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ABSTRACT

SHAPE OPTIMIZATION OF MEMS SWITCHES FOR MINIATURIZATION

AHMED, IMRAN
M.S., Department of Mechanical Engineering
Supervisor : Assist. Prof. Dr. Hiisnii Dal

Co-Supervisor : Assoc. Prof. Dr. Mehmet Unlii

September 2018, 95| pages

This thesis presents miniature optimized cantilever beam MEMS contact switches for
low pull-in voltage, low switching time and relatively high contact force for stable
switch operation.

Beam based MEMS switches are promising replacements of CMOS based p-i-n diodes
and field effect transistor (FET) diode switches due to structural and operation ad-
vantages over these solid state switches. High isolation, zero power consumption
and very low manufacturing cost are promising advantages compared to solid state
switches. In this thesis, optimized miniature shape of gold made MEMS cantilever
beam contact switches for low pull-in voltage, small switching time and high con-
tact force have been presented. Low pull-in voltage ensures low power consumption,
small switching time facilitates faster operation and high contact force ensures stable
operation of switch. Four cantilever beams with thickness 1.6 um, 1.4 um, 1.2 um
and 1 um have been critically analyzed. 11 configurations for each beam based on dif-
ferent length and width have been modeled. A rectangular hole has been introduced
at the anchor point of the beam in order to reduce the stiffness of beam which in turn

reduces pull-in voltage. Results show that hole at anchor point significantly reduces



stiffness of the beam, and hence pull-in voltage also decreases. It has been also found
in this study that, small dimension switch gives high pull-in voltage, small switching
time and high contact force whereas large dimension switch gives low pull-in voltage,

moderate switching time and low contact force.

The configuration with dimension 22um x 22um has been found as miniature opti-
mized shape of switch with thickness 1.6 um. This configuration gives pull-in voltage
of 35.62V, contact force of 17.87 uN and switching time of 0.74 us. In case of switch
with thickness 1.4 pm, configuration with dimension 18um x 18 um has been found
as miniature optimized shape. It gives pull-in voltage of 42.81 V, switching time of
0.59 us, contact force of 15.60 uN. In case of switches with thickness 1.2 um and
1 um , no configuration provides satisfactory results for MEMS application. Any of
one criterion from pull-in voltage, switching time and contact force does not satisfy

the desired requirement for stable switch operation.

Keywords: MEMS contact switches, Pull-in Voltage, Switching Time, Contact Force,
Shape Optimization, MEMS structural analysis.
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MEMS ANAHTARLARIN MINYATURLESTIRILMESI ICIN SEKIL
OPTIMIZASYONU

AHMED, IMRAN
Yiiksek Lisans, Makina Miihendisligi Boliimii

Tez Yoneticisi : Dr. Ogr. Uyesi Hiisnii Dal
Ortak Tez Yoneticisi  : Doc. Dr. Mehmet Unlii

Eyliil 2018 ,[95]sayfa

Bu tezde eniyilenmis minyatiir ankastre MEMS Kkiris yapisindaki kontak anahtarlari-
nin diisiik anahtarlama voltaji, diisiik anahtarlama siireleri ve goreceli olarak yiiksek
kontak kuvvetlerinde stabil ¢alismasi sunulmustur.

Kati1 hal anahtarlarina gore yapisal ve islevsel avantajlar1 sebebiyle kirig tabanli MEMS
anahtarlarin CMOS tabanli p-i-n diyotlar ve Alan Etkili Transistorlerin (AET) yerini
alabilecegi umut edilmektedir. Yiiksek izolasyon, kapali pozisyonda sifir gii¢ tiiketimi
ve ¢ok diisiik tiretim maliyetleri, MEMS anahtarlarin, kat1 hal anahtarlara gore 6ne
cikan Ozellikleridir. Bu ¢alismada, altindan imal edilecek MEMS ankastre kiris ya-
pisindaki mekanik kontakt tipi anahtlarin diisiik ¢cekme voltaj1 (anahtarlama voltaj),
diisiik anahtarlama siiresi ve yliksek kontakt kuvveti elde edilebilecek sekilde opti-
mizasyonu iizerine calisiimistir. Diisiik cekme voltaj1 diisiik enerji tiikkemi manasina
gelmektedir, diisiik anahtarlama siiresi ise daha hizli anahtarlama demektir ve yiiksek
kontakt kuvveti de anahtarlamanin kararli olmasini saglar. 1.6 um, 1.4 um, 1.2 um ve
1 um kalinliklarda dort adet ankastre kiris yapisi elestirel bir bakis acisi ile ele alinip

analiz edilmigtir. Her kiris 11 degisik boy konfigurasyonunda incelenmistir. Kirisin
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yapisal mukavemetini diisiirmek i¢cin mesnet noktasinda dikdortgen seklinde bir de-
lik eklenmistir, boylelikle cekme voltaji diisiiriilmiistiir. Bu ¢alismada, boyutsal ola-
rak kiiclik olan anahtarlarin yiiksek ¢cekme voltaji, diisiik anahtarlama siiresi ve yiik-
sek kontakt kuvveti olusturdugu; boyutsal olarak biiyiik olan anahtarlarin ise diisiik
cekme voltaji, orta seviyede anahtarlama siiresi ve diisiik kontakt kuvveti dogurdugu
gozlemlenmigtir. 1.6 um kalinligindaki anahtar i¢in, 22um x 22um seklindeki konfi-
giirasyon eniyilenmis anahtar boyutu olarak bulunmustur. Bu konfigiirasyon 35.62 V
cekme voltaji, 17.87 uN kontakt kuvveti ve 0.74 us anahtarlama siiresi saglamakta-
dir. Kalinlig1 1.4 um olan anahtar icin, 18um x 18um seklindeki boyut eniyilenmig
konfigiirasyon olarak bulunmugtur. Bu konfigiirasyon 42.81 V ¢cekme voltaji, 0.59 us
anahtarlama siiresi, 15.60 uN kontakt kuvveti dogurmaktadir. Kalinlig1 1.2 um ve 1
um olan anahtarlarda hi¢bir konfigiirasyon tatmin edici sonuclar vermemektedir. Bu
kalinliklar icin biitiin kriterler (¢cekme voltaji, anahtarlama siiresi ve kontakt kuvveti)

arzu edilen MEMS caligsma parametre sinirlarinin diginda ¢ikmastir.

Anahtar Kelimeler: MEMS kontakt anahtarlari, Cekme Voltaji, Anahtarlama Siiresi,
Kontakt Kuvveti, Sekil Optimizasyonu, MEMS Yapisal Analizi.
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CHAPTER 1

INTRODUCTION

1.1 Background and Motivation

At the age of modern technological advance, Micro-Electro Mechanical Systems
(MEMS) are gaining much attention and their areas of application are increasing
day by day due to their design, fabrication and performance advantages compared
to conventional system. MEMS devices can be manufactured at miniature size and
light weight with very low fabrication cost. MEMS devices consume low power and
can be implemented in complex integrated systems with high reliability and state of
the art performances. Nowadays, MEMS devices are being used in myriad of areas
such as transportation industry, defense industry, bio-medical applications, aerospace

industry, communication systems, consumer electronics etc.

One of the most attractive areas of research in MEMS is MEMS contact switch.
MEMS switches have gained tremendous attention from the researchers due to struc-
tural and operational advantages compared to p-i-n diodes and Field Effect Transistor
(FET) diode switches. MEMS switches consume nearly zero power as they work
at 20-80 voltage without consuming current. Therefore it leads to very low power
dissipation. Switching energy is 10 nJ to 100 nJ for per cycle. High isolation; low
signal leak at off condition, and low insertion loss; low signal loss at on condtion, are
desired characteristics in the field of signal processing. MEMS switches show very
high isolation and low insertion loss since they are fabricated with air gaps having
low capacitance of 2-4fF. MEMS contact switches also show long durability up to
100 billion cycles [[1]. High linearity, high shock resistance, wide bandwidth, wider

temperature range, low cost, small size and low weight are other remarkable advan-
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tages of MEMS contact switches compared to p-i-n diode and FET diode switches
[2, 3]. These promising performance criteria have made MEMS contact switches as
emerging technology to replace p-i-n diode and FET diode switches in commercial

and military applications.

1.2 MEMS Contact Switches

First micro-mechanical switch was developed in 1971 as a cantilever beam actuated
electrically. After that, other different types of topologies such as rotary, membrane
had been demonstrated successfully [4]. Among all topologies, cantilever beam con-
tact switch gets considerable attentions from researchers due to its minimizing resid-
ual stresses effects on mechanical characteristics of switches. From switch contact
viewpoint, there are two types of MEMS switches topologies available (i) metal to

metal contact and (ii) capacitive coupling.

Drain Drain

Gate Gate

Source Source

P channel N channel

Figure 1.1: Basic structure of FET switch .

Beam

1

\"

Fixed
End

[ Actuation Electrode ] [Contact Electrode |
Source Gate Drain

Substrate

Figure 1.2: Basic structure of cantilever beam MEMS contact switch.

