation are only applicable to certain typedavices, and not yet "industry-ready".

2.2.2 Temperature Changes

Internal stresses in devices are extremely temperaturendept. This is due to their inherent
mechanical design which allows the substrate to inducegdsim the stress state of the me-
chanical membrane over temperature [27]. The sparse datdndlve been published on this
topic demonstrates variations in the range of 0.3-0.5°J&8, 29]. Over a broad tempera-
ture range, this can lead to excessively large supply veltagiations. Additionally, operation
at high voltages (necessary for low temperatures) can algersely impact device longevity
[30]. On the contrary, low temperatures can increase drdecharging effects (especially
holes based). Thermal effects can also cause problems & paskaging.
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Temperature induced elastic deformation

Differences in the coefficient of thermal expansion (CTEW=en two connected materials
can lead to temperature induced elastic deformation orumifiorm temperature differences
within the bridge of a switch or within a beam. This will caws®mmalous buckling of a bridge
(or membrane or beam) with temperature changes or duringifming. It is mainly found
when materials with large differences in CTE are used, ibmhgeneous heating of a device
during functioning occurs, or in designs that do not takea@sjon into account. Observed are

changes in the pull-in/pull-out voltage of switches or djesof the resonance frequency and
Q factor in resonators.
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Fig. 2.4: Measurement of gap capacitance (black curve) ahition voltage as a function
of temperature (grey curve).

As example, in figure 2.4 is reported the measurement peeidioy Glodsmith ([27]) on
the variation of the gap capacitance and the subsequeiitigariof the actuation voltage as
a function of the temperature for capacitive RF MEMS switcfebricated on Pyrex glass
substrates (Corning 7740) with copper posts, gold eleesoand aluminum alloy membranes.
The actuation voltage has been measured only up to 2G0nCe this was the heating limit of
the used thermal chuck. Most RF-MEMS will suffer from thisiplem. It strongly depends on
the design, the used materials, the RF-power and frequemhegher the effect can be neglected
or very severe. RF-resonators are very sensitive and mégjuine a temperature-controlled
environment. It is not a permanent failure mode: when theptature is reduced, the effect
reduces. In case of effects due to a uniform increase of ttezreat temperature, temperature
compensation should be built in or the MEMS should functiatyan an environment with a
controlled temperature [25, 27].
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Temperature induced plastic deformation

Temperature-induced changes in a material (annealing)oaiage plastic deformation. These
changes might be a stresses alteration, a softness, atguattoughness, a electrical or mag-
netic or other physical properties change. It goes togetligr changes in crystallinity and
micro-structure. All materials have a critical temperatabove which the material properties
change (grain growth, dislocation motion, etc.). If thimpeerature is exceeded during func-
tioning or processing or packaging, the device will defomaiirreversible way, like anoma-
lous and irreversible deformation of a bridge or membrankeeam when submitted to a high
temperature step. More danger of plastic deformation £xishaterials with a low melting
temperature such as for example Al or most Al-alloys are .usdaterial and shape changes
will result in changes of the stiffness of the beam or briddeciv will affect several electrical
parameters: changes in the pull-in/pull-out voltage otslngs can occur. Mostly MEMS with
metal parts (e.g. Al bridges) are affected. The damageasarsible. Even if the device is not
dead, it will certainly have different electrical paramstand a different reliability.

2.2.3 Space Environment - Radiation Effects

It has long been known that electrical systems are susteptilbadiation and recent research
has raised the possibility that mechanical devices maytsgwone to radiation-induced dam-
age. Especially sensitive to radiation could be deviceshaae mechanical motion governed
by electric fields across insulators, such as electroathtiactuated cantilever beams. Radi-
ation can cause bulk lattice damage and make materials masceible to fracture. High Z
radiation can lead to fracturing by creating massive disovdthin the crystal lattice. It is also
possible that dielectric layers will trap charged parSclereating a permanent electric field,
that could interfere with the nominal behavior of the switElirthermore, some radiations can
have an impact on the Young module, changing the actuatittageoand the spring constant.
In table 2.2 a list of space environmental hazards in differegions of space is reported. The
notes to follow focus on the columns labeled single everittffand total dose, but it lists other
hazards for reference. The column of regions roughly pssg® in increasing distance from
the Earth, beginning from the ionosphere and moving outdcstitar wind (or interplanetary
space). The columns of effects are ordered roughly by theyerad the particles responsible
for the hazards, decreasing in energy from left to right. Gbler-coding and numbering are
approximate measures of the importance of a particular ghenon in a particular region.
Note that this table does not address the hazards of satéthiy, impacts from meteoroids
or space debris, or satellite collisions. The drag is mogiirtant in low Earth orbit, while
meteoroid impacts and satellite collisions can happen aeysv[31].

In figure 2.5 is shown the distribution of the 299 anomaly rdsosersus the anomaly type.
The "other" category included plasma, micrometeoroid ictgaand uncategorized solar ener-
getic particle effects. Effects from electrostatic diggeahad the largest number of records,
while single event effects and radiation damage togethesianted for 33% of the cases [32].

In figure 2.6 is shown the Single Event Up-set (SEU) and remtiatamage records broken
into several subcategories. The largest subcategory (%i%)Yhe uncategorized SEU: their
origin may have been galactic cosmic rays or solar energetiticle events for which there
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sphere
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Table 2.2: List of space environmental hazards in differegions of space: 0 - Unimportant, 1 - Relevant, 2 - Important
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Fig. 2.5: Breakdown of Single Event Up-set (SEU) and radiatiamage anomaly records
(data from Koons-99).

was no detailed correlation done with the environment. &ah damage anomalies were
infrequent compared to the other effects. Within the ramliatlamage category, there were
only 3 records ( 1%) corresponding to total radiation dosehSa low frequency might there-
fore reflect conservative limits in radiation modeling awodgervative shielding. The anomaly
records did not quantify impacts such as cost or delays imclaes of similar, follow-on space-
craft. The most visible impact is mission loss or terminatiand Koons et al. listed 11 such
cases [33]. For reference, 3 of these losses were diagneselld effects, 1 as total radiation
dose. The only other impact that could be easily quantifigtiénrKoons et al. survey was the
time it took the spacecraft operators to recover from theratp To focus on the impacts of
single event effects and radiation damage (roughly ond tfithe anomaly cases), in the case
of SEU events, automatic recovery using on-board cornmeclgorithms probably accounted
for the events of minimal duration [32].
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Fig. 2.6: Breakdown of SEU and radiation damage anomalyrasaq@ata from Koon-99).
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Finally, in the table 2.3 it is possible to see missions lasteominated due to the space
environment as of early 1999 [32, 33].

Diagnosis Vehicle Orbit Date
FengYun1l| LEO Jun-98
Single Event Effect MSTI LEO Jan-93
IRON 9906 | LEO 1997

Total Radiation Dose | Hipparcost | GTO | Aug 1993
DSCS I GEO Feb-73
GOES 4 GEO Nov-82
MARECS A | GEO Mar-91
INSAT 2D | GEO Oct-97
Olympus | GEO Aug-93
Micrometeoroid impact SEDS 2% LEO Mar-94

MSTI 2 LEO Mar-94

Surface ESD

Table 2.3: Missions lost or terminated due to the space enwient as of early 1999.

2.2.4 Vibration

Due to the sensitivity and fragile nature of many MEMS, ex&twvibrations can have disas-
trous implications. Either through inducing surface adesr through fracturing device sup-
port structures, external vibration can cause failure bseaf either resonance and dynamic
instability. Long-term vibration will also contribute tatigue even due to thermal stress. For
space applications, vibration considerations are impgrtas devices are subjected to large
amplitude vibrations in the launch process [18]. In figuréiRis possible to see an example
of cracks in a MEMS support beam caused by vibrations fronuada test performed by the
Jet Propulsion Laboratory (the report does not specifyeafditack has been due to cyclic loads
or to impulsive load).

2.2.5 Shock

It differs from vibration in such a way that shock is a singleahanical impact instead of a
rhythmic event. Shock creates a direct transfer of mechasitergy across the device. Shock
can lead to both adhesion and fracture. Shock can also cagskomd shearing, a failure mode
common to all semiconductor devices. Itis also called Rypfmic Shock when it is associated
with the firing of an explosive device, usually for the purpas initiating or performing a
mechanical action. Spacecraft separation events or teaselof propulsion system saving
devices are typical such mechanical actions [18].

2.2.6 Particulates

They are fine particles, that are prevalent in the atmospfdrese particles have been known
to electrically short out MEMS and can also induce stictiéim hermetically sealed package
is then required if particular precautions are not undertak the design phase [18].

!Missions completed prior to termination.
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Fig. 2.7: Cracks in single crystal silicon support beamssediby vibrations from a launch
test.

2.2.7 Electro-static discharge and electrical over-stres

Electrical over-stress (EOS) is a common term referringottage / current beyond the nominal
values of the device. ESD typical occurs when a device isapgnty handled or gets in contact
with a charged body. These effects are known to have capdstreffects in traditional solid
state circuits and also in MEMS [34, 35]. Despite for tramhfil solid state circuits a lot of in-
circuit protection structures have been presented, MEMISh@ogy typically does not exhibit
the ability to implement similar protection schemes. Fas tkason, the reliability to ESD of
such devices must be thought starting from the design phaskgure 2.8a it is possible to
see the |-V characteristic of a shunt MEMS switch stressédden the actuation and the RF
ground plate. In figure 2.8b it is possible to notice a photéatdl damages of the actuation
fingers and transmission line ones caused by ESD-like evEhesESD effects on RF-MEMS
switches will be deeply discussed in chapter 5.

2.3 Mechanical phenomena

2.3.1 Fracture

Mechanical fracture is defined as the breaking of a uniforrtenie into two separate sections
[18]. In MEMS it will always lead to the catastrophic failuoéa device. There are three types
of fractures: ductile, brittle, and intercrystalline frae.

e Ductile fracture: it is characterized by an almost unintpted plastic deformation of a
material. It is usually signified by the necking, or extrethimming, of a material at one
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Soft failure
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Idu! [A]
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Fig. 2.8: I-V characteristic of a resistive shunt MEMS ESKeIstressed between the (electri-
cally not connected) actuation and RF-ground plate padsn@n example of fatal damage
induced by ESD-like stress. (b).

specific point;

e Brittle fracture: it occurs along crystal planes and depslmapidly with little deforma-
tion;

¢ Intercrystalline fracture: it is a brittle fracture thatooes along grain boundaries in poly-
crystalline materials, often beginning at a point whereunitges or precipitates accumu-
late.

For MEMS the latter two types of fracture are more common.s€éhend of fracture can
be caused by different mechanisms of fatigue.

2.3.2 Fatigue

Fatigue is a failure mechanism consisting of a decreasingaiérial strength due to cyclic
loads. After a nucleation of damage, crack initiation osdhien propagates through the struc-
ture up to a final collapse caused by brittle rupture. Itisreetdependent phenomenon affecting
mechanical behaviour of MEMS devices. The crack can stdheasurface (local high stress
location points at for example rough surfaces) or in the [jd#fects growing). It can grow
because of the stress changes at the crack tip (where highskoess is present) during cyclic
loading, or due to stress corrosion cracking (in crystal®i: the crack grows because of faster
oxide growth at high tensile stress regions near the cragkThe reason is a large motion in-
ducing changing stresses near stress concentration p8imth points may be at sharp edges,
rough surfaces or inside non-uniform material. Therefoiemainly seen in fracture of beams
or hinges, cracks at places where motion takes place andtnggs is present (e.g. sharp edges
of moving hinges). Observed can be a shift of electrical patars (pull-in voltage, resonance
frequency...). Fatigue can occur in all MEMS device. Thdicyoading leads to the formation
of surface micro-cracks that cause the slow weakening ofrthterial over time and create
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localized plastic deformations. Fatigue also causes augtathange in the properties of a ma-
terial. MEMS devices where a lot of cyclic motion is preseraynbe more susceptible. Itis a
non-reversible process, resulting in permanent damade [18

2.3.3 Creep

When aload is applied to a material, its strain responseisisraf a rapid elastic elongation re-
lated to the Young modulus and a time dependent term. Tlez lattiue to creep. The classical
definition of creep is "a time-dependent deformation of afamaused by external mechani-
cal loads, even constant over time". A possible way to olesereep generation is by looking
at the time depending stress relaxation. Most metals extriéep at temperatures higher than
2/3 of its melting point. Creep can be observed as in the skferchation of movable metal
parts. Regarding the package, it is seen in the fractureldésint (can sometimes be seen
by scanning acoustic microscopy, or microscopy or SEM oroasssection). Creep is caused
by high stress or stress gradients in metals that are cresgige (e.g. Al and solder alloys)
combined with high temperatures (ex. at high RF power argel&TE difference of mate-
rials. Creep can be detected in the shift of electrical patars (pull-in voltage, capacitance
swing, resonance frequency,...). It is evident only in desiand packages with metal parts
(such as Al bridges, solder joints) that are creep sensdtig especially in devices working
at high power and high frequency, resulting in high local Tha metal parts combined with
mechanical stress in these parts or devices working in ainoamrent with high temperature.
It is a non-reversible process, resulting in permanent denits].

2.3.4 Wear

It is an event caused by the motion of one surface over anothier defined as the removal
of material from a solid surface as the result of mechaniciba. Causes of wearing are:
adhesion, abrasion, corrosion, and surface fatigue. Dtieetpolishing of the contact surfaces
caused by wear, the adhesive forces increase [18].