Metal to metal ohmic contact switches provides the opportunity to use it in both low

frequency and high frequency applications. This wide-ranging frequency coverage

2



is one of the prominent advantages of MEMS switches technology [S]. The basic
structure of MEMS ohmic contact switches is based on the mechanical cantilever
beam or fixed-fixed beam designed in accordance with the existing Complementary
Metal-Oxide-Semiconductor (CMOS) based solid state field effect transistor (FET)
and p-i-n diodes switches. CMOS based solid state switches consist of three parts
as gate, drain and source. MEMS switches also have three parts as beam, actuation
electrode and contact electrode. However, MEMS switches use different method to
transmit signal. They use mechanical movement based on mechanical beam designed
to acquire short circuit or open circuit in integrated electric system or in transmis-
sion line. In designing MEMS contact switches, an actuation electrode and a contact
electrode are placed right underneath the beam. The whole structure is constructed
on substrate. In operation, an increasing DC bias voltage is applied between beam
and actuation electrode which generates actuation force. This actuation force pulls
down beam and make contact with contact electrode to close the circuit. The per-
formance of MEMS contact switches are evaluated by the three important criteria (i)
low pull-in voltage, (i1) low switching time and (iii) moderate contact force. When
bias voltage is gradually increased, beam also deforms gradually and reaches a point
where deformation becomes unstable. After that, with little increase of bias voltage,
beam deforms rapidly and collapses towards the actuation electrode. The bias volt-
age at which deformation of beam becomes unstable is refereed as pull-in voltage.
At unstable situation, electrostatic force surpasses the mechanical restoring force of
beam. Low pull-in voltage ensures low operation voltage, hence low power consump-
tion. The contact force is defined as the force which exists between beam and contact
electrode during contact phenomenon. A moderate high contact force is essential for
stable operation of MEMS switches reminding in mind that the force shall not surpass
the limit which causes adhesion or stiction phenomenon between contact electrodes.
This adhesion or stiction phenomenon causes failure of switch by preventing break of
contact if restoring force of switch is not enough to break the contact between beam
and contact electrode. Switching time is defined as the time which is required for the
first contact between beam and output contact electrode. Low switching time is an-
other desired characteristics of MEMS contact switches which ensures faster switch

operation essential for communication and radar systems .



1.3 MEMS Switch Materials

The reliability and longevity of MEMS switches are directly linked to contact phe-
nomenon between electrodes. To ensure high performance of MEMS contact switches,
strict control is required over contact force. In order to have a reliable switch and
smotth breaking of electrical contact, contact force lies between uN to mN. Various
types of materials have been examined to evaluate the contact performance of MEMS
switches. Several properties are given attention to select electrode materials such
as low contact resistance, low adhesion, high corrosion resistance, low tendency to
form foreign surface films, easy deformability, high signal propagation efficiency etc.
Contact resistance shall not be increased beyound 5 Q. Although preferred contact re-
sistance is below 1 Q. In this regard, metal to metal contact offers satisfactory contact
resistance and superb performance. Considerable number of experiments have proved
gold as the best electrode material for high performance MEMS contact switches
[6, 7,15, 18, 9. Gold based switches create low contact resistance (1-2 Q) resulting in
high contact forces but it has large adhesion forces [10]. Despite high adhesion force,
gold based switches are widely used in MEMS contact switches technology due to
having good fabrication and technical characteristics. It is easily deformable under
low load, it shows high efficient to signal processing, it is highly compatible with
Monolithic Microwave Integrated Circuit (MMIC), it is highly non-corrosive mate-
rial, it can be easily deposited during fabrication processes [11, 12, 13]]. These noble
characteristics make gold as first choice for micro contact switches.

Different designed cantilever beam MEMS contact switches have been proposed for
low pull-in voltage or low switching time or high contact force. Stefanini ef al. [14]
proposed a miniature cantilever MEMS contact switch. They analyzed a cantilever
beam MEMS contact switch with dimension 25 x 25um but the research group did
not address the issue of optimization of shape. Nishijima et al. [15]] and Sedaghat et
al. [10] proposed a two positions cantilever based MEMS switch to get high contact
force and restoring. They used large dimension switch to obtain high contact force
and restoring force. Miniaturization, low switching time and high contact force issues
were not taken into account. Patel et al. [16] analyzed a tether based cantilever beam
contact switch to evaluate contact force, pull-in voltage, restoring force. They used

a 135 x 130um dimension switch to obtain high contact force and restoring force.
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They did not consider miniaturization issue in their analysis. Low dimension and low
weight of MEMS switch are demanding criteria of application for Integrated Circuit
(IC) and monolithic microwave integrated circuit(MMIC) since MEMS switch and
other electronics structures are built on same substrate. These circuits are widely
used in consumer electronics such as cell phone, laptop and digital electronics de-
vices. Nowadays, reduction of weight and dimension are essential requirement for
these devices. Therefore, analysis of the switch performance at very small dimension

is very essential to address the miniaturization issue in MEMS contact switches.

1.4 Aim of Thesis

The main aim of this thesis is to find out a miniature optimized shape of gold made
MEMS cantilever beam contact switch for low pull-in voltage, small switching time
and high contact force. Dimension of switch will be considered at minimum level to
obtain low pull-in voltage, small switching time and high contact force. Low pull-in
voltage ensures low power consumption which is essential for commercial and mili-
tary applications specially for space or wireless systems. Low stiffness of beam and
high actuation force can bring low pull-in voltage but these two conditions require
large area and long length beam. However, these two corollaries create trade-off
with miniaturization. High contact force ensures stable switch operation. To get high
contact force, high actuation voltage is needed to be applied but it raises a trade-off
with low power consumption criterion. Hence, an optimized structure of switch is re-
quired to solve the problem. Low switching time is required for faster operation such
as communication and radar system. High pull-in voltage brings low switching time
but it violates the low power consumption criteria. Another technique to decrease
switching time is to reduce the mass of beam which leads to a small dimension beam.
Therefore, an optimized shape of MEMS switch is needed to find out for the satis-
faction of low pull-in voltage, moderate contact force and low switching time criteria
simultaneously ensuring small dimension and integrability. To find miniature opti-
mized shape, gold made MEMS cantilever beam contact switches will be critically
analyzed. Pull-in voltage, contact force and switching time will be evaluated from

simulation and results will be validated with analytic results and literature. Squeeze
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film damping effect on switch dynamic behavior will also be evaluated. All results
will be compared with literature. After that, a miniature optimized shape will be

identified for low pull-in voltage, small switching time and high contact force.

1.5 Outline of Thesis

In chapter 2, information about researches related to different shape of MEMS switch
and MEMS switch performance criteria will be given. In chapter 3, mechanical prop-
erties of cantilever beam will be discussed. Governing equation of beam, deflection
of beam for different applied loads and corresponding stiffness will derived. Finite
Element Analysis (FEA) for cantilever beam will be discussed. In chapter 4, electri-
cal mechanisms related to MEMS switches will be elaborately discussed. Analytic
equation of actuation force, pull-in voltage, contact force will be derived. Switching
time and squeeze film damping will be introduced. In chapter 5, information regard-
ing design criteria of switch will be discussed. Dimensions and properties of MEMS
switches will be mentioned. Processes related to evaluation of results will be elabo-
rately discussed. In chapter 6, results will be mentioned and analyzed. Results will be
compared with results from various literature. In chapter 7, optimized shape will be
identified based on results. Chapter 8 contains the concluding remarks of this thesis

and future works.



CHAPTER 2

LITERATURE REVIEW

Various types of MEMS switches; .i.e. cantilever type: fixed-free end cantilever and
fixed-fixed end cantilever, diaphragm type: circular type and rectangular type, lateral
type and vertical type; have been analyzed to evaluate performance characteristics
such as pull-in voltage, switching time, contact resistance, contact force, power han-
dling capacity, isolation and insertion loss. Different modifications have also been
proposed by researchers in those cantilever and diaphragm type switches in order to
increase switch performance. In this part of thesis, the research works related to this

thesis have been critically reviewed.

Considerable number of researchers analyzed the cantilever type switch with and
without modifications to investigate the performance criteria. Gold made cantilever
beam direct contact switch was investigated by Shalaby er al. [17]. In their research,
they changed the beam width at anchoring point whereas beam length, thickness and
gap between beam and actuation electrode were same as 200 um, 5 um and 1.7 um,

respectively. The switch is shown in Figure [2.1]

beam

actuation pad

dimple

contact pad

Figure 2.1: Cantilever beam direct contact MEMS switch analyzed by Shalaby ef al.

[17].



They introduced a dimple having width 1.1 pum and height 0.4 um. They reported that
as the beam width at anchoring points increased, stiffness of beam is also increased
leading to higher pull-in or pull-down voltage. The corollary of high pull-in voltage
was low switching time. Their research also showed that decrease or increase of width
of the beam other than anchoring point did not effect pull-in voltage or switching
speed. For 64 um fixed width at anchor point with different width through the length
of two beams gave nearly the same pull-down voltage as 27.71 V and 27.65 V and
switch opening time was measured as 18.50 us and 21.31 ps. Again 150 um fixed
width at anchor point with different width through length of two beams gave nearly
the same pull-down voltage as 32.01 V and 30.93 V and switch opening time was
meandered as 11.16 us and 12.52 us. In conclusion, they proposed two rules for
cantilever based MEMS contact switches: (i) large actuation area ensures low pull-
down voltage and (i1) large width at anchoring point increases pull-in or pull-down

voltage which results in low switching speed.

Tether based cantilever beam contact switch was designed and investigated by Patel

et al. [[16] to evaluate contact force, pull-in voltage and restoring force.

L
*

~
W,
) . i }Tether

Anchors
Qutput Port

|npu<:)n

SiOz”

Figure 2.2: Tether based MEMS cantilever beam switch proposed by Patel ez al. [16].

Results were compared with free cantilever beam. They used two tethers as shown
in Figure 2.2] Cantilever beam, tethers and electrode were made of gold. Ruthenium

was sputtered on contact electrode to achieve Ru-Au metal contact. Effective length,
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width and thickness of the beam were 135 um, 130 um and 8 um. Gap between the
bean and the actuation electrode was 0.85 um. Dimple thickness was 0.3 pm, hence
gap between dimple and contact pad 0.55 pum. Pull-in voltage was found 61 V and
contact force at 90 actuation volt was found 1.2 mN. Restoring force was found 0.5
mN. They also measured same characteristics of free cantilever beam with identical
effective length and width but different thickness of 12 um. Pull-in voltage was found
64 V and contact force at actuation voltage of 90 V was found 0.8 mN. Restoring force
was found 0.49 mN. Switching time was not evaluated in any case. They concluded
that use of tethers reduced the effect of residual stress gradient, biaxial stresses and
temperature changes during fabrication processes. Residual stresses and temperature
changes result in expansion or contraction for cantilever beam. This effects the tip
deflection of the beam. Use of tether abated the expansion or contraction of the beam

which ensured high performance than free beam.

Nishijima et al. [15] analyzed a two position cantilever based MEMS switch. They
placed the pull-down electrode near the free end of the beam whereas contact elec-
trode was placed in between the anchor and the pull-down electrode. The switch is
depicted in Figure [2.3]

Contact Pull-down Eleclrode

dlmple die1ectric (with dielectric)
4 ; Contact Bearm B
Do Pul-down Anchor dimple Tip Plate
electrode Electrode ek
(@) (b)

Figure 2.3: Two positions cantilever based MEMS contact switch proposed by Nishi-

jima et al. [15]]. (a) Cross-section view and (b) top view .

The reason behind the placement of contact electrode in between anchor and pull-
down electrode was that it divides beam into two beams: one beam is from the anchor
to the dimple portion of the beam and second one is from the dimple to the tip portion

of the beam which facilitates parallel spring constant during operation. This increased
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contact force and restoring force of the switch. They also introduced a rectangular
hole at anchor point. Gold was used to fabricate the cantilever beam switch. The
switch dimension was 160um x 190um. The gap and thickness of the beam were 1.2
um and 5 um. In their study, they found pull in voltage as 12.2-15 V and contact
force as 220 uN at 20 V applied voltage. Restoring force was reported as 135 uN.

Author did not mention anything about switching time.

Sedaghat er al. [10] also proposed a two position cantilever based MEMS switch
to get high contact and restoring force. In their design, they placed tow pull-down

electrodes underneath the beam at two different positions. Their switch is shown in

Figure 2.4

Dielectric
Block

Pull-Down Electrode RF Pad

Dielectric
Block

X

Pull-Down Electrode

Figure 2.4: Modified two positions cantilever based MEMS switch proposed by
Sedaghat et al. [10] for high contact and restoring force.

A large pull-down electrode was placed near the anchor and the small pull-down elec-
trode was placed near the free end of the beam. In between these two pull-down elec-
trodes, contact electrode was placed. A dielectric block was placed right underneath
the tip of the beam to avoid short circuit. Science behind placing contact electrode in
between two pull-down electrodes was that it divides beam into two parts: one is over
large pull-down electrode portion and second one is over small pull-down electrode

portion of the beam which facilitates variable spring constant effect during operation.
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The consequence was high contact force during contact and high restoring force in
the absence of voltage. A dimple was fabricated over the contact electrode. The
cantilever beam was built of gold and width, length and thickness of beam were 147
um width, 170 um and 6.5 um, respectively. The gap between beam and pull-down
electrode was 1.2 um. They reported that simulated pull-in voltage was 35 V and
switching time was below 10 us. Contact force found from simulation was 120uN
for applied voltage of 55V which increased to 760uN for applied voltage of 70V.

They also experimentally found nearly same results.

Zavracky et al. [2, (18] investigated a nickel surface micro-machined cantilever beam
micro-switch which is shown in Figure @ To fabricate the switch, they first de-
posited gold to build beam, then beam was electroplated in nickel plating. Actuation
electrode or gate and contact electrode or drain were made of gold. The switch was
65 um in length, 30 pm in width and 1.8 um in thickness. Gate was 40 um in length
and 30 um in width.

Beam
Deposited
old layer

I
Source Gate Contacts

Figure 2.5: Nickel surface micro-machined MEMS cantilever beam switch proposed

by Zavracky et al. [2,18]].

Gap between beam and gate varied between 1.5 to 1.7 um and gap between dimple
and contact electrode also varied between 0.5 to 0.8 um. They reported pull threshold
or pull-in voltage of 70, 80, 85, 90 and 95 V for different gap. They measured life
time more than 10° cycles. Authors did not mention anything about switching time

and contact force.

Multilayer stack MEMS contact switch was investigated by a number of authors.
They analyzed different type of switches such as cantilever beam, diaphragm, etc. A
ruthenium-based multilayer stack MEMS contact switch with corrugated SiO; /Si3 Ny

diaphragm was investigated by Ke et al. [19].
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Figure 2.6: Ruthenium-based multilayer stack MEMS contact switch with corrugated
silicon dioxide / silicon nitride diaphragm proposed by Ke et al. [19]. (a) Cross-

section view and (b) schematic view .

They introduced corrugations in diaphragm to reduce the residual stress effect. In
their analysis, a chromium/ruthenium/gold/ruthenium (Cr/Ru/Au/Ru) multilayer stack
contact area was utilized to evaluate switch performance and compared with Au-Au
metal contact switch. The switch is depicted in Figure 2.6 100 nm SiO, /1200
nm Si3N4/400 nm TiAu diaphragm was suspended above ground co-planar-wave
guide (CPW) signal lines. The CPW lines were built on Pyrex glass wafer by form-
ing 50-nm Cr/50-nm Ru/500-nm Au/50-nm Ru multilayer stack. Diaphragm was
1200 um at width, 1.7 um at thickness and 1400 um at length. Actuation area was
1080 x 1200um. They reported, reduction in pull-in voltage due to introduction of
corrugations in diaphragm. Pull-in voltage was reduced from 61 V to 36V and 84 V
to 44 V for 5.5 um and 6.5 um suspension height of corrugated diaphragm. Their
results also showed that Cr/Ru/Au/Ru multilayer stack contacts gave high contact
resistance compared with Au-Au metal contact. An actuation voltage of 80 V was
required for a stable contact resistance of 700 m € for Cr/Ru/Au/Ru contacts but in

Au-Au metal contacts, 40 V was required for a stable contact resistance of 300 m Q.
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They reported high switching time compared with cantilever beam switch. Switching

time was found as 176 s.

Hyman et al. [20] developed a surface micro-machined and electrostatically actuated
cantilever beam contact switch for microwave application. The switch consisted of
two armatures principle armature and secondary armature as shown in Figure[2.7] The

dimensions of armatures were 20um x 100um and 100um x 60um, respectively.

Signal out

Cantilever Beam

Secondory aremeture
Principle armeture

Signal in

Actuation Electrode

Figure 2.7: MEMS cantilever beam switch proposed by Hyman et al. [20].

Thickness of the switch was 3 pm and the beam was fixed at 2 um height from ground
electrode. They reported an actuation voltage of 25 V, a switching time of 20 ps and
a contact force of 0.3 mN. Insertion loss was measured to be less than 0.2 dB in the
range from DC to 40 GHz and isolation was higher than 50 dB at frequencies below
2 GHz.

Effect of squeeze film damping in MEMS contact switch was investigated by Guo et
al. [21]]. In their study, a gold made cantilever type switch with Au-Au contacts was
established.

The schematic view of switch is shown in Figure 2.8 where the values of respective
parameters were : Ly = 30um, L, = 24um, w; = 80um, wp = 10um, wz = 16 um,
wyq = 30um, hy = 6um, hy = 0.6um and hz = 0.38um. In their analysis, they found
that squeeze film damping force increases the switching operation time as it resisted
the closing movement of electrodes and the bouncing off movement after contacts.
Simulated pull-in voltage was 65 V whereas measured pull-in voltage was about 63-
66 V in their analysis. Switching time for different actuation voltage of 70 V, 74 V and
84 V were reported as 1.62 us, 1.34 us and 1.24 us, correspondingly. Contact force
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Figure 2.8: Gold made cantilever MEMS switch: top view (left side) and side view
(right side) proposed by Guo et al. [21]].

for same actuation voltages were reported as 27 uN, 44 uN and 78 uN, respectively.

From literature review study, it is clear that no research was conducted thoroughly
to find out an optimized shape of MEMS switch for miniaturization purpose and to
analyze the MEMS switch’s performance at very small dimensions. It is seen from
the literature that only low pull-in voltage or low switching time or high contact force
was given priority for MEMS switch while small dimension criterion was not taken
into account. Different designs were proposed to reduce pull-in voltage and switch-
ing time and to increase contact force but miniaturization issue were not addressed.
Miniaturization or small dimension of MEMS switches is one of the most demanding
criterion for application in different systems specially in integrated circuit (IC) and
monolithic microwave integrated circuit(MMIC) which are widely used in consumer
electronics. Since it reduces weight and area on IC and MMIC.

This thesis will address miniaturization issue in MEMS contact switch while low pull-
in voltage, low switching time and high contact force will be also taken into account
simultaneously. For this purpose, an elaborate analysis will be conducted on gold
made cantilever beam MEMS contact switch by pushing the dimension of switches
at their minimum limit to find out miniature optimized shape. Different designs will
be also applied to obtain low pull-in voltage, small switching time and high contact

force for stable MEMS applications.
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CHAPTER 3

MECHANICAL PROPERTIES OF CANTILEVER BEAM

MEMS switches developed today, even though are at micro scale dimension, still
follow the basic mechanical laws. Therefore, in order to comprehend the mecha-
nism of MEMS switchs, first step is to deduce the governing equilibrium equation of
cantilever beam and stiffnes of beam. Beam is defined as a three dimensional struc-
tural member having one of its dimension is larger than other two and cross section
of the beam is normal to the large dimension and varies along this large dimension.
Many theories were proposed to analyze the static and dynamic behaviors of beam
based on various assumption. Among these theories, Euler-Bernoulli beam theory
is widely used. The theory is based on two fundementa assumptions such that cross
section of beam deforms insignificantly under loading conditions, i.e. transvese or
axial loading, hence considered as rigid and cross section remains perpendicular to

the deformed axis of beam [22].