2.3.5 Delamination

Itis a condition that occurs when a materials interfaceddasesadhesive bond. It can be induced
by a number of means, from mask misalignments to particsilate¢he wafer during processing
[18].

2.3.6 Stray stresses

They are failure mechanisms that are endemic to thin filntgiras. Stray stresses are defined
as stresses in films that are present in the absence of dX@ces. In MEMS small stresses
cause noise in sensor outputs and large stresses will leagk¢banical deformation. This
mechanical deformation can impair the device functiopalitanging the nominal condition of
working [18].
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RF MEMS switches basic
characterization and cycling

RF-MEMS switches, as their traditional counterpart, camdadized as either normally open

or normally close switches. Both topology can be realizeth wesistive-based (ohmic) or

capacitive-based devices, depending on whether the dexitibits a metal-metal contact,

rather than a Metal-Insulator-Metal (MIM) structure. Areda series switch acts as an open
circuit when it is in its rest position (no actuation voltag@plied), or it acts as a low impedance
path for the RF signal when a proper actuation voltage isiegyphs sketched in figure 3.1a

(S11 andSy; are respectively the reflected and the transmitted powdficieats).

Series Switch Shunt Switch
-,

. S

@ (b)

Fig. 3.1: Schematic representation of ideal series (a) anatgb) switches, in the un-actuated
(top), and actuated (bottom) statés; represents the reflected power at the input, while
represents the transmitted power from input to output.

On the contrary, a shunt device exhibits a low impedance fpattne RF signal when not-
actuated, or a high impedance path for the RF signal fromnbt iport versus the output one
(a low-impedance path to ground) when actuated, see figlike &apacitive switches have a
thin dielectric layer deposited on the transmission ling@ding the metal-to-metal contact, and
the short-to-ground effects is obtained with the incregasiinithe MEMS capacitance, acting as
a low impedance path for high frequency signals.
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The mechanical system implemented to obtain the changeief ist quite simple: a sus-
pended gold membrane over the transmission line, wherrestatically bended, connects the
input with the output ports in the series configuration, @r itiput port to ground in the shunt
topology. Figures 3.2a and 3.2b show that, in order to beadiEMS membrane down until
the contact is achieved, it is sufficient to apply an actuatioltage between the suspended
membrane and the actuation structure.

@ (b)

Fig. 3.2: Mechanical actuation of the MEMS membrane in a shapology: the sus-
pended bridge (in its rest position see (a) is electrostfibended (b)) changing the relative
impedance of the input path versus the output one.

3.1 Device basic electrical characterization

The first step to perform approaching a MEMS device is to stheyeffect of the actuation
voltage on both the RF performances and the electrical ctaistics of RF-MEMS switches.
During measurements it has been observed how the actuatiag time of resistive shunt
MEMS decreases on increasing the actuation voltage. Apdssible to see in figure 3.3, the
increase of the actuation voltage makes the device actasterfreducing the actuation time
from 42 ps at25 V, down to22 us at40 V.

In figure 3.4 the actuation delay as a function of the actonatatage is reported.

The increase of the actuation voltage gives great benesitstalthe RF performances (S-
parameters) of the DUT. In fact, as it is possible to see inréi@i5, theS,; parameter gains
around8 dB from the measurement performedatV (—21 dB) to the measurement 40 V
(—29 dB), going to exhibit a larger variation from the un-actuatéates Up to now it could
be noticed that the increase of the actuation voltage lealysi@ a better working RF-MEMS
switch.

Unfortunately, it has been discovered that large actuatamtages produces unexpected
bouncing of the MEMS bridge that can compromise the logigatfion of the switch. In order
to measure the device RF response, being the Vector NetwoakyZer (VNA) too slow, a
Digital Signal Oscilloscope (DSO) in envelope acquisitimode has been used to extract a
value related to the power of the output signal. As it is guesio see in figure 3.6, even if the
device has been un-actuated (see the light gray line), sealesppn the output signal appear
(black line), indicating that the MEMS bridge tends to attuagain even if there is no more
actuation signal. This issue clearly indicates that a t@ftiprocedure is required in order to
choose the optimum actuation voltage necessary for adegtetility and RF-performances.
The presence of bouncing in the release phase will be fuitiiestigated in the chapter 4 .
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Fig. 3.3: Switch time response of a resistive shunt MEMSiar dlifferent actuation voltages
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Fig. 3.5: S51 Scattering parameter of a resistive shunt MEMS for two déiffe¢ actuation
voltages25 V and40 V.

3.2 The DC Sweep

The electrical characterization of a RF switch begins whth $o called DC-sweep. A typ-
ical graph of this measurement is shown in figure 3.7, andis@nm biasing the actuation
structure of the device with different voltage steps andsugag the corresponding scattering
parameters at each step. As indicated in figure 3.7, the mezaeut starts fromd V up to the
maximum selected voltagé’{;.., arrow 1 in figure 3.7), then goes back(d/ (step 2), then
decrease down te V. (step 3), and finally comes back@dv (step 4).

This way leads to the traditional hysteresis-like diagramported in figure 3.8. With this
measurement it is possible to extract the actuation voltggg ) of the device under test, the
release voltagéi{r.;), the RF performances (S-parameters), and to study thermre®f charge
trapping or redistribution phenomena.

Although this first analysis is quite common and very powlertiue stress of the device
during the DC polarization could be significant, and for tlgason, great cure must be taken
to avoid misleading results from the electrical and meatwdrstress induced by the same mea-
surement process. In particular, the time spent during stegh) and the instant in which the
S-parameters measurements are performed could affectehgsumement results.
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Fig. 3.7: Actuation voltage behavior during a DC sweep ctiariation.

3.3 The cycling stress

One of the most important factors to evaluate the RF-MEMSchwiobustness is the cycling
stress. In this test procedure the device is submitted toiessef pulses that actuates and un-
actuates the device monitoring the S-Parameter changiritty this reliability procedure it is
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Fig. 3.8: Typical DC-Sweep characteristic that furnistiesftindamental RF-MEMS param-
eters of a series switch: a) actuation voltage, b) relealsege) c) insertion loss, d) isolation.

also possible to obtain information on charge trapping phemna and contacts degradation.

To perform the cycling stress two instruments are requieesblid state pulser (HP 8114)
and a vector network analyzer (VNA Agilent 8753E). The maiuaate way to monitor the
device state during the cycling stress would be samplingstfarameter during every pulse
that bias the device. However this is no possible since thé ¥Neep time is too long (in
the order of milliseconds) to allow a reasonable high fregyecycling stress. In fact, to have
such a detailed stress, a pulse frequenciOdfiz or less would be the proper choice. A so low
frequency would have the effect to extend the time spent @avice stress by a factor 100. To
obviate this, we decided to sample the device S-Paramelgiafier a series of unmonitored
cycles. In this way we will have & s VNA sweep that will show in detail the device life state,
then a series of unmonitored cycles (10, 100, 1000, 1000®@0d0 which is the limit of the
programmable pulses of the HP 8114) and then another slow $Mé&ep to appreciate the
device S-Parameter changing and so on.

Since the microelectronic devices typically show the haylperformance degradation rate
in the first life period more than after a long use, a particatéention has been paid to the first
part of MEMS devices cycling stress. For this reason theesesf unmonitored cycles have
been chosen with a kind of logarithmic step:

e 10 series of 10 pulses each one (100 cycles)
e 10 series of 100 pulses each one (1000 cycles)
e 10 series of 1000 pulses each one (10000 cycles)

e 10 series of 10000 pulses each one (100000 cycles)
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e 20 series of 50000 pulses each one (1000000 cycles)

for a total of 1111100 cycles. After each series, a devica@iReters sampling is performed
as previously stated. In this way it is easy to observe th&cdalegradation in the first cycles
of stress and at the same time have a quick stress when tree dg\dtabilized. In fact, after
this logarithmic part, the stress can be carried out witiesesf 50000 pulses dtkHz very
quickly, reaching the desired number of cycles.

3.3.1 The problem of the pulse width

Due to the possible use of the RF-MEMS switches as in switgticgiions in satellites or,
simpler, in mobile phone, a high number of cycles in the delifetime (at leasfi0? cycles)

is strictly required. Such a high number of cycles can regaitong time to the instruments
to test the device: if the stress is performed with a dutyewé|25%, and a pulse frequency
of 1 kHz (which means a pulse @50 ps), to perform 1 billion cycles we need 1 million of
seconds that would be almost 12 days of continous measufiag. higher number of cycles
has to be reached ° cycles) for reliability certification, the measurementeimill increase
dramatically up to 4 months. The obvious solution to thiglomeasurement time is to increase
the frequency of the pulses to speed up the stress and rapadily the desired number of cycles,
but it is necessary to pay attention to the pulse width uséibtothe device. In fact, the devices
tested have shown actuation time of decades of microseqoypisally 60 ps) plus a settling
time that can be very different from device to device and tiat sensibly improve the RF
performances of the switch. As shown in the example repontédure 3.9, the switch under
test shows an improvement in ifs; parameter of almogt4 dB in 580 ms of polarization.

This means that even faster switch could need a longer patarn time than the actuation
time only to reach the required S-parameter value. After¢binsideration, choose to speed up
the stress by increasing only the pulses frequency, it cleald to an unrealistic reproduction
of the working condition of the device impairing the cyclisigess results. For this reason, and
also due to the great number of switches tested, all thengysliress in this work have been
performed with a cycling frequency @fkHz and a duty cycle of 25% (pulse width250 us).

3.3.2 Choosing the appropriate actuation voltage

Some of the tested devices have shown cycling stress witst alégradation in the first hun-
dreds of cycles. This fast degradation could be due to a wetalaton force that can pit and
hard the metal to metal contact instead of perform a goodlliecatantact and rapidly increase
the contact resistance leading to a no more working deviceT@ avoid this degeneration a
solution could be to increase the actuation voltage dutiegstress. In fact, as has been shown
in 3.1 (page 40), the increase of the actuation voltage géinéeads to an improvement of the
device S-parameters that can guarantee a better cycleggsticreasing the switch lifetime at
least up to 1 million cycles. An example of such stress beasireported in figure 3.10a and
figure 3.10b. After a DC sweep characterization, that prewithe proper actuation voltage
of the device {2 V, figure 3.10a), the switch has been submitted to a cyclirsstwith two
different actuation voltage20 V and30 V. As it is possible to see in figure 3.10b, the first
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Fig. 3.9: Improving of the switch S-parameter duringd ms wide pulse.

stress (@20 V) shows a rapid degradation of tiSg; parameter that leads to an unacceptable
switch transmission ratio value after only 300 cycles. Gndbntrary, the same device stressed
with an higher actuation voltage (3 V) easily reaches the 1,000,000 cycles milestone and
can be driven, with some negative spikes, up to 12,000,006 s\pefore it starts to show a
critical degradation of thé&,; parameter.
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Fig. 3.10: DC sweep and cycling stress of a meander basechs\thie red dot in (b) indicates
the actuation voltage of the switch2(V ), while in (a) it is possible to see the improvement
of the Sy, parameter cycling stress due to an higher actuation voltage
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After this results, a question raises immediately: how carbe sure that this S-parameter
degradation is due to the metal-to-metal contact more ttdialectric charging into the oxide
under the suspended membrane? To answer this question, w&Hp sneasurement has been
performed between the different sequences of cycling siwaesthe same device. In fact, if
there will be charge trapped into the oxide under the susggkéntembrane due to the strong
electrical field applied to the device, the DC sweep will steoshifting or a contraction of the
switch behavior depending on the charge sign and positiortfie oxide [17]. In figure 3.11 it
is possible to see a device submitted to eight sessions bhgyatress (1, 10, 100, 10000%,
10°, 109, 107 cycles respectively) and tested after every session witl s\Beep.

—+—1cycle
-=- 10 cycles
100 cycles
1K cycles
—=—10K cycles
——100K cycles

S14[dB]

——1M cycles

—10M cycles

| ;

60 -40 -20 0 20 40 60
Bias Voltage [V]

Fig. 3.11: DC sweeps measurements of series switch aftey egssion of cycling stress.

It is easy to note that the device degradation concerns almbsthe S-parameter actuated
value more than actuation or release voltage (there is omgghgible variation in such param-
eters). Therefore, only a small amount of charge is trapptxthe oxide, while the contact
degradation seems to be the main reliability problem ofdlsvices. This confirm that the
improving of cycling stress for higher actuation voltagealige to the stronger actuation force
which leads to a better adhesion between the metallic sgfac

Even if the increase of the actuation voltage seems to bethedy to the contact degrada-
tion, it is important to observe that the biasing voltagencdrioe increased indefinitely. In fact,
a too strong electrical field applied can accelerate in alslensay the dielectric charging and
the mechanical fatigue of the beams leading to a lower rabsgstto cycling stress. Moreover,
bounces have been observed in the switch release trangrdmgher than nominal actuation
voltages. As for the device actuation time (par. 3.1), ag+affl between the nominal actuation
voltage and the breakdown one has to be found to guarantéiatdeeycling stress.
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3.4 Cycling stress main results

In this section will be presented the main results obtaingthd the cycling stresses performed
on both the PRIN and ESA devices.

3.4.1 Meander beams vs Straight beams MEMS switches

The meander based RF-MEMS switches are characterized byla speing restoring force.
The multiples bending of the beams that anchor the suspanéetbrane has the property to
reduce the actuation voltage to values dowri@c- 20 V, which is about two or three time
less than the voltage required by the straight beams totactlia weak beam spring constant
can bring the benefit of a low actuation voltage that can biéyefasind in common system
application allowing an easy interface of the MEMS devicthwiie commercial electronic, on
the other side it leads to a not very efficient device in terfri3@ characterization and cycling
stress. Moreover, the benefit of a low actuation voltage eandmpromised by the cycling
that clearly shows how an higher than expected voltage ignedjto proper actuate the device.
As examples, a series of DC sweep characterization withetlaged cycling stress of meander
based switches is reported in figure 3.12.

The first switch presented (with Conho dimples contactspaeel.3 page 9) shows a quite
good DC sweep characterization (figure 3.12a) with a reduddnavior and a clear actuation
at 11 V. The insertion losses (th&,; parameter of the actuated device) are abeRtdB
due to unwanted oxide grown over vias, a process problem obwed The cycling stress,
presented at three different voltages (figure 3.12b), sheovepid degeneration if performed
at20 V (some hundreds of cycles for-a3 dB loss), whereas can reach more thaf cycles
if performed at30 V. The cycling at0 V last for only 102 cycles before the device stiction,
according to what stated before.

The second switch (with Poly dimples contacts, see par. dgg p) has the same topology
of the previous one, but a different type of dimples. The D@rahterization is quite irregu-
lar and stair like (figure 3.12c), showing a first actuatiorl @iV, a second one it V and
the last one a24 V. The cycling stress, presented at three different voltasfesws a rapid
degeneration if performed at the first actuation voltagey (some hundreds of cycles for a
—3 dB loss), a better behavior if performed 2t V and a short and fatal stress for an actua-
tion of 30 V(figure 3.12d). Even if this device respects the paradigmhigfier the actuation,
better the stress"”, the results obtained are totally wsfgatg in terms of number of cycles per-
formed. Since the only different between these two swit¢thesdimple height and robustness,
this could be a first guideline for the design of a better layowse to manufacture the dimples.
In fact, it seems that the Conho dimples are more resistaeydiing stress and also provide
a more regular and repeatable DC characterization, whidmésof the most important fac-
tor, for almost every kind of stresses use such charactienzeo compare the device behavior
changing before and after the stress.

The third switch is again a Poly dimple contact device buhwitifferent meander topol-
ogy. The DC characterization is more smoothed than thequie\device (figure 3.12¢), but itis
still possible to see at least two different actuation s{@ps0 V and20 V). Moreover, theS,;
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Fig. 3.12: DC characterization and cycling stress of thriéierént meander based ohmic
switches.

value continuously improves up tel.5 dB at50 V, indicating that a strong force is required
to achieve a good metal-to-metal contact. The cycling stieesented at three different volt-
ages (figure 3.12f), shows a rapid degeneration if perforated V (some hundreds of cycles
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for a—3 dB loss), while can reach more thafn® cycles if performed a30 V. The cycling at
40 V last for only some hundreds of cycles before the devicei@tictOn the contrary of the
previous switch based on Poly dimples, this device has sl@gowary good and lasting cycling
stress if actuated with the proper voltag® ). This could suggest that a different topology
of the device can partially compensate the contact forchleno.

Itis interesting to note that there is a quite good corredpane between the switch cycling
stress behavior and the so called Wohler curve, which hagrtpeerty to statistically describe
the number of load cycles that a mechanical device can telbefore breaking. This should
not surprise since the device under test is, in the end, &sdsd metallic beam with the pur-
pose to cycling around the rest position. However, it is ingoat to underline how a classical
macro-scale test measurement can be valid and usable afs@@ascale devices.

The straight beams switches are characterized by a straimgy sgnstant and required
quite high bias voltages to actuag® (— 50 V). These switches typically exhibit a clear actua-
tion (one step only) and a good robustness to cycling stiadgyure 3.13 is reported a series
of DC sweep characterization of straight beam based svetaifith the related cycling stress.

The first switch (figure 3.13a) is a Conho dimple contact olsrites switch. It presents an
excellent DC characterization with a clear actuatioB2a¥/, —0.8 dB of insertion losses and
an acceptable isolation-(9 dB at6 GHz). Even the cycling stress (figure 3.13b), performed
at40 V, shows a stable behavior that easily reaches the milliotesymilestone and can be
driven up to dozens of millions of cycles before to show a d@sontact degradation. It
is important to note that, for straight beam devices, uguakre is no necessity to sensibly
increase the actuation voltage to obtain a more lastingnzyskress.

The second switch presented is topologically the same gbrtéadous one but, instead of
Conho dimples, it has been manufactured with Poly dimplesacts. The DC characterization
(figure 3.13c) is quite good and very similar to the Conho dwitne, but the cycling stress
(figure 3.13d) present an incredible weakness, with a staulcd after onlyl0? cycles. Even
if this is a particularly negative example of Poly dimple ki cycling stress and of course
there have been similar devices that have shown betteingypéirformances, nevertheless this
is a result that draws another point in that tendency lineclviseems to indicate the Poly
dimples contacts as a less efficient solution compared tGtimo dimples contacts.

The last presented switch, is a straight beam device witmabilat contact. The meander
topology is the same for the three presented switches, tilycdontacts types change. This
device has shown a good DC characterization (figure 3.13h)avtlear actuation and stable
S-parameters during the actuation. The RF performanceslisile worst compared to the ones
of the dimpled switches<1.6 dB of insertion loss and-15 dB of isolation) but the cycling
stress (figure 3.13f) is quite good almost up to 1 million eg¢lwhich is definitely better of
the cycling stress exhibited by the Poly dimple device. Afftrese considerations on meander
and straight beams based switches, it seems to be cleah¢hatdst promising devices, from
a reliability point of view, are the straight beams switcheath Conho dimples. The necessity
to use an higher of expected voltage during the cycling sti@gbtain a more reliable device,
can be explained considering the DC sweep of the two typesogf devices. The pressure of
the suspended membrane on the metallic contacts, when it ssvactuated, is generated
by the electrical field between the actuation structure utige bridge and the bridge itself.
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Fig. 3.13: DC characterization and cycling stress of thitferént straight beams based ohmic
switches.

Due to the mechanical law that rules the MEMS actuation (at, page 3), a part of this
force is used to compensate the spring restoring force amttairathe bridge down while the
remaining force is balanced by the metal contacts. Thexefince the release voltagéx(;)
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Fig. 3.14: Compare between the hysteresis of a meander draighs beams based switches.
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is a physical device parameter that cannot be influencedgluneasurements, the increasing
of the actuation voltagely.;) will directly increase the contact force. If the actuatimitage
used to test the device is the nominal one, i.e. the loweidenmgecessary to bend down the
bridge and achieved a contact with the transmission lireeptiessure on the contact depends
directly on the width of the device DC sweep hysteresis: 1a liyisteresis will lead to a small
difference betweeV,.; and Vi, and to a consequentially low contact force, while a wide
hysteresis will indicate a strong contact force. The ttig@ution to obviate a thin DC sweep
hysteresis is to work at higher than the nominal actuatidtage.

In figure 3.14 are presented the DC sweeps of a meander (fidta)&nd a straight beams
(figure 3.14b) device. For the meander switbh,; is 12 V and Vg, is 2 V which results in
10 V of electrostatic force on the contacts. The straight beaitclswn the contrary, shows
a36 VvV Vu, and al8 V Vg, with 18 V of electrostatic force distributed on the contacts. It
is almost the double of the meander switch. This explain wisgraight beam switch can
be cycled at an actuation voltage near the nominal one (zydliress at0 V, V. + 10%),
whereas a meander based switch require an higher than thieaidension (cycling stress
at30 V, V. + 150%) to show an acceptable cycling stress. Even if thecdsviiave been
stressed at two different voltage¥(@nd40 V), the difference between the stress voltage and
the release voltage is the sam8 V).

(b)

Fig. 3.15: Dimple structures before (a) and after (b) cyghtress: the impact of the sus-
pended membrane has pushed the dimple inside the contéettiyovanishing its beneficial
properties for the device series resistance.
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Regarding the dimples technology, it is not yet well undmdtif this solution leads to a
real improvement in the cycling stress, since, due to a laugeber of different devices tested,
the statistic correlation between switches with or withdintples is quite poor. An investiga-
tion, conducted by means of an optical profilometer, has wingd how the dimple structure
can be damaged by the cycling stress. In figure 3.15 it is steoeemparison between a dim-
pled switch before and after a cycling stress. It seemsltleatpeated impacts of the suspended
membrane due to cycling stress have yield the dimple, cassprg the polisilicon (Poly dim-
ple) or the oxide (Conho dimple) structure that is insidertiegallic cone. It is questionable
if after such a damage the dimple structure is still workinggome way or if the contact is
now equivalent to a flat one. On the contrary, a flat contadiméiied to a severe stress (50
* 10 cycles) has shown no sign of degradation during the opticdllpmeter analysis which
suggests that the main failure mechanism for long lastimjjray stress is dielectric charging
(typically stiction or, in some cases, screening and a apresgtially missed actuation).

3.4.2 Series ohmic winged switch stopping pillars (PSX)

Three different kinds of stopping pillars series ohmic vadgwitch have been submitted to
cycling stress: PSX1, PSX2, PSX5 (par. 1.4, page 12). Indi@ui6 are reported the DC
characterizations and the cycling stresses of the threefstapologies.

All the PSX devices have shown a very good DC behavior witlearchctuation and stable
S-parameter during the actuation and an actuation voltagé ¥. Also the cycling stress has
been carried out up td0° cycles by all the devices without relevant problems. Howdkie
PSX5 devices have shown a better stability in the S-parardating the stress becoming more
suitable than the other two variations from the reliabifityint of view. The PSX5 device is
characterized, like the PSX2, iy80 nm tall stopping pillars divided in multiple-block, while
the PSX1 has the stopping pillars of the same height, budeilin thicker blocks.

3.4.3 Boosted ohmic shunt switch (BO)

Only one variation of the boosted ohmic shunt switch (the Bl¥s been tested. The cy-
cling stress has typically induced an heavy contact detjcagamixed with dielectric charging
issues, leading to an increase of the switch actuationg®lt®&he switch has shown good RF-
performances up to 300,000 cycles, followed by a quick diggran of S-Parameters leading
to a no more working device.

As shown in figure 3.17 (DC characterizations before and dffte cycling stress), the
S-Parameter degradation is due to the increase of the bigemeeded to obtain good S-
parameters values, probably due to a degradation of thel-toetaetal contact, but also to
some charge trapping phenomena (asymmetric DC measurdigarg 3.17b). The repetition
of the DC characterization after the cycling stress has awvgat the switch performances and
has also partially regenerated the device (figure 3.17bgreds, after the second repetition,
the S9; value change from-1.54 dB to —9.21 dB at50 V. As already found in other RF-
switches, we have seen that higher bias voltages duringyttieng stress can improve the
device robustness to cycling. This behavior is reportedguré 3.18, where the same device,
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Fig. 3.16: DC characterization and cycling stress of thied kf series ohmic winged switch
stopping pillars (PSX): PSX1 (a) 180 nm stopping pillar mono-block), PSX2 (c) 180 nm
stopping pillar multiple-block), PSX3 {80 nm stopping pillar multiple-block) (e)

actuated at0 V reaches arount? cycles, ab0 V reaches almosi0® cycles, and actuated at
60 V overcomes the million cycles without any sensible S-patarsalegradation.
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Fig. 3.17: DC characterization of a boosted ohmic shuntcévof a fresh device (a) and after
the cycling stress conducted4XV (b). The repetition of the DC sweep seems to regenerate
the contacts and to help the charge de-trapping from oxide.
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Fig. 3.18: Boosted ohmic shunt switch (BO) cycling stresdiiérent biasing condition: at
40V (a), ats0 V (b) and at0 V (c)

3.4.4 Spring anchor ohmic switch (BAT)

The spring anchor ohmic switch (BAT) tested has shown a twpsstctuation DC sweep
(figure 3.19a) and a very poor cycling stress (figure 3.1%)[dad to the S-parameters values
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crossing after few hundreds of cycles. This is probably dué¢ weak restoring force of the
anchored beams which makes this kind of switch very simdathe meander based devices
designed by the University of Bologna. In fact, as the meean@gices, it exhibits a small
hysteresis in the DC characterization that is symptom okweetal to metal contact. Cycling
stress conducted at higher voltage have lead to the devitieist
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Fig. 3.19: Spring anchor ohmic switch (BAT) DC charactéia(a) and cycling stress (b)

3.4.5 Cantilever switch (CA)

The cantilever switches tested (the CA2 variation), hasvsha very good dc sweep (fig-
ure 3.20a) and an excellent cycling stress (figure 3.20b)nmgakone of the most promising
switches from the reliability point of view. Again, the st restoring force and a wide dif-
ference between the actuation and the release voltage dth$ol@ more reliable device, that
can reach millions of cycles without a sensible degradaitiotine S-parameters values. The
possibility to manufacture the cantilever switch withooy aielectric beneath the bridge and
with the stopping pillars technology could lead to very ietging device from the reliability
point of view.
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Chapter 4

The long term actuation stress

Although micro-machined RF-switches are attracting atzoege throughout the world, the
reliability of such devices is typically studied only intes of RF performances and cycling,
overlooking other reliability problems. Even if lifetimes the order of billions cycles have
been achieved for metal-to-metal contact switches, lengr-reliability of these devices is still
an open question, since stable performance under a rangeeadtmnal and environmental
stresses has not been demonstrated yet.