3.1 Governing Equilibrium Equation of Beam

The following assumptions have been considered for the derivation of governing

equation of beam.

1. The beam follows hook’s law i.e. stress is proportional to strain.

2. Deflection due to shear deformation or shear stress is neglected.

3. Curvature due to deformation is very small.
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A — Lk

Figure 3.1: Beam

Let us consider a beam AB at its initial unloaded condition when it is straight and

horizontal. Now, under the action of a distributed load ¢(x), the deformed position

e

Y

Figure 3.2: Cantilever beam under uniformly distributed load.

of beam is A’ B’ which means that axis of the beam AB gets new position as A’ B'. A’

B’ is called curved axis of beam. Now slop at point C is

dy
j— 2, 3.1
i= (3.1)

According to 3rd assumption, following equation can be read

ds =dx = Rdi (3.2)

where R is the radius of curvature A’ B'. Combination of equation (3.1)) and equa-

tion (3.2)) leads to,
d’y

7 (3.3)

| —

16



Again according to simple bending beam theory

1 M

= 34
R EI 4)
where M is moment, E is young modulus, / is first moment of inertia of beam. Now

substituting in equation (3.3]), moment is found to be:

d?y
M=FEl—-. 3.5
T (3.5)
This is the basic differential equation for deflection of beams. Now let us consider

the small part EFHG of deflected beam having length dx. There are reaction forces

M E F M+dM
——» X
H I

V+dVv

Figure 3.3: Small part of cantilever beam under uniformly distributed load.

acting on the element EFHG due to applied external forces carried out by parts of
beam on either side small element EF HG. Therefore, the static equilibrium condition
of EFHG is
V—gqx)dx=V —dV
v
dx

where V is share force. Again, moments about any point are also zero for equilibrium.

q(x) (3.6)

Therefore, moment about G gives
dx

Neglecting the square of small quantities, V is found as

_am

V=——1.!
dx

(3.7)

Now combining equation (3.3)), equation (3.6) and equation (3.7), following relation
is found A
d’y

which is the governing beam equation for constant £/ and distributed load.
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3.2 Deflection and Stiffness of Cantilever Beam

Let us consider a cantilever beam shown in Figure 3.4 Now taking moment about

XX, M,, is found as

z

L

Y

Figure 3.4: Cantilever beam with point load.

d?y
Mxx = EI% = —(gx. (39)
Integrating twice,
2
Ely— —% +Ax+B. (3.10)

Application of boundary conditions x = L; Z—ch =0and x=L;y=01in equation (3.10)

gives deflection curve equation

y=gl et -5 (3.11)

The above equation provides the deflection of beam at all positions of x and gives

3
maximum deflection at tip of the beam y;; x = —% when x = 0. Negative sign

indicates downward deflection. Then the stiffness of beam due to point load can be
calculated as
qg Ebt

3
e 1 (L) (3.12)

K=

where b and ¢t are width and thickness of beam respectively. Now let us consider
another situation where point load is acting at point a instead of the free end. Now

taking moment about XX axis,
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Figure 3.5: Cantilever beam with point load at point a.

dzy

Integrating twice,
3 2
Ely— %—%MAHB. (3.14)

Application of boundary conditions x = 0; % =0 and x = 0;y = 0 in equation (3.14)

gives
3 2
gx’ qax
Ely=———. 3.15
Y="¢ > (3.15)
Now deflection and slop at distance a are
_ 9
YT T3E
dy qa2
dx  2EI

Negative sign indicates downward deflection and downward slop. Now the stiffness

of beam due to point load at the free end is

3E]
K — qq? == (3.16)
3EI

Now the moment beyond distance a is

d*y
EI@ =qgx—qa—q(x—a)
d*y

So there is no moment beyond distance a due to point load at a. Integrating equa-
tion (3.17),
dy

F 3.18
Tr (3.18)
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where F is constant. The equation (3.18)) means that from point Z till the free end,

slop is identical. Then considering the Figure [3.6] following equation can be written

Figure 3.6: Moment of beam beyond distance a .

dy_NO__qa2

_ Y 1
dx NZ  2EI (3.19)
2 2
_ 4 Ny 44
NO=—T=NZ =~ (x—a). (3.20)

=104 3x). (3.21)

The equation (3.21)) is the generic equation where x indicates the deflection point from
fixed end and a indicates acting point of force from fixed end. In MEMS application,
force is generally distributed across beams or partially distributed and deflection at
free end of beam is considered to evaluate beam stiffness. Now substituting x = L,
deflection of beam at the free end is found for load at point a. Using principle of

superposition, deflection for distributed load across beam is determined by integrat-
ing equation (3.21)) as

qL

L

Figure 3.7: Cantilever beam with distributed load.
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a [ 3 Lo gL’
= — — L = ——. 22
y 6EI/0 (> —3a°L)da SE] (3.22)

Now deflection at the free end for partially distributed load from x to L is determined
by integrating equation (3.21) as
a(L-x)

Y

Figure 3.8: Cantilever beam with partially distributed load.

ga® (L
=—-— —3L)da. 2

y 6E1/x (a—3L)da (3.23)

. q _ 3L4 3 B X4
y= 6EI( , + Lx , ). (3.24)

The stiffness due to partially distributed load over the beam can be found as
L —
k= dL=%) (3.25)
y
L —

K=—— g XL —. (3.26)

g1 (=5 L =)
K—2Ep(lyp— 11 (3.27)

~ A |

3.3 Finite Element Formulation for Euler-Bernoulli Beam

In the previous section, the governing fourth order differential equation of Bernoulli

beam for constant E7 and distributed load ¢(x) has been found as

d*y
Now considering the Bernoulli beam element, there are two degree of freedom at
each node. Therefore, a cubic polynomial solution which satisfies the homogeneous

solution of the above ODE can be written as
v(x) =a; +axx+ azx* + asx’. (3.29)
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Figure 3.9: Bernoulli beam element with two nodes: where vy, v, are displacements

and 0y, 6, are rotations at each node, respectively.

After differentiating v(x),

dv(x)
dx

=ay+2a3x+ 3a4x2.

Applying nodal conditions, following boundary conditions are obtained

v(0) =v; =aqa
dv(0)
= 9 =
dx 1 a
V(L) =Vvy =aj —|—a2L—|—a3L2 —|—a4L3
dv(L)

=0, =ay+2a3L+ 3a4L2.
dx

Now substituting above equations in equation (3.29), v(x) becomes

V(%) = [2(%)3 —3(%)2+ l}vl +L[(%)3—2(%)2+%] 0,
-2 +3(G L[5 - ()] 8

Then
d*v(x 12x 6 6x 4 6 12x 6x 2
%:(F_E)VH_(E_Z)91+(§_F)v2+(ﬁ_L

2)6.

(3.30)

(3.31)
(3.32)
(3.33)

(3.34)

(3.35)

(3.36)

For discretization of the beam element, displacements can be recast in term of shape

function as

v(x) = Ni(x)vi + Na(x)6) + N3(x)va + Na(x) 6,

where N;(x) is the shape function which consists of interpolation functions

N= M) M) ME) M)

22
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1
Ni(x) = f(2x3 —3x°L+1%)

3
1

No(x) = 75 (Lx® — 2x°L* + L3x)
1

Niz(x) = E(—Zx3 +3x°L)
1

Na(x) 3 (Lx® — x*L?)

and the nodal displacements vector
dl=w;, 6, wr 6. (3.39)

These polynomial interpolation functions are known as Hermite cubic interpolation

N1(x)
N3(x)

09

08 [

0.7 [

0.6 [

05

0.4

03[

0.2

0.1r

Figure 3.10: Properties of shape functions
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function and process the following properties which are also depicted in Figure [3.10]

Ni(0) = 1,N{(0) = 0,Ni (L) = 0,N{(L) =0 (3.40)
N2(0) = 0,N3(0) = 1,Na(L) = 0,N3(L) =0 (3.41)
N3(0) = 0,N3(0) = 0,N3(L) = 1,N5(L) =0 (3.42)
Ny(0) = 0,N;4(0) = 0, Ny (L) = 0, N4 (L) = 1. (3.43)
Hence, the displacement v(x) can be written as
v(x) = [N(x)][d]. (3.44)

Recalling from statics that a moment of couple M consists of two opposite forces and
this couple M is identical about any axis which is perpendicular to its plane and is
zero about any axis existed in its plane. Then couple M about arbitrary z axis, shown
in Figure[3.11] can be written as

Y Y

5 = .

X

Figure 3.11: Couple M about z-axis.