Furthermore, research efforts are mainly dedicated tocitAgaswitches, neglecting the
study of the reliability of ohmic switches necessary to d@fficient wide-band systems for
lower frequency applications. Ohmic switches, charan¢eriby the electrical contact of two
metallic surfaces, can also be impaired by stability pnoisi€lue to changes in ohmic contact
resistance (par. 3.4, page 48). The causes can be diverde aswsurface contamination,
material transfer and erosion, and surface changes dusadomion or oxidation. Other contact
issues such as micro-welding, caused by excessive corgatihd), could heavily impact the
ability of the switch to return in its rest position (deaetion). Besides defining the electrical
characteristic of the device (actuation voltage), the raeial properties (spring constant) of
the suspensions could also play an important role on thahiity of the device if the springs
are not able to pull up the membrane in its rest position.

4.1 The Long Term Actuation stress (LTA)

The reliability of micro-machined RF-switches is analyzediterature mainly in terms of the
robustness to cycling stress [30, 36]. Most of the devicedistl are capacitive RF-MEMS
devices used for systems with a high switching rate (rx/temma switches). Moreover, state
of the art capacitive switches do not suffer from contactraegtion issues. The most impair-
ing reliability issues in capacitive RF-MEMS switches avedo dielectric charging leading to
stiction or screening effect problems. However, there #nercapplications based on the cer-
tainty of actuation / de-actuation, more than the total neindd actuations required, in which
MEMS devices are being considered as potential candidatgdotstitute traditional solid state
/ mechanical devices. Researchers attention is currentlying to the possibility of using
RF-MEMS devices as light and small redundancy switches tigllga applications. In such
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circuits, when a failure occurs in the main section, the neldumcy switch must be able to
disconnect it and connect the redundant circuit in a shoré tiand in some applications the
switching time requirement could be low as one second evien séveral years of working. It
is straightforward that for such devices, cycling stressliss become less important whereas
other reliability issues must be analyzed. The Long Ternuaibn stress (LTA) has the aim
to investigate the behavior of RF-switches under contisymalarization, focusing on the S-
parameters evolution during both actuation and releasseghand, in particular, on the time
the switch spends to return to the up-state position [37].aé+4hoc semi-automatic measure-
ment and stress setup has been developed, with selectéids wh RF power, applied voltage
during the stressi{z;4s), and time spent in the actuated state.

4.1.1 Release evolution of meander-based switches

Meander based switches (designed by University od Bololgagg been submitted to several
sessions of continuous polarization stress to monitor diease phase transient. Typically,
these devices have exhibited consistent delays respebetodminal time that this kind of
switches need to return in the rest position. The un-adndiime of a meander based device
is meanly similar to the actuation tima0(to 100 us, depending on the meander shape). The
measured delays for these devices can be of some minutes f@ft hours of continuous
polarization, i.e. 2 or 3 hours) or hours for longer stress.figure 4.1 it is shown th&s;
parameter evolution of a series meander based switch gebiniit a four hour stress &7,
=40 V. During the first hour of actuation the insertion losseshgligdecreases (fror.6 dB

up to0.5 dB), probably due to the metal-to-metal contact improvemestdbed in chapter 3.
However, the extended intimate contact could be the orifjith@release delay problem: the
switches take arounth to completely release itself sindé;;,s =0 V.

" Vens =40V Venns =0V
1 |
5 | )
| H =3
-10
T8 | : -
& : 1h b (L)
200 38 4 4244 45 48 5 52
Time [hours]
_25 L L |1
0 1 2 3 4 5
Time [hours]

Fig. 4.1: Meander based series switch. The device takesidiol to release itselfl’'s.; =
4 h, Vpias =40V, Pgrr =0 dB. The inset shows a magnification of the release phase. The
un-actuation starting point and the final one are highlighte

Analyzing the release phase, thg parameter does not show a sudden release, but a step-
like evolution. This non-uniform pull-up of the suspende@ige during the release transient
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Fig. 4.2: Comparison between release transient (a) and @€acterization (b) of an ohmic
series meander based switch.

could indicate a progressive detachment of different seabd the bridge from the bottom
contact points.

Comparing the release transient with the DC characteoizdfigure 4.2) it is possible to
note a good correspondence with the long term stress redégsand the DC releasing behav-
ior. The device retraces the DC sweep releasing path, stefepy This phenomenon could be
explained by micro-welding and dielectric charging issgeserated during the long actuation
period with RF signal applied. A detailed description of bfehavior of metal-to-metal contact
and micro-welding is reported in [38]. Furthermore, mearsf@ped suspensions, character-
ized by a low restoring force, are not able to detach the stuelnbrane and bring the bridge
back in its rest position. In order to better characterize riflease time, the same stress has
been performed varying actuation periods and applied RFeptavel. In figure 4.3 the release
time is reported as a function of the actuation period. Itléaicthat long actuation periods
lead to long release times, reaching around 110 minutes @@téours of continuous polar-
ization. Such behavior makes this family of devices (lowirgpconstant) not suitable for the
development of a reliable redundancy switch.

The graph in figure 4.4 shows the evolution of the release tieemeander based shunt
switch stressed for 4 hours at different power levels-©6 dBm, 0 dBm, and10 dBm (Vs
=40 V). Itis interesting to note that, as the RF power increasesydlease time decreases.
This behavior could be explained with a local temperatucesiase of the device (just upon the
Si04 dielectric layer between the actuation layer and the nmatgthl contact), that can make
charge recombination mechanisms faster, leading to atieduaf charge trapping phenomena.
This change could also make the switch less sensitive tdlagpéffects, and micro-welding
problems.

4.1.2 Release evolution of straight beams based switches

Also straight beams switches have been subjected to a lomgaetuation stress/2 h long
actuation stressHzr = 0 dBm)). Compared to meander based devices, the stronger spring
constant of the straight beam based switches, results inedesuddenly releasing themselves
(after72 h long actuation stress), as depicted in figure 4.5.
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Fig. 4.3: Release time evolution as a function of the aaudtme stressWp;q,s =40 V, Prp
=0dBm).

= = NN W W
oo oo W,
T T T Ty

Release Time [min]
(=]

o w;
T

15 -10 -5 0 5 10 15
RF Power [dBm]

Fig. 4.4: Release time evolution of a meander based devieef@sction of the applied RF
power.Tact =4 h, Vpias =40V

Concerning environment issues, we have found that higheperelative humidity (%RH)
can change the release time of the same device under the sasgndition, dramatically
increasing from around min to beyond80 min. An excessive increase in local environment
temperature can equally influence the reliability of theseigks. Temperatures high enough
to induce spring softening, will make the release time of MEMS switches longer than
at ambient temperature. The environmental impact on treasel phase of RF-switches is
currently under investigation.

4.2 Bounces

As previously reported in [35], electrostatically actuhRF-MEMS switches could suffer from
unexpected bounces, hundreds of microseconds after thevdlimage has been turned off. In



4.2. Bounces 63

0 e ——
Vpas=40V
_5 E
o -10
=
I
“w 15
20 @
Vans=0V
25 ;
0 20 40 60 80
Actuation time [hours]

Fig. 4.5: The straight beams device submitted to the LTAssteeiddenly release itself when
bias with0 V after72 h at40 V.

order to better characterize this behavior, we have regehteexperiment using RF-switches
with meander and straight beams suspensions and two diffdriekness of the suspended
membrane { um, and3 um). Results confirm previous data and a relationship between t
bounces delay and the mechanical geometry of the movablgste has been observed.
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Fig. 4.6: Bounce on meander based shunt switch vjtn thick suspended membrane. The
bounce delay260 um) is not pulse width dependent.

The measurement setup is based on an RF-signal generalitentA8j/53E VNA internal
RF generator), a solid state pulser HP 8114A for device fgsind a Tektronix TDS6804B
DSO to measure the envelope of the output signal. The bowtaacterization of meander
based shunt ohmic switch withum thick membrane is shown in figure 4.6. One bounce
appear250 wm after the bias voltage has been turned off.
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Fig. 4.7: Bounce on meander based shunt switch witin thick suspended membrane. The
bounce delay260 um) is not pulse width dependent.

The bounce presence and delay is not bias pulse width depeasishown in figure 4.6,
for two bias pulse widths of50 pus and 300 us. A similar behavior has been shown by thin
membrane devices, as reported in figure 4.7. In this cases bmmces appear after the bias
voltage has been turned off, with the first appearing &ftérus. Results also show that bounce
delay for thick and thin membranes is not related to the bidsepwidth.

In order to understand if the measurement setup could int®@drtifacts in the bounces
characterization, a new measurement setup based on a dg&etor diode HP 423B, a Tek-
tronix TDS680B, and a different probe station has been dpeel. The same results were
obtained. The bounce characterization of a straight beamssdoshunt ohmic switch with
3 um thick membrane is shown in figure 4.8.

Straight beams devices have exhibited the appearance dfcamee, closer to the instant
the switch is turned off (arountb ps). This phenomenon is still under investigation, but from
this first analysis it seems that the bounces presencedtlystelated to the mechanical prop-
erties of the suspended membrane, and in particular to tirggsponstant of the suspensions.
In table 4.1 it is reported a summary with the average of thenbe delays exhibited by the
different typologies of tested devices.
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Fig. 4.8: Bounce on straight beams based switch Wvitlm thick suspended membrane. The
bounce delayib wm) is not pulse width dependent.

Device Topology | Suspension Type| Bounce Delay [is |
Series Thick Meanders 250
Shunt Thick Meanders 250
Series Thin Meanders 170
Shunt Thin Meanders 200
Series Thick Straight beams 56
Shunt Thick Straight beams 55

Table 4.1: Bounce delays for the different kinds of testeitchwes. The delay seems to be
dependent on meanders shape and bridge thickness.






Chapter 5

Electro Static Discharge effects on
MEMS

The wide variety of wireless standards in telecommunicaisdeading the market in the recon-
figurable network systems direction for multiple standdraisdling. In this market, RF-MEMS

offers an excellent solution in terms of high frequency, &wl power consumption. Exam-
ples of applications for RF-MEMS can be actually found asxt@htenna switch in mobile

phone, or in many spatial applications, thanks to the sizevagight reduction in comparison
to traditional mechanical coaxial switches.

In fact, MEMS is one of the most promising technologies in deselopment of nano-
satellites (satellites that weight less theinkg) which should be the upcoming solution for
space net telecommunications and Earth monitoring. Thsilfjescombination of MEMS in-
ertial sensors for space-position tracing, and high fraqu®#EMS switches for multi-standard
RFnet developing, is expected to save weight and volumesssuspace applications (actually
a mechanical reconfigurable switch net can weight sevel@idms) opening the road to the
next generation satellites.

Unfortunately, still open reliability issues (electricalechanical, and environmental driven)
can hamper the market entrance of RF-MEMS devices. Thermwess continuous thermal
cycling, shocks and vibrations (during take-off and solangis opening), and last, but not
least, Electro Static Discharge (ESD) and radiation phemanrequires a severe certification
of the devices reliability, since once the spacecraft has beunched, maintenance activity is
almost unpractical. Considering MEMS in general, sensodsagtuators have been introduced
in the market for several years, and have achieved greagssicMEMS have shown excellent
robustness in terms of life-time as well as excellent penéorces. RF devices, on the contrary,
are just becoming ripe for large scale production and salgtsare still suffering from relia-
bility issues. Among these, one of the least investigatddlevat the same time is one of the
more critical issues, is the EOS/ESD phenomena. In facgrmg of space applications, ESD
phenomena are quite common on satellites due to the highsityeof electromagnetic fields
that envelop the Earth.

As reported in literature by Koons et al. [33], ESD is the maawmise of electrical equip-
ment failure in space missions. With this said, it is cleat t8BSD phenomena must be fully
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investigated for the promising technology of RF MEMS desice

The main difference between RF-switches and other micrchimad devices is the greater
probability to encounter EOS/ESD events. In fact, whilesses and actuators are typically
packaged without any direct connection to pins exposeddceiternal world, a RF-switch
could, for example, be exposed to EOS/ESD phenomena conuingthe antenna connection.
Furthermore, whereas sensors and actuators typically imdtie kHz regime, RF input and
output pins of RF switches must be able to work up&Hz signals. This high frequency
operating regime makes very critical the protection of Ris@igainst EOS/ESD events, since
any structure that is inserted to prevent damage will eaiytiadd parasitic capacitance to
the transmission line affecting the signal bandwidth. Renhsreasons, it is really difficult to
protect RF-MEMS from EOS/ESD events, and we think that suslices should probably be
treated and handled like class®Y < 250 V) or class 1A 250 V <500 V) devices.

Interesting studies about the EOS/ESD sensitivity of MEMS8ehbeen presented in lit-
erature regarding sensors and actuators [39], while sofoesefo study the robustness to
EOS/ESD phenomena of RF-switches have been shown onlyéntrgears, regarding capac-
itive devices [40, 41], and ohmic and capacitive switch&g.[4hese previous works however
are limited to the analysis of not working conditions (uatestmembrane position). However,
the device in the actuated state is as statistically prebablis in the un-actuated one. In fact,
when actuated, the stability of the metal-to-metal confaetuliar of an ohmic switch, can be
impaired by EOS/ESD phenomena: currents as high as sewepairas can occur, which could
result in the melting of metals (leading to stiction) or éleemigration phenomena.

5.1 The Transmission Line Pulser (TLP)

The common method used to generate square pulses of stdedtahtion and amplitude is
based on the charging and discharging of the distributeddi@mce of a transmission line
(TL). High voltages are necessary in order to generate gupelses of several Amperes. A
transmission line is a waveguide with a characteristic idapeeZ, that only depends on the
material and the geometry of the conductors and the dieéastlating them. The distributed
capacitance and inductance are expressétfin and H/m For negligible losses the electric
and the magnetic field can be considered transversal to tbetidn of propagation. If a pulse
travels along a transmission line, any discontinuity of iln@edanceZ(x) # Z;, causes a
partial reflection of the energy of the incident pulse. Thigeotion is of the same polarity
as the incident pulse if the impedance differetitder) — Z(x — 1) is positive and of opposite
polarity else. This effect is used for the characterizatibanknown devices in the time domain
reflectometer but must be minimized in the rest of the system.

For TLP-testing of integrated structures a high-voltagerse is used to charge the dis-
tributed capacitance of the transmission line TL1 via a fugmic resistor, while the coaxial
switch S1 is its open state. After the switch closes, thehdigge of such a transmission line
(TL1) into a resistive load or into TL2 produces a square g@ulEhe duration of the square
pulse is equal to the length of the charged line divided bywviecity the signal propagates
from the switch to the high-ohmic end of this line and backhe switch. As an example,
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Fig. 5.1: Schematic of the TLP pulse generation section &etjuivalent electrical model.

10 m of the typical RG58 transmission line with a propagatioroegl of 20 cm/ns generate
a 100 ns wide pulse. The amplitude of the voltage pulse V is deterchibg the pre-charge
voltagel; and the impedances of the soutceand the load’;.:

Zr,

V=W ——5 5.1
v T (5.1)

For a matched impedance in the switch and the load, the ardelibf the voltage pulse
would be half of the pre-charge voltage.

In Figure 5.1 a schematic of the pulse generation sectiotitgeduivalent electrical model
are reported.

Deviations from the ideal square shape of the pulse resuit fresistive and dielectric
losses that are frequency-dependant as well as from argain the impedance along the line
through the whole system. For these reasons, it is mandatemploy cables and components
that are well matched, as short as necessary, and with l@@ddbroughout the whole system.
However, a dedicated long transmission line may be emplaydallor the rise time in order
to comply with HBM or MM.

Software controls the equipment and extracts the actuatruthrough a devicépyr(t)
and the voltage across the deviégyr(t) and derives the various data from these measured
data. Necessary equipment are the controller, the highag®lsource, the oscilloscope and a
source measuring unit for leakage measurement and fomgpalditional voltage bias of the
DUT.

Looking at the HBM qualification test of the product, corteda between TLP and the
standard test methods employed for qualification becamaeeco for the worth of the TLP
method. With the extended application of the TLP methode #ige results obtained with
different TLP testers should be comparable. The TLP stahedrich is currently developed by
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Fig. 5.2: Principle of the pulsed characterization with aeseof increasing magnitude square
pulses. |-V values at every pulse are obtained by means oégwvey a certain region in the
second half of the transient waveform.

the ESD Association, will significantly contribute to thisraparability. In view of equivalent
turn-on characteristics and energy-related failure meishas, TLP-pulse with a rise time in
the order of5 ns and a pulse duration df00 ns are typically used. They translateA into
almostl.5 kV HBM. Depending on the device and its electrical and phydaihlre signature,
a more detailed analysis may be necessary.

Rise-time filters may be inserted into the transmission thialkeind the TLP pulse source in
order to study rise-time effects. Ideally, the rising edgs b Gaussian shape. As a low-cost
alternative, long transmission lines may be sufficient. @gjing on the setup and the device
to be stresses, electromagnetic interference betweeiréss serminals and control terminals,
as an example the gate terminal, of the DUT can become an issue

Just before the fundamentals and different setups for thergéon and measurement of
the square pulses are compared, the principle and terngyolthequasi-staticpulsed device
characterization is explained in figure 5.2 for the exampEnanMOS transistor as a snapback
protection element.

5.1.1 Time Domain Reflectometer TDR-TLP

The Time Domain Reflectomet@iLP is based on the fact that if an incident square pulse
reaches the DUT at the end of a transmission line, it will beceed depending on the
impedanceZpyr(t) of the DUT relative to the impedandg, of the transmission line:

_ Zour(t — taelay) — %o .
Zpur(t — taelay) + Zo

This setup can maintain th& Q-impedance from the generator to the device with min-

‘/reflected(t) ‘/incident(t - tdelay) (52)
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Fig. 5.4: Detail of the behavior of the waveforms incidenatw reflected from the DUT.

imum parasitic elements and pulse distortion. In figure 5.8hown the schematic of the
TDR-TLP, and in figure 5.4 a detail of the behavior of the wawefs incident to and reflected
from the DUT is depicted.

This kind of TLP can be realized in two different configurasowith and without a current
transformer CT in the signal path. The system with the ctuitransformer uses an oscilloscope
with two channels and measures voltage and current refléiciadthe DUT independently
with the accuracy provided by the probes and the oscillas@dfer a calibration of the atten-
uation factors of the system. Alternatively, for a known edpnceZ,, the current I(t) can be
calculated from the relation

‘/Yincident(t)
I(t) = ———= 5.3
(1) = =2 (53)
for the incident pulse, and
T Cctle t
1(t) = — Vreftected(?) lzé alt) (5.4)

for the reflected pulse.
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The transmission line TL3 between the resistive pick-off #re DUT delays the reflected
pulse with respect to the incident pulse. \oltdge (t) and currentl o () at the DUT are
calculated from the measured incident and reflected volpatges after a shift of the reflected
pulse to the left by twice the one-way delay timg;,, and a correction for the attenuation of
the resistive voltage pick-off and transmission linesngghe following equations:

VDUT(t) = V;lncident(t) + ‘/Teflected(t -2 tdelay) (55)

‘/Yincident(t) - V;”eflected(t -2 tdelay)
Zo

Ipyr(t) = (5.6)

Some uncertainty results from numerical effects for DUT @alg@nces close to open and
short and from distortion on the delay line TL3 in the phasérafisition. Calibration td 2
and a resistor together with correction improves the acgurdf the reflected pulse is not
completely separated from the incident pulse, the incigeirge must be very repeatable and
flat. An attenuator between the pulse generator and the DU&cismmended in order to
reduce multiple stress caused by multiple reflections thpedd on the DUT impedance. Other
concepts employ a diode in series with a termination resistorder to reduce reflections from
low-impedance DUTsApyr < Zp) at the open end of the transmission line. This termination,
that may even be switched in order to generate bipolar pulleggends on polarity and should
not be used for the characterization of oxides. A coaxiadyreh the delay line allows to
connect a DC-parameter analyzer to the DUT.

An overlapping Time Domain Reflectometer TLP has been implged because it is
seemed to be the most suitable solution to make square putbefast slopes and high values
of voltage and current. Furthermore, thanks to the trarsaoridine behavior, it is possible to
study the evolution in time of the device response miningzdarasitic elements, in terms of
parasitic resistance and impedance mismatch. In figurd B possible to see the interface of
the LabView program implemented to control all the TLP featu

From the panel, it is possible to set the start, step, and\&ilbt@ge pulse, at which time
percentage of the pulse make the average and how large isghagang zone, which is the
parasitic resistance that will be subtracted from the nreasents, and which is the actua-
tion factor of the voltage probe or the multiplication factd the current probe. Regarding
the leakage measurement, it is possible to set at whichgeh@easure it and the maximum
applicable current, said the compliance level. This TLPlanpentation is based on a high
impedance voltage probe and an ac current probe. Other ThRmnentations extracts current
values from voltage knowing the characteristic impedari¢eetransmission line. In this way
it is possible to obtain more accurate I-V measurement athaceethe series resistance to less
than0.6 2. This fact is very important for the measurement of resistanf low impedance
devices like diodes. Some attenuators are used to redines aitise or unwanted reflections.
Changing the polarity of the high voltage supply, it is pbksito make negative pulses. In
figure 5.6 it is possible to see some example of voltage wavefoThe first step is made by
the measurement of only the incident pulse, while startinghfthe second step, incident and
reflected pulses are overlapped, and the measured voltdige igal voltage across the DUT.
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Fig. 5.5: LabView interface of the Transmission Line Pulseplemented.
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Fig. 5.6: Woltage waveforms of pulses with a pre-charge Viakage of40 V to 1000 V. In
this case the voltage probe exhibit a 100x attenuation facto
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Finally, the last step is due to only the reflected pulse. dglpi, the averaging zone is chosen
at the end of the overlapping area, but this could bring tosmesment inconsistencies with
some devices, as will be presented in this chapter for RF-I8EMitches. The rise time of the
implemented TLP is lower thahns, and it is possible to make some hundreds voltage pulses
and current pulses higher thaf A.

5.2 EOS/ESD sensitivity analysis

To test the ESD robustness of ohmic RF-MEMS switches, skglevices have been submitted
to TLP stress. The chosen ESD configurations of main intévesihese devices are [43]:

e TLP between RF ground and Actuation pad (i)
e TLP between RF-IN and RF-OUT (ii)

e TLP between RF-IN/OUT and Actuation pad (iii).

‘</,, Soft failure

laut [A]

0 50 100 150 200 250
Vdut [V]

Fig. 5.7: Typical I-V plot of a RF-MEMS switch submitted to PLstress between the ac-
tuation pad and the RF ground (open circuit). The devicetsisha normal behavior up to

200 V where a breakdown occur and the device impedance rapidhgesao a short circuit

configuration.

The TLP stress between the actuation pad and the RF groufdiisai interest due to the
high electrical field between the actuation line and the thiide that separates it from the RF
ground. The graph in figure 5.7 traces a typical |-V plot foriglettric breakdown between
the RF-ground and the actuation pad (open circuit). Thecdesxhibits a normal behavior up
to 200 V, where it is possible to see a rapid change of the device’'sdapce (from an open
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to a short circuit). This is absolutely a very low voltageahepared with typical voltage levels
of HBM stress.
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Fig. 5.8: Woltage and current waveforms of the TLP pulsemtythe soft-failure: the failure
point is reached during the first nanoseconds of the TLP pulse

In figure 5.8, voltage and current waveforms of the TLP pulseng the soft-failure point
are depicted. Itis important to note that the failure pameiached during the first nanoseconds
of the TLP pulse. Comparing this situation with the measemnof standard semiconductor
devices, after this condition has occurred, usually theceeie destroyed, and typically a no
more functionally working structure will be observed. Tigsnot always true for MEMS
switches. In fact, successive scattering parameters mezasats show a still working device.
Of course, the reiteration of the TLP discharge on the ddeiae to S-parameter degeneration
and a complete destruction of the MEMS switch, but usually RJT resists to some ESD
phenomena.

Furthermore, in some cases, the TLP stress can improve tf@mance of the device,
as shown in figure 5.9. In the graph it is possible to seeStheevolution of two switches
stressed with 1,000,000 cycling: the degradation rateeflibP-stressed device is lower than
the untreated one. Furthermore, the TLP stressed switch miateexhibit any non-actuation
point during the cycling stress as a better contact condi@chieved after ESD events.

However, the TLP stress usually produces sensible damad@EMS devices even if not
fatal. The highlighted region of the picture in figure 5.1@w8 the damage of the actuation
line. In fact, during TLP testing, a spark is observed in tlegion, indicating metal wear-out
mechanisms. This kind of damage is probably due to the boeakaf the Low Temperature
Oxide (LTO) that is grown over the Ti-N metal line and, in tiggometry, over via hole also.
The "burnt zone" highlighted is where the Ti-N via contadis poly-silicon way and only
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Fig. 5.9: 551 evolution of two switches stressed with 1,000,000 cyclig degradation rate
of the TLP-stressed device is lower than the untreated one.

where the LTO separates the actuation line from the grourideo$witch. This configuration
is probably the weaker of the actuation line, because, #ftwvia, the poly-silicon way is
also covered by th&i0O, oxide, which exhibits a better hardness to TLP events. Pigha
different layout, with a larger distance between ground actdation pad could improve the
robustness to TLP stress. Therefore, should not be a seiiptie switch is still working after
the first failure point, because only the LTO have been danratigs event.

If the TLP stress is reiterated, the complete destructicth@imetal line will be observed.
Obviously, in this case the actuation voltage can not angmeach the poly-silicon fingers
under the bridge and the switch will not be functional.

In figure 5.11, the typical I-V plot of a metal failure betwetie RF-IN and the RF-OUT
(short circuit - case ii) is shown. In this configuration thardness of the input to output
transmission line under TLP stress is tested. As it is ptessibsee, in the first part of the I-V
plot, the metal line exhibits a series resistance of apprately 2 2 up to a current level of
approximatelys A. This is a good robustness level, and it can be compared widyaivalent
HBM robustness of approximatefy5 kV. Suddenly, without any anticipation as saturation or
slope change, the metal line fails.