M= / (—yG.dA). (3.45)
A

Now assuming the material as homogeneous, following equation can be read

O, = Eex (3.46)
£, = _1% (3.47)

where E is modulus of elasticity and R is the radius of curvature which has been found

2
as Tle = dd\;(zx) . Substitution all in equation (3.45) leads to

d2
M= /A Eyzd—x;dA. (3.48)
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Moment of inertia or second moment of area [ is defined as

[= / VAdA. (3.49)
A
Then combining equation (3.48)) and equation (3.49), following equations can be
obtained
dZ
M=Eer"" (3.50)
dx
M =EIx (3.51)
where K = % is called kinematics equation of beam. From the principle of virtual

work, it is known know that virtual work done by external force during a virtual

displacement dv is

St — /V cesedv (3.52)

e = /V BSvdV + /A FSvdA (3.53)

Wit = SWer (3.54)
/ cededV = / BSvdV + / FEvdA (3.55)
\%4 \%4 A

where

OWins = / oededV = internal work of internal forces
1%
OWey = / BévdV + / fOvdA = external work of external forces
1% A
/ BévdV = work done due to body force
1%

/ fOvdA = work done due to traction or boundary forces.
A

The principle of virtual work for bending in Bernoulli beam can be written as

L L L R
/ (MSK) = / (q(x)Svdx) + / (96v+ M50) (3.56)
0 0 0
OWint = OWext.- (3.57)

Now combining equation (3.51)), equation (3.56) and equation (3.57), following

equation is obtained

L " "
OWins :/ ov Elv dx (3.58)
0
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with 8k = 8v';k =V . Applying theses relations in equation (3.44), following equa-
tions are found

"

v' (x) = [N(x)]"[d) = [B[d] (3.59)
8v (x) = [B][8d] = [8d]"[B]" (3.60)

where [B] is called strain matrix. With the help of equation (3.58) and equa-

tion (3.60), internal virtual work can be expressed as

L
Swin — (5] | /O B)” E1[B)dx][d]

= [8d]" [K].[d] (3.61)
where

K= [ 187 EriBlax

_ /OL [(dZN(x))TEI(dZN(x) )] (3.62)

dx? dx?

Similarly, external virtual work can be read as

S = 84" [ [N a0l + 1847 1]
= [8d]" [f]»+ 184" [f)ro (3.63)
where
M= "IN () (3.64)
Finally equation (3:37) becomes as
[8d)" [k][d] = [8d]" [F) + [8d)" [F][o (3.65)

[kle[d]e = [f]b+[f][o- (3.66)

[k]. : Element stiffness matrix for an element having length L
[d], : Element nodal displacement vectors for an element having length L
[f]5 : Element load vectors due to distributed load for an element having length L

[f]fo : Element load vectors due to point load for an element having length L.
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1 / 2 3 4 n
- L
Figure 3.12: Bernoulli beam discretized into n number of element having length L for

each element. B, indicates one element.

Now Swj,; and dw,,; for each element of a structure having length L divided into n

number of elements are written as
i — / M6k = A, / M&xdx (3.67)
B B,

OWext = / q(x)ovdx=A%_, [ q(x)évdx (3.68)
B B

e

where A denotes the standard assembly of discretized n number of local elements.

Now the global system assembled from local elements can be defined as

[K] = AL_[k]. : Global stiffness matrix

e

[F] =A2_,[f]e : Global force vector

— fle=1

[D] = A”_,[d]. : Global displacement vector

[K][D] = [F]. (3.69)

Substituting the shape function in equation (3.62) and equation (3.64), the well
known nodal stiffness matrix and nodal force vector for Euler-Bernoulli beam element

are obtained as

12 6L —12 6L
EI| 6L 4I? —6L 2I?
ke=—5 (3.70)
L’ -12 —6L 12 -6l

6L 21> —6L 4I2

e

_q(x)L L

Je= T o | (3.71)
__L_
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CHAPTER 4

ELECTRICAL MECHANISM OF MEMS SWITCH

4.1 MEMS Switches Configurations

Mostly two type of beam structures get much attention for MEMS contact switches
applications; they are cantilever beam and fixed-fixed beam or membrane with single

or double layer.

Actuation  Contact Actuation
Electrode  Electrode  Electrode

Actuation Contact Actuation
Electrode  Electrode Electrode

(a) Fixed-Fixed beam MEMS Switch with single (b) Fixed-Fixed beam MEMS bwitch with double

layer . layer.

Actuation Electrode Contact Electrode

Actuation Electrode Contact Electrode

(c) Cantilever beam MEMS switch with single (d) Cantilever beam MEMS switch with double

layer. layer.

Figure 4.1: Different types of beam based MEMS contact switches

In operation, force is applied on beam to bring it at the downstate position to close
the circuit to pass signal. MEMS switches consist of two distinct sections. One is ac-

tuation section (mechanical) and another one is electrical section. Switches can move
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vertically or horizontally based on their application requirements and layout. The
force required for mechanical movement is generated by applying different actuation
processes such as electrostatic actuation, magnetic actuation and thermal actuation.
In electrostatic actuation, a potential difference is applied between the beam and the

actuation electrode resulting electrostatic actuation force between the beam and the

electrode.
Table 4.1: Different configurations of MEMS switches [23]].
Actuation Mechanism
Voltage Current Power Size Switching Contact force
V) (mA) | (mW) Time (us) | (uN)
Electrostatic | 30-80 0 0 Small 1-200 50-1000
Thermal 3-5 5-100 0-200 Large 300-10000 500-4000
Magnetic 3-5 20-150 0-100 Medium | 300-1000 50-200
Piezoelectric | 3-20 0 0 Medium | 50-500 50-200
Movement

Vertical | Typical results in small size devices

Lateral | Typical results in large size devices

Contact Type

Metal-to-Metal | DC-60 GHz

Capacitive 6-120 GHz

Circuit Configuration

Series | DC-50 GHz with metal-to-metal contact and low up-state capacitance.

10-50 GHz with capacitive contact and low up-state capacitance.

Shunt | DC-50 GHz with metal-to-metal contact and low inductance to ground.

10-200 GHz with capacitive contact and low inductance to ground.
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In magnetic actuation, the conductor is placed under the beam and a permanent mag-
net is placed underneath of the substrate. When current passes through the conductor,
magnetic flux of permanent magnet gets changed resulting Lorentz force. This force
is used to pull down the beam. In thermal actuator, current is flown through the beam
resulting heat dissipation. Heat dissipation expands the beam that reduces the gap
between beam and contact electrode gradually. In piezoelectric actuation, a piezo-
electric material is placed over the beam. When electric field is applied across the
piezoelectric material, mechanical deformation is resulted which reduces the gap be-
tween beam and contact electrode gradually. All of these actuation processes have
advantages and disadvantages compared to each other. But nowadays electrostatic
actuation is commonly used technique in MEMS switches due to its wide range of
advantages compared to others such as it ensures high switching speed, consumes
low power and is highly compatible with IC assembly. Regarding electric section,
a MEMS switch can be positioned in either series or shunt connection as require-
ments and can be metal to metal contact or capacitive contact switch. The Table 4.1]

describes different configurations of MEMS switches used in various applications.

4.2 Electrostatic Actuation Force

When a potential difference is applied between the cantilever beam and the pull-down
electrode, an electrostatic force is induced on the beam which pulls the beam down-
wards out-put electrode. This force is called electrostatic actuation force. To evaluate
this actuation force, system is modeled as parallel-plate capacitor. The Figure §.2]
depicts a parallel-plate capacitor with length and width of w and W, respectively. Gap
between parallel-plates is g. A time varying voltage source V is applied between two
plates. The electric field lines between the beam and the actuation electrode are con-
sidered perpendicular, hence fringe effect is neglected. Now the capacitor is charged

as
Q=C(n)V

where Q is the charge induced in capacitor, C is the capacitance of capacitor and
n is the degree of freedom of movable beam. Since movable plate can only move

vertically then 7 is replaced as g. Now the parallel plate capacitance can be written
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as

Direction
of Motion

A

g

Figure 4.2: Parallel-plate capacitor: when voltage is applied between two plates,

Yy

upper plate moves downward due to electrostatic force.

EA  EW
Cg) = o2 = ¥ @.1)
8 8
where &, is the permitting of free space. Then, charge is calculated as
Q=C(g)V. (4.2)
The potential energy stored in the capacitor is written as
1 2
E.= EC(g)V . 4.3)

There are two ways to approximate the electrostatic force between the beam and the
actuation electrode: in one way, at first stored co-energy in the capacitor is deduced
then electrostatic force is evaluated as the negative gradient of that co-energy [24] and
in another way, first the total electric potential energy of battery-capacitor system is
derived. Then electrostatic force is evaluated as the negative gradient of the electric
potential energy [25]. The second approach has been considered to approximate the
electrostatic force in here. When a voltage source is connected to the capacitor, charge
Q and electric potential -QV (negative sign since battery losses energy) is induced to

the capacitor. Now the potential energy of the battery is reduced to

E,=E,—QV =E,—CV? (4.4)
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Then the total potential energy of the battery-capacitor system is

1 1
E=E,+E.=E,—CV*+ 5cv2 —E,— Ecvz. (4.5)

Now according to second approach, the electrostatic force is

JE(g) 0 1 19C@), 2

Fo=—225 = 2 (E,— ~C(g)V?) = = =22 4.6
Substitution of C(g) in equation (4.6) leads to
1d eWw, _ ,
Fo=-— 4.7
=55 @)
1 2
F, = EWwvV (4.8)

2
The equation (#.8) is analytic form of the actuation force between tow electrodes in

MEMS switches application and negative sign indicates attractive nature of force.

4.3 Pull-In Voltage

When a DC potential difference is applied between cantilever the beam and the
ground electrode, an electrostatic actuation force is generated between the beam and
the electrode which is equally distributed across the actuation area of beam. This ac-
tuation force pulls the beam downwards the ground electrode. A restoring mechanical
force will resist the downward movement of beam. As a results, a new equilibrium
position of beam is reached. With the increase of DC voltage, electrostatic force also
increases due to increase of charge. Concurrently, the increased electrostatic force
decreases gap between beam and ground electrode which increases capacitance and
thus charge and electric field increases as well. Simultaneously, restoring mechani-
cal spring force also increases since deflection of beam at rise. There is a specific DC
voltage at which the electrostatic force reaches the restoring mechanical force in mag-
nitude. The DC voltage at which electrostatic force becomes equal to the restoring
mechanical spring force is called pull-in voltage. Lumped approximation of MEMS
switches has been considered as parallel plate actuator system constrained by spring
to find pull-in voltage computationally which is shown in Figure 4.3] The governing

equation of the 1D lumped mechanical system is given by
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Figure 4.3: Lumped parallel-plate actuator system constrained by spring: electro-
static force pulls the upper plate downwards but mechanical spring force resits the

movement.