We have found two critical phenomena that explain the failof the device. The first
problem is the fusion of the metal line due to electro-migra{19], while the second one is
the breaking of vias that connect the deposited gold withTikd way. The effect of these
fusions can be observed in figure 5.12, that exhibits thegphbfatal damages for such an
ohmic switch in the interdigitated region of the input to it transmission line. Due to the
high current during the TLP stress flowing through the fingerder the MEMS bridge, two
fusion zones can be observed, and after this kind of damagedtice never works again

properly.
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Fig. 5.10: Typical damage of an ohmic switch submitted to Bliéss between the actuation
pad and the ground. The actuation line in the highlighteéregppears burnt.
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Fig. 5.11: TLP I-V characteristics a resistive shunt MEMSted between the (electrically
connected) RF-IN and RF-OUT pads (see the inset). After #ileré point an open circuit is

observed.
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Fig. 5.12: TLP I-V characteristics a resistive shunt MEMSteel between the (electrically
connected) RF-IN and RF-OUT pads (see the inset). After #ilerié point an open circuit is

observed.
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Fig. 5.13: TLP I-V characteristic of a resistive shunt MEMSted between the (electrically
NOT connected) actuation and RF-IN pads (see the insergle€lric breakdown is NOT
observed in this configuration up 280 V TLP discharge.
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Fig. 5.14: \Woltage and current TLP waveforms of a capacigtrant switch aged with one
million of cycles and stressed between the RF-IN and growmithg the failure of the device.

Finally, regarding resistive switches, in figure 5.13 thé jplot of a switch submitted to
TLP stress between the RF-IN / OUT pad and the Actuation pask(adi) is depicted. In this
case it is very important to note that no failures have beaemied during the stress and this
should mean that the device is still alive. However, aftes kind of stress, the device does not
work anymore.

5.2.1 Device characterization after TLP pulses

In order to characterize the ohmic switches we have adoptdtandard technique in which
the points of the TLP I-V plot are typically extracted from averaging of a limited zone of
the voltage/current pulses as shown in figure 5.14 [44]. As s the adopted TLP is a TDR
one, the device is stressed fr@f ns to 120 ns (100 ns pulse). A typical TLP system makes
the measurement to build the I-V plot as an average of a ldniégion in the plateau of the
pulse between0 to 90 ns (zone c). As in this case, the failure region d) is not incthdethe
averaging zone c). This makes the I-V plot (as shown in figui®)snot revealing the true
behavior of the stressed device. Typically, as happens aléditsical devices, the successive
leakage measurement gives the indication if the deviceirgb#egraded or destroyed. Re-
garding MEMS switches instead, the failure does not necgsgazurs at the beginning of the
TLP pulse and the averaging should not include the failureezo

For this reason, the classical I-V curve does not alwaysigeayood information about the
device life state and the leakage do not always helps to stahet the device life state. In fact,
during the measurements, it has been observed that leakagehange until to compliance
level during the device-failure but this does not mean thatdevice is "dead” (figure 5.15).

As depicted in the figure, even if the leakage measuremeripiexia strong variation re-
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Fig. 5.15: TLP I-V plot and leakage behavior of a capacitikrarg switch submitted to TLP
stress and still alive despite the change of the leakagermtirr
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Fig. 5.16: Comparison betweesy, Scattering parameter before and after the TLP stress
reported in figure 5.15 in which the leakage measurementth#eT LP pulse has reached the
compliance value.



5.2. EOS/ESD sensitivity analysis 81

Ileah [A]
1E-12 1E-9 1E-6 1E-3
2 T © TTTET 1 W PTar T T T TTTnr T ¢ T 1011
- |-V TLP
1.5 |
- —lleak [A]
<
s TF
-
=
0.5
0 =M
0 20 40 60 80 100 120
Vdut {V]

Fig. 5.17: TLP I-V plot and leakage behavior of a capacitirerg switch submitted to TLP
stress and destroyed by it. In order to characterize prevotunic switches we have adopted
the standard technique in which the points of the TLP I-V plattypically extracted from an
averaging of a limited zone of the voltage/current pulseshasvn in figure 5.14 [44].

spect its initial value (the compliance limit @fuA was reached) the switch is still alive as
confirmed by scattering parameters measurement depictBguire 5.16. Furthermore, we
observed that some time, during the device-failure, thkslga measurement remains approx-
imately constant, as nothing happens, but after the stinesgavice is no more working. This
is the case as shown in figure 5.17, where, despite the leakagsurement exhibits almost no
variations, the device completely fails if actuated aftex TLP stress, as it possible to see by
the scattering parameters measurement shown in figure 5.18.

These situations mean that the classical approach usedltay the life state of a device
under TLP stress can not be completely used, as it is, with EMitches. Similar results
were found independently by Voldman and Hynoven on RF dseyicecuits, and systems
[45, 46]. For this reason a better analysis of pulses wakefas required. In order to correctly
characterize these kinds of devices, we have analyzed eusg waveforms, and when a
failure has occurred, we have built the final I-V plot joinitige standard 1-V plot (where the
device does not exhibit any failure) with the evolution o troltage and current of the device
during the failure. In figure 5.19 it is possible to see thisckof curve, obtained from pulses
shown in figure 5.14. The zones of this curve with a higher idgn$point (zones a-b-c-d-d’-e)
represent the constant zones of the pulses. Pulses showiie .14 have also an important
particularity. In fact, the failure has come some nanosegsdefore that the incident pulse was
totally separated from the reflected one (point d). For tb&éson, a careful elaboration must
be provided in order to extract real voltage and currentaslypoint d’) and it is based on the
evaluation of the voltage and current values reached dtiim@cident pulse of the TLP stress.

After this elaboration the plot shown in figure 5.20 is obgginin grey it is possible to
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Fig. 5.18:55, scattering parameter of the capacitive shunt switch TLéss&d shown figure
5.17.
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Fig. 5.19: I-V evolution of a capacitive shunt switch durithg failure. Zones a) to e) are
referred to figure 5.14.
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Fig. 5.20: Comparison between standard I-V plot (grey larg) real |-V evolution during the
failure point of the capacitive shunt switch shown in figuré%
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Fig. 5.21: Comparison between standard |-V plot (grey larg) real I-V evolution during the
failure point of the capacitive shunt switch shown in figuré%b
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Fig. 5.22: Wltage and current pulses of the untreated éavidigure 5.16. In this case the

instability occurstO ns after that the pulse has reached the maximum voltage (40%lsé¢ p
width).

see the classic I-V trace, in black the one obtained with e method. It is important to
understand that this plot is not the complete I-V TLP evoluti the curve regards only the
evolution during the failure region. Using this method ipsssible to obtain the exact value
of the voltage and the current passing through the devidegltine instability. The difference
between the two traces is amazing: instead of an open c{BfitV and approximately A)
we can observe a high passage of current (more ¢hah In this case the power of such
method of investigation needs no more words: without thésreed that nothing was happening
to the switch.

In figure 5.21 it is shown the comparison between the clastiatrace and the new
method for an untreated capacitive switch submitted to Ei&83s. also in this case we have
different values for the voltage during the instability) (V instead o200 V) and for the current
too (5.5 A instead of4.8 A). As previously stated, the main issue of the classical oteth
that voltage and current values are extracted from the medsvaveforms making an average
in a well defined region. If this region is before the failur@mi or just before and after the
failure region, extracted values are surely affected aay #ill be not real. As an example, in
figure 5.22 the behavior of a capacitive shunt switch is riegloduring its failure. As depicted,
the failure point occurs aftet0 ns and if the averaging procedure was started before this,point
the extracted voltage and current values would be incorrect

A different way to plot the TLP I-V trace is required in order dbtain the real behavior
of these devices, because classical |-V plot or leakagenrdtion are not sufficient to figure
out if the device is still working properly or it is "dead". iBrnew method to plot is based on
the full analysis of the complete voltage and current wawe$y and not only on the averaging
of a limited region. At the same time it is not enough to haveglete information about the
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Fig. 5.23: Test structures used to study the EOS/ESD sétsietween the actuation pad
and ground.

life state of the device. In fact, there is nothing tellingifuthe device is still "alive" or "dead".
Furthermore, scattering parameters measure must beedsarthe characterization chain to
properly evaluate the device life state, as for other RFlsilite devices.

5.3 HBM characterization

RF-MEMS switches under HBM regime have also been charaetgrin order to study if any
correlation between TLP tests and the Human Body Modelsfasthese devices. Preliminary
results on the testing of the EOS/ESD sensitivity betweenaittuation pad and ground are
here presented. Previous data [34] have shown that in thisgewation TLP pulses of about
300 V are sufficient to destroy the device. HBM-like stresses ofemtavel between actuation
pad and ground have been applied to all the previously destriopologies of RF-MEMS
switches, starting &0 V, with an increasing step &0 V. We have obtained failure voltage
levels betwee00 — 350 V, in good agreement with previously made TLP stresses. Like T
tests, HBM stresses have brought to a complete destructidmeactuator polysilicon line,
leading to a no more working device.

In order to better investigate where the dielectric breakdoccurs, the stress have been
repeated using ad-hoc designed test structures (see fi@dB8e Fhese are characterized by
different distances (L) between the actuation pad and gr¢Lm 20, 30, 50, 100 wm, and two
width (W) of the polysilicon linesf, 10 um). The aim was to understand if the breakdown
occurs only at the crossing between the polysilicon line gredground layer (separated by
100 nm of TEOS and200 nm of LTO), or if the breakdown could be induced in air along the
surface.

Using the on wafer HBM-like tester, the results depicteddnifie 5.24 have been obtained.
During the tests it has been used the measurement of thegkeakarent (att0 V, nominal
actuation voltage of the switches) as failure criterionl t&sted structures present failure be-
tween300 V to 350 V, without any significant dependence on L or W, as shown byulden
increase from aboutd pA up to the set compliance current lev2li(A) of the leakage current.
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Fig. 5.24: Results of the HBM-like stress carried out on & structures with polysilicon
line width of 5 um (top), and10 um (bottom). The leakage current measured@®¥ was
used as failure criterion.

This leads to the result that the failure is due to the digkebreakdown occurring in the cross
between the polysilicon line and ground, and it is also corgat by optical visible sparks in
that zone. Devices W10 _L100 and W10 _L20, characterizeditwer increase of the leakage
current than the other structures have shown the same sparks
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5.4 Electro mechanical simulations

The mechanical inertia of movable parts on RF-MEMS switdhes present in solid state de-
vices) acts as a low pass filter to very fast transients (li8® Events) applied to the actuator
pad. It has already been demonstrated the detrimentatefiéstrong ESD events on the re-
liability of RF-MEMS switches. However, it is interesting tnvestigate how the suspended
membrane reacts to short electrical overstress, especitisidering electro-statically actu-
ated MEMS, which base their functioning on an electrostptitential between the actuator
electrodes and the suspended structure.
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Fig. 5.25: Measured and simulated actuation time of stugledMEMS switches at increasing
bias voltage.

In order to better understand if, despite its typical sharation, an ESD event applied to
the actuation pad, can be energetic enough to bend or todotlyate an RF-MEMS switch,
a simulation of straight beams based devices has been pedowith the electro-mechanical
Finite Element Method (FEM) As first step the actuation time at increasing bias voltages h
been studied. Switches actuation times were measurechdpitied devices with a rectangular
shape voltage pulse (Hp 8113ns rise time), applying & GHz, 0 dBm RF signal to the RF-
IN pad, and connecting the RF-OUT pad to a Tektronix TDS 6804z analog bandwidth)
DSO. The actuation time has been defined as the time the RFs@juddls spends to reach the
90 % of its final value, starting from the rising of the biastagke. Actuation time measurements
for straight beams based switches are reported in figure 5T28 developed model of the
straight beams based switch well fit experimental measwe@@on time, as shown in figure
5.25. Then, it has been performed an electro-mechanicallaiions in order to evaluate the
maximum displacement of the suspended membrane at inogdaisis voltage, and at different

1Comsol Multiphysics ver. 3.3a, Transient Analysis
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pulse length (in the range of typical ESD-like events), #muits are shown in figure 5.26
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Fig. 5.26: Electro-mechanical simulations with the maximdisplacement of the suspended
membrane at increasing bias voltage, and at different dategth. The lack of linearity
in the gap displacement behavior is due to the nonlineafitthe equation that rules the
beam actuation movement. In this case the curves are imuge@s we are considering the
differential displacement(— g) instead of the gap absolute valyg, with g varying between
go ando.

It is interesting to note that simulation predicts thafioa V, 100 ns long pulse, leads to a

negligible maximum displacement of abdt nm. Thinking that400 V roughly corresponds
to the maximum voltage applicable to the actuator pad beddgkectric breakdown occurs
between the polysilicon line and ground, the suspended mesmelis virtually free from any
movements during00 ns long TLP tests. The membrane movement can be larger comsjder
pulses in the range of thes , like during HBM-like events. Simulations show thatl@0 V,
1 ps long pulse leads to a maximum displacement of aliouin, that means one third of the
RF-MEMS switches air gap. From this result we can argue th&3D event can be energetic
enough to bend the suspended membrane (even if it does nadatme switch), leading the
device to assume an unwanted actuation with possible arr¢ine switch logic state.

5.5 EOS induced stiction

To investigate the effect of Electrical Overstress (EOSREAMEMS switches, the DC char-
acterization setup has been improved (S-parameters astofunf applied voltage) with the
capability to measure the current drained by the actuasmtreldes {4.¢). The comparison of
So1 and4. measurements of a shunt, meander-based switch is repoffigdrie 5.27.
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Fig. 5.27: Comparison &5, andl 4., measurements of a shunt, meander-based switch.
compliance limited td pA.

It is possible to note thats.; can furnish a precise value of the actuation voltalge.{ =
25.5 V, as highlighted by the dotted circle in figure 5.27), due ®tilansient increase of the
capacitor displacement current, and the value is in peaigeement with thé,; variation due
to the actuation of the switch. It is interesting to note that starts to suddenly increase for
VBias > 60 V, due to the breakdown of the oxide lay@d@ nm of TEOS and200 nm of LTO)
between the suspended membrane and the actuator line. Jibe edfected by the dielectric
breakdown is highlighted in figure 5.28.

At S

Fig. 5.28: Optical profilometer images of tested devicesactuated (a), and actuatéds(, s
=60 V). The circle in (b) highlights the zone where the dieledfmieakdown occurs.

It has been observed that if the actuator current is notdidnfsetting the compliance level
of the Keithley 2612 to a maximum value ©fuA), this dielectric breakdown can lead to a
permanent stiction of the suspended membrane. In figurei6i2%hown the evolution of
S-parameters and actuator current during the test with mpkance set o 4.;.

At Vpias =80 V, I 4. increases up to aboRtmA, and from that point the actuator assumes
an ohmic behavior and th&,; parameter does not show any variation during the test.  thi
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Fig. 5.29: Comparison of>; andlI... measurements with no current limit. The device
remains stuck, in the point highlighted by the emission ngcope image reported in the
inset.

case the dielectric breakdown has lead the device to remak and partially bended. The
emission microscope (Hamamatsu PHEMOS-200) clearly atelicthe point where the failure
has occurred (inset of figure 5.29). Devices with differamtteorage layout (without crossing
with the actuation electrodes) have been tested, obtaamrgghly increased robustness. The
next step will be the study of the Time-to-Breakdown (TTBD}¥och failure mode.



Chapter 6

RF-MEMS Radiation Sensitivity for
Spatial Applications

Radio Frequency Micro-Electro-Mechanical Systems (RFM@E have been proved to be in-
teresting candidates to overcome the limits of actual si&tat solid state devices. Small
dimensions and light weight make such devices very apgefdinspatial applications. How-
ever, their reliability is still an open issue due to the haspace environment is considered,
where radiation induced damage is one of the main causeslwief§33]. In particular, the
behavior after exposure to ionizing radiation of devicegilg mechanical motion governed
by electric fields across insulators has been seldom stucdiathly in MEMS sensors [47] or
capacitor-like structures [48]. Just few authors haveyaeal complete RF-MEMS devices
[49]. Itis well known that space is a harsh environment fandard micro and nano electronic
components [50], but recent studies have indicated thelplitysthat also micro-mechanical
structures can be hampered by radiation damages (see 28). Especially MEMS structure
driven by electrical field, as RF-MEMS switches, would suffee consequences of radiation
damage mainly due to parasitic dielectric charging andtsatiesdamages. In fact, these com-
ponents use very often as dielectric silicon dioxide ocaiti nitride which have an high charge
trapping rate with a low charge mobility, therefore the atgal charge can have a long life
time before to anneal for thermal recombination. Moreotheg, metal typically used to build
the suspended membrane could be affected by a spring restorice alteration due to the
Young module changing induced by radiation and it would Be alore vulnerable to creeping
and fracture. The standard satellite radiation shieldiag been proved to be a good solu-
tion to guarantee the electrical device lifetime duringcgpmissions (with some exceptions
of course, see table 2.3), however, since the main applicali MEMS devices would be on
nano-satellites, it is difficult to prospect the possipilitf a strong radiation shield on a few
kilograms satellite.

6.1 Radiations

There are numerous system environments that can lead tficagh radiation-induced degra-
dation of electronic components, including space enviremisiand the environment associated



92 Chapter 6. RF-MEMS Radiation Sensitivity for Spatial Agalions

with high-energy patrticle accelerators [32].

A major goal of the radiation effects community has been twidle devices that can func-
tion as intended in the harsh radiation environment of spalois has required the development
of process and design techniques to fabricate radiatiotehad devices and the development
of reliable, cost-effective hardness assurance test guoes. To qualify a device for use in
a space system, one must rely on laboratory measuremeitally@t dose rates from 50 to
300 rad(SiQ)/s in which the radiation exposure may take only minutesaioréito complete.
These laboratory measurements must be correlated to aspaoenment in which the radia-
tion exposure may take place over a period of many years.

To make these correlations, it is necessary to have a goatstadding of the mechanisms
that govern the radiation response of the devices to be U$eslis especially true for systems
employing commercial, non-radiation-hardened devicesre/the margin between system re-
quirements and device capability may be much lower thanadiation hardened devices.

Thus, as commercial devices become increasingly more gigevan space systems, the
need for understanding radiation-response mechanisnosnascincreasingly more important.
Insight into the mechanisms for device radiation resporese diso enabled the fabrication
of radiation-hardened devices. Understanding the basmhamsms of radiation effects is
therefore of practical importance to the system, desigd tachnology engineer.

6.1.1 lonizing Radiation

lonizing radiation generates electron-hole pairs in sendactor materials. For MOS device
degradation, the primary concern is electron-hole paieggion in oxides. Some fraction of
the electrons and holes become trapped in the oxide and sawct®h cause the release of
hydrogen and induces interface traps at the SySn@rface. In this section, the mechanisms
by which ionizing radiation generates electron-hole puiil§ be reviewed. The manner in
which radiation interacts with solid material depends o tiype, kinetic energy, mass, and
charge state of the incoming particle and the mass, atormtbay and density of the target
material.

lonization of a target material occurs for photons, elewrgrotons, and energetic heavy
ions. Photon interactions are not a primary concern folllgatein the natural space environ-
ment. However, we include photon interactions in this disaan because of their importance
in hardness assurance testing. Most laboratory sourced tasimulate total-dose space envi-
ronments, emit either low-energy x rays or high-energy gamays.

Photon Effects

Photons interact with material through three differentcpsses, namely the photoelectric (or
fluorescent) effect, the Compton effect, and pair producftl]. These processes are illus-
trated in figure 6.1. For each of these processes, the prinegpjt of the interaction is the
creation of energetic secondary electrons.

Low-energy photons interact with material predominantiytigh the photoelectric effect.
The photoelectric effect is illustrated in figure 6.1a. listbrocess, an incident photon excites
an electron from an inner shell of a target atom to a high ehaigte to be emitted free of
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Fig. 6.1: Schematic drawing of three processes throughiwgtiotons interact with material:
a) photoelectric effect, b) Compton effect, and c) pair piatibn.

the target atom. The incident photon is completely absor3duis, the photoelectric effect
creates a free electron (photoelectric electron) and amddratom. In addition, as the 111-6
photoelectric electron is emitted, an electron in an outbit @f the atom will fall into the
spot vacated by the photoelectron causing a low-energyphotbe emitted. In general, the
low energy photon does not have sufficient energy to creatiti@aal electron-hole pairs, but
depending on the energy of the incident photon, the emitiectren can generate numerous
additional hole-pairs. For higher-energy photons, Comgicattering will dominate over the
photoelectric effect. Compton scattering is illustratefigure 6.2b. In this process, as a photon
collides with an atom, the photon transfers a fraction oériergy to an electron of the target
atom, giving the electron sufficient energy to be emitted fikthe target atom. For Compton
scattering, a photon of lower energy is created which istiveéeteract with other target atoms.
It can also create a free electron and an ionized atom. Raduption occurs only for very-high
energy photonsi > 3 MeV). Itis illustrated in figure 6.1c. In pair production,etfincident
photon collides with a target atom creating an electroritfmys pair. A positron has the same
properties as an electron (charge and mass), except thah#nge is positive. The incident
photon is completely annihilated in pair production.

The relative importance of the three processes as a funefiphoton energy and atomic
mass of the target material is illustrated in figure 6.2 [58hown in figure 6.2 are regions
where each process dominates. The solid lines correspaglitd probabilities for the differ-
ent interactions. The dashed line corresponds to the atorags of silicon ¥ = 14). Thus
for silicon, x rays emitted from a low-energy (typically) keV) x-ray irradiator will inter-
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Fig. 6.2: Relative importance of the photoelectric effé&ewmpton scattering, and pair pro-
duction as a function of photon energy.

act predominantly through the photoelectric effect, whigh-energy gamma rays (typically
1.25 MeV) from a%'Co source will interact predominantly through Compton tecatg.

Electron-Hole Pair Generation

High-energy electrons (secondary electrons generatetdipp interactions or electrons present
in the environment) and protons can ionize atoms, gengrafectron-hole pairs. As long as
the energies of the electrons and holes generated are higtmethe minimum energy required
to create an electron-hole pair, they can in turn generatiégi@oll electron-hole pairs. In
this manner, a single, high-energy incident photon, edector proton can create thousands of
electron-hole pairs.

The minimum energy required for creating an electron-haie f,,, in silicon, silicon/dioxide
and GaAs is given intable 6.1 [51, 53, 54]. Also given in tehlkeare the densities [55] for the
three materials and the initial charge pair density per gabdited in the materiady [51]. The
latter quantity is obtained from the product of the matedi@hsity and the deposited energy
per rad divided by, [51]. A rad (radiation absorbed dose) is a unit often used to quantgy th
total absorbed ionizing dose in a material. It is a measutbe@fmount of energy deposited
in a material and is equal to 100 ergs of energy deposited faen of material (1 rad = 100
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Material E, [eV] | Density [gkm?] Pair de;:g)yaﬁ(;/r:j;%;ed perrag
GaAs 4.8 5.32 7%10%
Silicon 3.6 2.328 4%10%°
Silicon Dioxide 17 2.2 8.1 10™

Table 6.1: Minimum energy for creating electron-hole paiensity, and pair density gener-
ated per rad for GaAs, silicon, and silicon dioxide.

erg/g = 6.24 x10'3 eV/g). The energy deposited in a device must be specifiedhéomiaterial
of interest. Thus, for a MOS transistor, total dose is mesabur units of rad (Si@) or rad(Si).
Another unit often used is the Gray (Gy). The conversiondiaftbm rad to Gy is 100 rad = 1
Gy.

6.1.2 Dose Enhancement

Another mechanism that affects the total number of eledh@e pairs generated in a material
is dose enhancement. Dose enhancement arises when amirgagiicle travels through two
adjacent materials with different atomic masses. Closkdanterface of two materials, charge
particle equilibrium is not maintained. Charge particleiglrium is defined as the condition
where the total energy carried out of a given mass elemenlegojrens is equal to the energy
carried into it by electrons [56].

a) 4 b) 4
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Fig. 6.3: Schematic diagram illustrating dose enhanceifoe) a thick oxide{,, 500 nm)
and b) a thin oxidet(, 100 nm). The solid lines indicate bulk equilibrium dose and the
dashed lines indicate the actual dose profiles.

For two adjacent materials with different atomic massesntimber of electrons generated
in the low-atomic mass material close to the interface wallHigher than for the case where
charge particle equilibrium is maintained (i.e., far aweyni the interface) as shown in figure
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6.3. This effect is called dose enhancement. For thick exidee figure 6.3a, some dose
enhancement in the Siccurs near the oxide interfaces (dashed lines), but fomikerity
of the oxide, the actual dose in the Si@® close to its equilibrium dose (solid lines). For
thin oxides, shown in figure 6.3b, the actual dose (dashe&)l linconsiderably enhanced over
the equilibrium dose. The criterion for thin or thick depsrah the distance that secondary
electrons will penetrate into the material. FarkeV x rays in SiQ, the average range of
secondary electrons is approximatély0 nm. This distance is considerably longer than the
gate oxide thickness of modern IC technologies and in masgscé is comparable to the
thickness of field oxide isolation and the thickness of SQidulioxides. Thus, significant dose
enhancement effects can occur in most of the oxide strichfrpresent day IC technologies.
The amount of dose enhancement will depend on the mecharnjisiwhich an incident
photon interacts with a material. It will be largest for l@mergy photons< 1 MeV) which
interact through the photoelectric effect [57]. For loweagy photons the number of secondary
electrons generated is proportional Z6. Thus, as the atomic mass increases, the number
of secondary electrons greatly increases. For an MOS stansiith a polysilicon gate, the
atomic mass of silicon is slightly above the atomic masslafasi dioxide and the amount of
dose enhancement is negligible fo25 MeV ®°Co gamma rays (which interact through Comp-
ton scattering). On the other hand, for low-enet@ykeV x rays (which interact through the
photoelectric effect) the amount of dose enhancement cael&@/ely large & 1.7) [58, 59],
i.e., the dose in the oxide layer is 1.7 times the dose meadsureharge particle equilibrium.
Higher dose enhancement factors will result for metalidiéigates with higher atomic masses
(e.g., Tungsten and Tantalum) [57, 60], if the distance efrtfetal layer from the oxide inter-
face is within the range of the penetration depth of secgnel@ctrons. For those materials in
which significant dose enhancement can occur, the numbéeaf@n-hole pairs generated by
the incident radiation must be multiplied by a dose-enhianer# factor to determine the total
number of electron-hole pairs generated.