€,AV?
2(g—2)
where m is the mass of movable plate, k is the stiffness of spring (in our case k is

mi+kz="F,= 4.9)

the stiffness of beam as described previous chapter ), A is the actuated area, &, is the
dielectric constant of air, V' is the applied potential DC voltage, g is the gap between
the beam and the actuation electrode, z is the displacement of the cantilever beam due
to the applied potential V.

There are tow ways to apply the electrostatic actuation potential between the can-
tilever beam and the electrode (i) DC actuation and (ii) AC actuation. If the structural
instability phenomenon known as pull-in occurs due to only applied DC potential then
itis called static pull-in and if both DC and AC actuation components cause structural
instability then it is called dynamic pull-in [26]. In cantilever beam MEMS switches,
an DC potential is applied whereas in resonator applications, both DC and AC actua-
tion are applied. Now considering static pull-in, following equation is formed

€,AV?
2(g—2)*

The above equation is a cubic equation in z having three possible solutions. One solu-

kz=F, = (4.10)

tion can be z > g which is non-physical and abandoned. Another solution represents
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the equilibrium position z = g which is unstable condition. Therefore, the only so-
lution is left in response of DC actuation voltage which holds the stable solution of

system and that is z < g. Again, if the equation (4.10) is written as

[ 2kz
V = 80A(g—z) “4.11)

and plot the the gap versus applied voltage, two possible beam positions for every

applied voltage would be found.

Gap height (um)

Voltage (V)

Figure 4.4: Two possible beam positions for every applied voltage.

Now to find the pull-in voltage associated with pull-in phenomenon, derivative of

equation (4.TT)) with respect to z is conducted and set equal to zero

A% k 2kz
9z 280Az(g—z)— \ e,A =0 4.12)

After accomplishing simple mathematical calculation, following relation is found

= —9. 4.13
=38 (4.13)

So, at z = % g structural instability occurs and at this position of the cantilever beam,

pull-in voltage is evaluated. Now substitution this value in equation (4.11]) leads to

8kg3

. 4.14
27¢,A ( )

Vpr =

Above equation is the well known pull-in voltage equation.
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4.4 Switching Time

Switching time is defined as the time which is required for getting the first contact
between the cantilever beam and the ground output electrode. Switching time is also
called switch opening time. During actuation phenomenon, when applied potential
surpasses pull-in voltage, structural instability occurs, static equilibrium no more ex-
ists and hence dynamic behavior must be taken into account to analyze the cantilever

beam switches [27]].

4.4.1 Squeeze Film Damping

In MEMS applications, squeeze film damping is a dominant phenomenon since di-
mensions of MEMS structures are at macro level. When a volume of fluid (gas or
air) is displaced or squeezed due to the motion of its surrounded surfaces that causes
an energy dissipation effect. This energy dissipation effect acts as damping force to
resist the motion of moving surfaces. This phenomenon is called squeeze film damp-
ing. In MEMS switches, when gap between moving switch and fixed electrode is
contracted due to the motion of switch towards the ground electrode, squeeze film
damping effect exerts pressure on the surface of the switch to resist the motion of
the moving switch. The distribution of this gas pressure is governed by the following

non-linear Reynolds equation [28]]

0 PWoP. 0 PhOP dhP
i w o) e tuay) " 1

o

where P is the pressure in the gas film, and it is defined as P = P, + AP where P, is the
ambient pressure and AP is the deviatory pressure, i is the coefficient of viscosity,
h is the thickness of the film which is defined as & = hg+ Ah where h, is the initial
thickness of film. Since MEMS switches have small oscillation amplitude and the
gap between the switch and the fixed electrode is very small, hence pressure change
is also small in the gas film (Ah < hg and AP < FP,). Then a linearized form of the

non-linearized Reynolds equation can be obtained as following
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P,hy ,0°P 0 12’) _ 12@ (4.16)

u (8x2 dy

Direction of! — —
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A

Figure 4.5: Illustration of squeezed-film damping: air has been displaced due to the

downwards movement of upper plate.

d°P N 9*P 124 0P  12u dh
ox2  dy>  h} dr  hiP, ot

At small pressure, the mean free path of gas molecular A is not negligible compared

4.17)

to film thickness. The mean free path is given by the following empirical equation
1

A=———

V27No?

where o is diameter of gas molecule and N is the number of molecule. The viscosity

(4.18)

of gas is measured by Knudsen number which is given by

A

K,= .
ho

(4.19)

Viscosity changes with this Knudsen number, hence concept of effective viscosity is
introduced. A well known empirical relation between effective viscosity and Knudsen

number was derived by Veijola er al. [29] as follows:

u
Helf = 149,638k 159 (420

In order to evaluate the squeeze film damping force on switch surface, the exerted
force on switch surface area at every moment is required to be determined during

actuation. The dynamic governing equation of the system is written as

4 2
a—W+pAa LA “.21)
274

El 92

37



In order to analyze the static and dynamic behavior of any system, finite element
method is widely used due to several advantages. The main advantages of this method
are that it can handle very large number of degree of freedom, it can analyze stresses
distribution through a complicated geometry and multi-physical effects in structure
such as structural, electrical, fluidic, magnetic effect etc [30]. Now discretization of

equation (4.21)) by finite element method leads to

(M) + [CIDw] + [K][w] = [Fe] (4.22)

where M is the mass, C is the damping, K is the stiffness matrices of the system.
The solution of the above equation can be written as a linear combination of normal
modes or eigenvectors, ¢; and generalized coordinates, 1; where j goes for 1 to N
and N is the total number of normal mode [31]. From the modal matrix concept, It is
known that if N number of normal modes can be assembled in a square matrix P then
P is called the modal matrix. Then applying coordinate transformation, displacement
z can be written as P1). Now considering the orthogonal property of eigenvectors and

pre-multiplication of equation (#.22) by transpose of P or P leads to

PT'mP#j +PTcPy +PTKPn = PTF, (4.23)

where PTMP and PTKP are orthogonal matrices due to orthogonal property. Now
for PTCP to be a orthogonal matrix, damping matrix C has to be proportional to mass
matrix, M or stiffness matrix, K or their linear combination i.e C = aM + BK. This
assumption of the damping matrix as a linear combination or proportion to the mass
and the stiffness matries is knowa as Rayleigh damping. After applying Rayleigh
damping, equation (#.23) will be completely uncoupled and its jth equation will have
the following form [32]

i +280;m; + 0jn = F,. (4.24)

Therefore, instead of N number of coupled equations, N number of uncoupled equa-

tions are obtained

Tin +2Ev oy Tiy + 0y = F, (4.25)
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and

-OC—Fﬁ(Dl 0 . 0 ]
0 o+Bw . . 0
Plcp= . . o : : (4.26)
0 . .. a+Paoy]

Now, on orthogonal transformation, following damping relations are obtained
2810 = a+ oy

26 =a+ B

2€NCON =0+ ﬁ(DN. 4.27)

It has been shown in [33]] that for only first 15 modes of most large engineering sys-
tems, mass has significant contribution. In MEMS technology, it is assumed that most
MEMS actuation devicees are fabricated to function below first resonance frequency
i.e MEMS switches or at first resonance frequency i.e. accelerators, gyroscopes, res-
onators [34]. Based on this assumption, it can be said that the maximum operating
frequency of MEMS actuation devices is first resonance frequency. Therefore, there is

no need to satisfy Rayleigh damping relation for more than first resonance frequency
2&1(01 =0+ [30)1. (4.28)

Since there is two unknown parameters in one equation then the second resonance

frequency is needed to get the solution

281 = o+ B, (4.29)

Solving equation (4.28]) and equation (4.29)), following relations are obtained

o = 20 @ 21252 (4.30)
0y — O
and
B:2(52w2_§1w1) 431

> 2
0y — O
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where, the damping co-efficient §; and &, are calculated by

Cresonance,1
&l = ————Cerit,1 =2m1 @y (4.32)
Cerit,1

and

&= M;ccmz = 2my@. (555)

Cerit,2

Terms ®;, @, my, my can be determined in CoventorWare from a MemMech modal
analysis. Then critical damping c.i,1 and ¢ > are computed using equation (4.32)
and equation (4.33). Damping co-efficient at resonance frequencies Cresonance,1 and
Cresonance,2 €an be determined in CoventorWare from a DampingMM /mode shape

analysis. Then &, &, a and f are determined from above equations using @, @,

mi, nmy, 5;2 and §2-

4.5 Contact Force

The reliability and longevity of MEMS contact switches greatly depend on the contact
between electrodes. The contact phenomenon between electrodes in MEMS switches
usually is a very complicated analysis due to the presence of multi-physical effects
such as mechanical, electrical, chemical, thermal etc. Several parameters are linked
to contact phenomenon among them contact resistance, contact area and contact force
are most important which ensure the reliable function and longevity of MEMS contact
switches. Contact resistance has to be low as much as possible to prevent the heat
generation due to joule heating effect governed by I”R.t wehere I is current flow, R,
is the contact resistance and ¢ is the time. Because suffiecient heat can soften or annel
the contact region resuling in stiction or adhesion problem. Holm [7] has given an
expression for contact resistance considering the circular contact spot having contact

radius a

_Pitp

R
¢ 4a

(4.34)

where p; and p; resistivities of contact materials. In the case of similar contact mate-

rial the expression becomes

R.=F. (4.35)



Contact force and contact area play significant roles to reduce contact resistance.
High contact force ensures large effective contact area which results in low contact
resistance. Increase in contact forces resulting in low the contact resistance has been
reported in studies [35} 36, 37]. Contact phenomenon in MEMS switches is a non-
linear problem where the cantilever beam approaches the rigid contact electrode and
after reaching contact point it can not go further. If application of force is being con-
tinued then cantilever beam gets deformed by the rigid electrode. The cantilever beam
is called salve surface and the rigid electrode is called master surface. Considering
the deformation of contact materials, following revised contact resistance equation

was proposed in [38]

|H
R, =0.886p A (4.36)
c

where p resistivity of contact material, H is the hardness of contact material and F,

contact force.