6.1.3 Laboratory Radiation Sources

Wide ranges of laboratory radiation sources are availab@haracterize the response of elec-
tronic devices. For total-dose effects, these sourceserénogn very high-dose-rate sources
for investigating the basic mechanisms of radiation effeéotvery low-dose-rate sources for
simulating the total-dose response of electronic devicgke natural space environment. The
most commonly used laboratory sources are moderate-dos&-€o and x-ray source$’Co
sources emit gamma rays with a nominal energy.8§ MeV. These sources can have dose
rates up to 400 rad(Si)/s. The present U. S. military stahtist guideline MIL-STD-883D,
Method 1019.5 specifies that laboratory acceptance tesiumf be performed at dose rates
from 50 to 300 rad(Si)/s. Thu§Co sources can normally meet these requirements. Another
common type of laboratory source is the keV x-ray source. Laboratory x-ray sources are
available that can achieve dose rates from below 300 rdd({®iabove 3600 rad(Si)/s. These
sources can be used to irradiate both unlidded packagededewsr devices on a wafer. The
high dose rate of x-ray sources and the capability for tgsiirthe wafer level allows for rapid
feedback on radiation hardness during device fabricatdh [Method 1019.5 does not allow
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x-ray testing for radiation qualification. Two high-dosge sources that can be used to inves-
tigate the total-dose response of electronic devices at Shes after a pulse of radiation are
electron linear accelerators (LINACs) and proton cyclogioElectron LINACs are pulse type
sources with pulse widths ranging from less tR@ms to more thanl0 pus with energies from

10 MeV to more thand0 MeV. Dose rates greater than!! rad(Si)/s can be obtained from
electron LINACs. Proton cyclotrons are quasi-continuomsrees and can have dose rates as
high as 1 Mrad(Si)/s with energies from aroulMeV to greater thare00 MeV. They can
also be operated in low current modes suitable for chaiaitigrproton-induced single-event
effects. For simulating low-dose-rate total-dose effé€o and!3"Cs sources are available.
137Cs sources emit gamma rays with a nominal energy.@f MeV. Dose rates below 0.01
rad(Si)/s can be obtained froh Cs radiation sources.

6.2 Radiation effects on MEMS switches

To test the RF-MEMS switches sensitivity to radiation streseveral kinds of devices (series
and shunt configuration, with and without dimples, straigpms and meander based, see
par. 1.3) have been submitted2dVieV of protons (AN2000 accelerator at INFN, Legnaro,
Italy) and10 keV x-rays (INFN, Legnaro, Italy) radiation. The radiationesfts on the devices
have been studied comparing the DC characterization ofdéis@ Switch with the stressed one.
Moreover, already cycling stressed device have been stduhtid radiation with the aim to
monitor possible contact degradation.

6.2.1 Protons stress

An excerpt of the complete characterization carried owraficreasing doses of 1, 10, and 30
Mrad (SiOy) protons stresses, and during the subsequent room temgeaaineal is reported
in figure 6.4 (shunt switch), whereas the evolutions of Sypesters and actuation voltage val-
ues are shown in figure 6.5 and figure 6.6, respectively.

After the first session of radiation$ MeV) the switch exhibits only a slight degradation in
the isolation value that passes fren27 dB to —26 dB and no variations in the actuation and
release voltage. After the third session and a total do3e dfeV, the S-Parameter degradation
in the actuated state is more consistent (almiaEB worst than the untreated device) but still
acceptable. The device heavy degradation begins the datlaét stress and continues for the
next six months leading to a loss in the RF performances obstlis dB. The main result
is the heavy degradation of the insertion losses, with alsraghtion of the actuation voltage
(Vaer)-

In principle, the damage induced RyMeV protons could be due to either displacement
damage (lattice defects directly induced by proton-nuiateractions), or to ionizing damage
(protons generate columns of charges in the device thatgioe and/or move generating the
actual damage) [50]. In this case, the main damage seemshe lksplacement of nucleons,
since the loss of RF performances only in the actuated stattypical lead of contact resistance
increase. The eventual alteration of the gold crystal tbastitute the MEMS membrane due
to displacement damage would explain such resistanceaseréoreover, the degradation is
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Fig. 6.4: Degradation 0f>; (Vp.qs) Of a shunt switch (straight beams) during the protons
radiation stress and the successive days of stofage=6 GHz, Prr =0 dBm.
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Fig. 6.5: Evolution of the5,; parameter at0 V and—80 V extracted from curves of figure
6.4.

likely not due to an increase of the coplanar waveguides lostsaie losses, because repeating
the measurements applying RF signals frbinkHz to 6 GHz leads to the same result (see
figure 6.7). Furthermore, stressed devices have shownex fdsgradation rate during cycling
stresses if compared to the cycling stress of a fresh switeé {igure 6.8), and this lead us
again to an altered metal-to-metal contact (increasedssegsistance).
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Fig. 6.6: Evolution oV 4.; and—V 4. for a series switch (up) and a shunt one (bottom, from
figure 6.4) during the protons radiation stress and the ssa@edays of storage.
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Fig. 6.7: Comparison of>1 (Vpiws) Of @ shunt switch measured applying an RF signal of
100 kHz, and6 GHz. Prr =0 dB. The curves are almost identical.

6.2.2 Radiation damage simulation

To better understand the nature of the radiation damagejwdation with the TRIM software
has been performed. The parameters used are, except thitoradiose and kind of course, the
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Fig. 6.8: Comparison of the cycling robustness of an ungkaéries switch with & Mrad
protons stressed on€g;,s =80V, frr =6 GHz, Prr =0 dB

device different layers with the respective height (seeréidgu9 where a sketch of the MEMS
process layers is reported).
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Fig. 6.9: Schematic process description.
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In figure 6.10 is reported the simulation output. We can surim@ahe main results as
follow:

i) the range ok MeV protons is more than enough to cross all the device actiae #nes
means that the switch MEMS part should not heavily sufferaajation damage;

i) the displacement damage is mainly located in the bulkhef gilicon: a possible con-
sequence of bulk damages could be RF performances losseshirmattuated and un-
actuated state due to silicon crystalline properties atitan;

iii) however, displacement damage in the gold layer is mughér than in the surface sili-
con, due to the larger mass of the former: the MEMS structungldvnot be so rad-hard
as expected and metal structure degradation could leadcetpanted increase of the re-
sistance in the actuation state or to spring constant titiardue to localized variations
in the bridge Young module.

The fluences used during the experiment (up.fox 10'3 for the higher dose) are actually
compatible with literature results on displacement daniagdicon devices [62].
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Fig. 6.10: TRIM Simulation of displacement damageZadyleV protons in our devices. The
inset highlights the vacanciesf® just below the air-gap.

6.2.3 X-ray stress

To shed a better light on what kind of damage is really impgirihe device life-state, we
moved to a radiation source where displacement damage istrafiproximation negligible,
such asl0 keV x-rays. 70 devices were tested with x-rays up fdleV (SiO,)( see table 6.2).
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Fig. 6.11: Comparison &¥21 (Vgias) Of @ fresh shunt switch, aftérMrad x-rays stress, and
after 1 month of storage (showing the recovery).

Meander Based Suspension Straight Beams Suspensions
Failure Mode Failure [%)] Failure Mode Failure[%]
Stiction 50 Stiction 6
S-Parameter Dagradation 42 S-Parameter Dagradation 24
Neglegible Variation 8 Neglegible Variation 66
Actuation Line Damage 0 Actuation Line Damage 4

Table 6.2: X-ray radiation stress induced failures. Nuntdfaested devices: 30 meanders
based, 40 straight beams.

Thirty of the stressed devices were meander based stractulew’ (spring constant) ty-
pology of switch. They have shown the heavier damages wittiginrate of stiction condition
after the stress (50%) or critical S-parameter degraddtigfo). Only few devices (8%) have
shown a behavior similar to the fresh state after the stress.

On the contrary, straight beams devices, characterizedslpager spring constant, have
reported less radiation damages with just few devices that been found in stiction condition
after the stress (6%) and a reasonable number that have shdegradation in the S-parameter
value (24%). The other stressed switches have shown no eharige DC characterization
with the except of two devices that have had their actuataxhgxploded during the post stress
characterization probalbly for the isolator degradatiuat have generated a short circuit.

An interesting result is reported in figure 6.11 (series &@witin which the radiation stress
has degraded the S-parametéefs (in on state), with almost no changes in béth., andVg,,,
and showing a good recovery after 1 month. This more proreinecovery found after x-rays
irradiation, if compared to protons, suggests that diggtant damage may actually play a role
in the degradation of switches performance. On the othey; setombination kinetics is not
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the same after irradiation with x-rays and protons (esfig@arelatively low energies such as
those used here [50]), and phenomena purely linked to iboizdamage cannot be excluded.






Conclusions

Reliability is a critical issue for MEMS to mature as a maieam technology. As MEMS
devices are employed in many configurations where volunsimamnponents are still in use, it
is imperative that the reliability and lifetime expectatsoare met or exceeded for the success of
RF-MEMS in future RF applications. In order for RF-MEMS toihtegrated with mainstream
CMOS foundry technologies globally, they must achieve ptatde reliability objectives.

In this work the reliability of RF-MEMS switches has been plgenvestigated obtaining
important information on the optimized biasing conditigastuation voltages and duty cycle),
on the characterization procedures and cycling. Also tbblpm of long term actuation condi-
tion of work has been suggested. Furthermore, it has beegrluretl the necessity of adequate
design rules in order to reach reasonable robustness @& tiessces against Electrical Over-
stress and Electrostatic Discharge events and a preliyngtady on radiation effects has been
carried out.

It has been also demonstrated that traditional electrieglsurements and cycling stresses
are not sufficient to fully characterize RF-MEMS switchesheTsuspensions shape (spring
constant) impacts on the electrical parameters (pull-il-qut) of RF-MEMS switches has
been investigated, and how the cycling reliability is inflaed by the suspended membrane
geometry and bias voltage.

The release phase of ohmic RF-MEMS switches submitted tg tone of continuous
polarization has also been characterized, founding thahoer suspensions, characterized by
lower spring constant than straight beams ones, can heavigct on the release time, and
then on the reliability of such devices. A complete analggisnexpected bounces presence
in the release phase has also been carried out, showing leolaytbut type and membrane
thickness can impact on the transient behavior during theamation of RF-MEMS switches
submitted to a pulsed actuation.

The sensitivity to EOS/ESD phenomena of ohmic RF-MEMS sweischave been deeply
investigated, considering both not actuated, partiallydeel, and fully actuated membrane. In
fact, completely different scenario appear considerirggtiinee topologies. Previous data and
failure criteria investigation have been confirmed [34]gndas it has found that the RF-switch
robustness could be strictly dependent by the suspensapeshy the type of contact between
the suspended membrane and the transmission line (flatdimgbles or winglets), and also by
the value of the actuation voltage. Preliminary HBM reshlse also been presented, and data
show a good correlation of the range of breakdown voltagedsst TLP and HBM tests.

Electro-mechanical simulations have been carried outderoto investigate how the sus-
pended membrane reacts to short events, finding that in tigeraf 100 ns long events a



106 Chapter 6. RF-MEMS Radiation Sensitivity for Spatial Agations

negligible displacement is achieved, whereas in the rafge events it is relatively easy to
induce large displacement before the switch failure ocddireover, it has been found that a
new stiction mechanism can be induced by the dielectrickiol@an occurring at the crossing
between the suspensions and the actuator electrodesjrexpdsMEMS switches to another
problem related to their weakness to EOS/ESD events if rogguly designed.

The sensitivity to radiation damage of several deviced) ditferent layouts and configu-
rations (shunt and series) has been evaluated finding thah#in effect of the radiation has
been the degradation of the S-parameters when actuatddnegtigible changes in the actu-
ation voltage. This degradation after 1 month can be reeavét-ray stress), suggesting the
presence of some charge entrapment or redistribution thsksrithe complete actuation of the
structure, or can deteriorate, suggesting displacemenagda due to protons-nucleons inter-
action. The very interesting result is that the TID inducegdrddation is very similar to the
degradation caused by low voltage cycling, indicating thatradiation could be studied as a
new accelerating factor for long term stresses.

From a design point of view, the straight beams devices haoers a better cycling stress
and DC characterization and seems to be less prone to statienomena during long term ac-
tuation stress. Also the radiation stress is less traurf@tistraight beams switches suggesting
that a strong spring constant is suitable to produce a tel@dvice.

To conclude, we can argue that the tested RF MEMS switchesdiewn several reliability
issues, as expected from a quite novel technology, but theegtdl of great interest for the
market application. Further tests, to fulfill the space magion requirements, would also
involve the temperature stress, as the climatic chambeagd#o and temperature cycling, to
reproduce the climatic behavior of a satellite (freri0° C to +125° C for storage periods).
These kind of stresses would be of extreme importance for EMB switch characterization
because of the presence of metallic membrane that can beemsible to buckling effects [63].
In fact, the deformation of the membrane, due to high tentpezacould negatively affect the
switch mechanical behavior, leading to, in the best cas&Faperformances degradation or,
in the worst case, to a no more working switch. Moreover, feoprocess point of view, high
temperature would increase the diffusion of the Chromed wsettach the Gold layer with
the TiN alloy, into the Gold, leading to an increase of the dssfiffness [64]. Of course
the storage temperature are quite low compared to the omesfas a standard annealing
(typically around300° C), nevertheless its effect should be verified. Also the iogtions of
a cold environment should be taken into account, since lowpé&atures tend to increase the
stiffness of the metallic part with a consequential inceeiasthe spring restoring force. Such
an alteration would eventually evolve in an higher actuatioltage that could degenerate into
a no more bendable membrane. From another point of viewethpdrature increase would be
welcome for the helping in the recombination process of therges trapped into the MEMS
dielectric with a consequential reduction in the screeming stiction phenomena [65].
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