In order to evaluate contact force between electrodes at the downstate position, the
system has been considered as a fixed-simply supported beam phenomenon. Now let

us consider the following Figure 4.6 which depicts the downstate contact position of

qL
" ﬁ\!\m\ﬁ\!\ﬁ

N T

beam.

Figure 4.6: Fixed-simply supported model of MEMS switch.

There will be two reaction forces; one is at the fixed end, R4 and another one is at the
simply supported end, Rp and a moment at the fixed end, M4. Now considering free

body diagram, following equation can be written
+1Y F,=0:Ry+Rg—qL=0. (4.37)
And considering upward concave bending positive

1
Y My =0:My+RplL—-qL? =0. (4.38)
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Now considering free body diagram of a portion AC of beam, following equation can

be written

gx
X/2

" | ™

A C

=

Ra L
Figure 4.7: Free body diagram of a portion of the beam

d2 2
Eld—zi - —% Rux—M,. (4.39)

Integrating twice in x,
qx4 Rax®  Myx?

Ely— -1
Y="%0r e 2

+Cix+C,. (4.40)

dy _
dx —
tion (4.40), equation (4.40) can be written as follows:

Now applying the boundary condition x = 0, Oand x =0, y=0 in equa-

4 3 2

gx Rax Myx
Ely=—"— — . 441
Y= T 2 4D

Now applying another boundary condition x = L, y = 0 in equation (4.41]) leads to

gL*  RsL3  MyL?

0="% "% 2

L2
3M, — RyL+ qT —0. (4.42)

Now solving equation (4.37)), equation (4.38)and equation (4.43)) simultaneously,

the reaction forces and moment at the supports are obtained as follows:

Ry = gL, My = ~qL% Ry = 2qL
A_S(Z7 A—2(] 7B_8q
. Therefore, the reaction force at contact point is
3 3
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where F; is total distributed load. In MEMS switches operation, when a DC voltage is
applied between the cantilever beam and the ground electrode, an electrostatic force
is induced. This electrostatic force pulls the beam downwards the ground electrode.
A restoring mechanical force will resist the electrostatic actuation force. Therefore,
in order to pull down the beam, electrostatic force is to overcome this mechanical
restoring force. Therefore, the total contributing force on the beam at downstate
position can be written as

F, = gL — AgK,. (4.44)

where Ag is the beam tip displacement and K, is the restoring beam stiffness. The

restoring stiffness of beam at downstate position is equivalent to % [16]. Therefore,
the actual contact force can be approximated as
3
F. = §(ql’ —AgkK,). (4.45)

In MEMS contact switches application, gL is the transverse electrostatic force which
is uniformly distributed over the actuation area of the beam. At downstate position

this force is evaluated from equation (4.8).
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CHAPTER 5

MECHANICAL DESIGN AND FORMULATION OF RESULTS

The Figure [5.1] Figure [5.2] and Figure [5.3| depict simplified structure of MEMS con-
tact switch to be analyzed. The cantilever beam with length L, width W and thickness
t has been suspended at height g, above the pull-down electrode. The pull-down
electrode has been placed at a distance d from the anchor point. A DC voltage V
is applied during operation of MEMS switch. This DC voltage induces a transverse
electrostatic force which is uniformly distributed over the actuation area of the beam
W1 that causes deflection of the beam. Fringing electric fields have been neglected
since the gap between actuation electrode and the cantilever beam is small compared
with the length of cantilever beam. A rectangular dimple has been patterned at the
free end of the beam to close the contact gap before the portion of beam above actu-
ation electrode makes any contact with the actuation electrode and shorts the system.
Dimple has 2 um width and 0.2 um height. A contact electrode has been placed un-
derneath the dimple for signal transmission. The mechanical design of electrostatic
based MEMS switches greatly depends on applied voltage. The well known pull-in

voltage equation, which has been formulated at previous chapter, is

8k(80)3
27eA

Vpr =

This well known formula implies that a number of ways are available to reduce the
pull-in voltage. For example, lowering g, can considerably reduce pull-in voltage.
But this creates a trade-off with isolation and insertion loss of switch because low
gap provides large actuation force with low applied voltage but causes intolerable
isolation and insertion loss. To solve this trade-off, gap g, has been fixed carefully as
0.5 um. Another step to lower the pull-in voltage is to make large the actuation area.

A third step is to reduce the stiffness of beam which requires higher length.
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Figure 5.1: 3D schematic view of simplified model of MEMS cantilever beam switch.

Figure 5.2: Cross-section view of simplified model of MEMS cantilever beam switch.

Figure 5.3: Top view of simplified model of MEMS cantilever beam switch without

cantilever beam.
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Both these two ways increase size and mass of switch and it violates purpose of
miniaturization. Moreover, increase of mass also increases the switching time. To
solve these trade-off, it has been suggested in [17] that small width at the anchor
point significantly decreases stiffness of the beam resulting in low pull-in voltage.
Following this research corollary, a rectangular hole has been introduced at the an-
chor point which ensures low stiffness, low mass, size limitation, low switching time
and low pull-in voltage. Moreover, this rectangular hole also reduces the squeeze
film damping effect on beam which further reduces switching time. In order to en-
sure large actuation area, length of rectangular hole has been fixed as d so that the
area of beam over pull-down electrode is not reduced. For smooth signal transmis-
sion, moderate contact force is essential which will ensure stable contact between
electrodes but not too much high to create stiction problem. To ensure that moderate
contact force, a moderate dimple contact area 2 umx 2 pm has been considered. The
corner edges of beam at front part have been removed to avoid stress concentration
during manufucting. Beam, pull-down electrode and contact electrode are made of
gold. The whole structure has been constructed on a silicon wafer but separated by a
dielectric oxide layer. The mechanical properties of gold have been presented in Table
[5.1] These properties have been used in different studies for satisfactory performance

[14.,116,39].

Table 5.1: Mechanical properties of different parts of beam.

Layer Materials  E(GPa) Vv P R (Q) H (Gpa)
Name Name (Kg/m?)

Beam Gold 40 044  1.93e-14 2.04e-8 2
Actuation Gold 40 0.44  1.93e-14 2.04e-8 2
electrode

Contact Gold 40 044  1.93e-14 2.04e-8 2
electrode

E: young’s modulus of gold, v: passion’s ratio, p: density of gold, R: resistivity of

gold, H: hardness of gold.

In order to find out the optimized shape of MEMS contact switch, 4 cases have been

considered based on the thickness of beam in where at each case, different beam
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dimensions have been considered. Four cantilever beams with 1 um , 1.2 um, 1.4
um and 1.6 um thickness have been analyzed. Dimension of beam has been changed
from 10um x 10um to 30um x 30pum with an interval of 2um x 2um which results
in 11 configurations for each distinct beam. Table [5.2] and [5.3| show four beams with

four different thickness and the Dimensions of 11 configurations of each of them.

Table 5.2: Four beams with distinct thickness.

Number of case Thickness (um)

1 1.6
2 1.4
3 1.2
4 1

Table 5.3: Dimensions of 11 configurations of each beam.

Dimensions of

Configuration Dimensions of Actuation area
No. beam (1, x w,) rectangular hole ()
(In X wp)

1 10 x 10um 4x5um 35

2 12x 12um 4 x 8um 71

3 14 x 14um 4 X 9um 115
4 16 x 16um 4 x10um 158
5 18 x 18um 4 x12um 218
6 20 x 20um 4 x 13um 286
7 22 x22um 4 x14um 362
8 24 x 24um 4 x 15um 446
9 26 x 26um 4 x16um 538
10 28 x 28um 4x17um 638
11 30 x 30um 4 x 18um 746

ly: length of switch, wg: width of switch, /;,: length of hole, wy: width of hole.

The performance characteristics parameter of MEMS switch, pull-in voltage, contact
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force and switching time, have been obtained from simulation and analytically; and
compared with literature. Switching time with squeeze film damping has been ob-
tained and its effect on switching speed has also been analyzed. CoventorWare soft-
ware, which is dedicated to MEMS designing and simulations, has been used to ana-
lyze MEMS switch. Simulations have been performed in CoventorWare to determine
pull-in voltage, contact force and switching time. 3D finite element method extruded
bricks mesh has been used to analyze switch in CoventoWare. Extruded bricks mesh
is created by applying hexahedral mesh by the extrusion of surface in z-direction.
Pull-in voltage has been determined in CoventroWare from CoSolveEM solver which
uses 3D finite element method to solve coupled elector-mechanical problem. Co-
SolveEM solver applies DC bias voltage between the beam and the actuation elec-
trode which induces electrostatic force between two parts. CoSolveEM increases the
DC voltage until it find a divergent result for a specified voltage after a convergent
solution for a specified voltage. Then CoSolveEM performs a bisection search to find

the pull-in voltage.

Contact force simulations have been conducted in CosolveEM analysis of Coventor-
Ware. Applied DC bias voltage between the beam and the actuation electrode induces
electrostatic force which causes deflection of the beam. In simulation, the beam and
the actuation electrode have been assigned as slave and master surface in contact
pairs, respectively. Contact force has also been analytically calculated from equa-

tion (#.43). Using calculated contact force, contact resistance has been calculated

from equation (4.36)).

Switching time has been evaluated by conducting dynamic response analysis of beam
in MemMech transient analysis of CoventorWare. To analyze damping effect on dy-
namic response, simulations have been conducted in MemMech transient analysis
applying squeeze film damping. To estimate damping, damping co-efficient are cal-
culated by modal shape analysis method. Modal analysis of beam has been conducted
in MemMech modal analysis solver to find the natural frequencies and model shapes
of the structure. The first six resonance mode shapes have been evaluated. Two reso-
nance mode shapes from six mode shapes have been considered to compute damping
parameters. Critical damping of mode shapes has been computed using ¢,y = 2m®.

In DampingMM solver of CoventorWare, damping co-efficient at resonance frequen-
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Figure 5.4: 3D view MEMS cantilever beam switch in CoventorWare with extruded

bricks mesh.

Figure 5.5: Top view MEMS cantilever beam switch in CoventorWare with extruded

bricks mesh.

cies of six mode shapes have been computed. Then, damping co-efficient at resonant
frequency of two mode shapes have been used to compute the modal damping ratio
& by equation and equation (4.32). To evaluate the damping effect on beam
dynamics, Rayleigh damping has been considered as described at previous chapter.
Damping matrix C, which is proportional to mass matrix M and stiffness matrix K,
has been computed from C = aM + BK. Constants & and B have been computed
from equation (#.30) and equation (4.3T]), respectively. After that, constants ¢ and
B have been used as material damping boundary conditions in MemMech transient
analysis solver of CoventorWare to determine switching time of beam under damping

condition.
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CHAPTER 6

RESULTS AND DISCUSSION

6.1 Case 1: Cantilever Beam with Thickness 1.6 um

6.1.1 Pull-in Voltage (Vp)

To validate pull-in voltage results of beam with hole, at first CoventorWare model of

beam without hole has been validated with analytic model. Analytically calculated

pull-in voltage from equation (#.14) and 3D simulated pull-in voltages from Coven-

torWare have been shown in Table[6.1]and depicted in Figure[6.1] Mesh convergence

analysis has been conducted to find pull-in voltages.
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Figure 6.1: Comparison of pull-in voltage of 11 configurations between analytic

model and 3D CoventorWare model.
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Pull-in voltage results obtained from CoventorWare agree with pull-in voltage of ana-
lytic results. Pull-in voltage decreases with increase of dimension of the beam at both
analytic and 3D model. This decrease is a direct effect of increase of the beam length
which decreases the stiffness of beam. Since pull-in voltage is proportional to beam

stiffness, decrease of stiffness has reduced pull-in voltage, and vice versa.

Table 6.1: Analytically calculated pull-in voltage and CoventorWare simulated pull-

in voltage of 11 configurations of switch having no hole with thickness 1.6 um.

CoventorWare
Analytically
simulated
Configuration calculated
pull-in
No. pull-in
voltage,(V)
voltage, (V)
3D model

1 291.27 297.18
2 195.34 194.06
3 135.38 140
4 104.17 107.5
5 79 83.75
6 63 67.18
7 52 55.31
8 43 46.25
9 36.26 39.37
10 31.12 33.75
11 27.01 29.37

It is important to conduct a mesh convergence study to verify that a sufficiently refined
mesh has been applied to model switch accurately. Refined mesh ensures accurate
result. The numerical solution provided by model will tend towards a unique value
as the mesh density is increased. The mesh is said to be converged when further
mesh refinement produces a negligible change in the solution. When the two meshes
give identically the same result then it means that model is producing mathematically

accurate solution .

52



L o

(a) 5 elements mesh (b) 10 elements mesh

L L

(c) 20 elements mesh (d) 30 elements mesh

Figure 6.2: Mesh convergence analysis of configuration 8.

To verify the accuracy in pull-in voltages produced by 3D CoventorWare model, mesh
convergence study of configuration 8, dimension 24 x 24 um, has been conducted. Re-
sults for different element size have been depicted in Figure[6.3] It is seen from figure
that increase of element number gives more accurate pull-in voltage. Pull-in voltage
has been found as 48.12 V, 47.5 V, 46.56 V and 46.25 V for element 5, 10, 20, 30,
respectively. After 30 element, increase of element number does not effect pull-in
voltage. Element number of 30, 40 and 50 give same pull-in voltage as 46.25 V. It
means that mesh has been converged. Therefore, it can be said that 3D CoventorWare

model has produced mathematically accurate solution.

Now following the same procedures, pull-in voltages of 3D CoventorWare model

with hole have been determined.
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Figure 6.3: Mesh convergence analysis of pull-in voltage results of configuration 8.

Table 6.2: CoventorWare simulated pull-in voltage of 11 configurations of switch

having hole with thickness 1.6 um.

CoventorWare
Configuration simulated
No. pull-in
voltage,(V)
3D model
1 225
2 118.13
3 86.88
4 70.62
5 51.56
6 42.50
7 35.62
8 30.31
9 26.25
10 22.81
11 20.31

54



Table [6.2] shows pull-in voltage results of 3D CoventorWare model with hole. It
is seen that pull-in voltage decreases significantly due to hole at the anchor point.
Introduction of hole at anchor point has significantly decreased stiffness of beam.
It is because introduction of hole at anchor point reduces the inertia effect of beam
during bending which in turn reduces the stiffness of beam. Since pull-in voltage
is proportional to beam stiffness, decrease of stiffness decreases pull-in voltage, and
vice versa. Thus pull-in voltage has been reduced after introducing of hole. Regarding
dimension change effect, it shows the same trend as no hole case. Pull-in voltage

decreases with increase of dimension due to reduction in stiffness.

6.1.2 Switching Time

Simulated damped and undamped switching time of MEMS switches with hole hav-
ing thickness 1.6 um have been shown in Table [0.3] From switching time results, it

is seen that switching time becomes smaller with decrease of dimension.

Table 6.3: Undamped and damped switching time of 11 configurations of switch with

hole having thickness 1.6 tm.

Switching time at  Switching time at

Configuration
1.5Vp; without 1.5Vp; with
No- damping (LLs) damping (LLs)
1 0.15 0.15
2 0.296 0.296
3 0.297 0.297
4 0.43 0.45
5 0.54 0.58
6 0.59 0.60
7 0.74 0.75
8 0.90 0.91
9 1.02 1.04
10 1.05 1.08
11 1.17 1.33

55



ST 7T T T T T T T T 1
14}
1.3
12
11
1.0
— 0.9
gO.S

—a— Switching time without damping
—e— Switching time with damping

o6 |
05|
04|
03|
02|
01 §

0.0-.|.|.|.|.|.|.|.|.|.|.|.
o 1 2 3 4 5 6 7 8 9 10 1 12

Configuration

Figure 6.4: Damped and undamped switching time of 11 configurations of switch

with thickness 1.6 um.

This decrease of switching time is the consequence of increase of pull-in voltage.
Higher pull-in voltage ensures lower switching time. Switching time strongly relies
on pull-in voltage because large pull-in voltage ensures high actuation force which in
turn increases switch speed. It is seen that damping effect on switching time is sig-
nificant for large dimension switch. But damped switching time is very similar to the
undamped switching time in case of small dimension switch. Configurations from
1 to 3 give same switching time for damped and undamped condition. In contrast,
switching time of configuration from 4 to 11 under damped condition are higher than
undamped condition. This can be attributed to high actuation force because of high
pull-in voltage of small dimension switch. Because as actuation force gets larger,
damping force exerts less influence on dynamic behavior.

The response of undamped and damped condition of four configurations have been
shown in Figure [6.5] It is clear from figure that amplitude of response of under

damped switch decreases with time.
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Figure 6.5: Comparison of damping with no damping of four configurations of switch

with thickness 1.6 um.

Under damped condition, the tip of switch makes only one contact with the trans-
mission pad or contact electrode during first cycle. From second cycle, amplitude
starts to decrease. Squeeze film damping causes amplitude reduction but frequency

of switch remains same.
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6.1.3 Contact Force

Actuation force, analytically calculated contact force, simulated contact force and
contact resistance of 11 configurations of MEMS switch with thickness 1.6um at ap-
plied voltage of 1.5 Vp; have been shown in Table [6.4] Actuation force and contact
force have been determined at 1.5Vp; in order to get stable contact. Table [6.4] shows
that simulated contact force for each configuration is consistent with analytically cal-
culated contact force. Contact resistance decreases with increase of contact force
which agrees with other research results [40, 41]]. Rest of actuation force contributes
to reaction force at the anchor and to overcome mechanical restoring force. Contact

force has decreased with increase of dimension.

Table 6.4: Actuation force, analytically calculated contact force, CoventorWare sim-

ulated contact force and contact resistance of 11 configurations of switch with thick-

ness 1.6 um.
_ Analytically  CoventorWare
Configuration Actuation calculated simulated Contact
No. force () at contact force  contact force  resistance (Q)
Ve N At 1SV (V) at 15V
1 293.44 86.99 82.33 0.086
2 145.96 44.07 44.79 0.122
3 121.02 36.99 36.27 0.139
4 101.18 31.19 29.02 0.144
5 73.27 22.73 22.81 0.169
6 63.86 19.91 20.51 0.181
7 55.94 17.51 17.87 0.192
8 49.28 15.48 16.33 0.21
9 43.68 13.76 14.67 0.22
10 38.93 12.29 13.58 0.23
11 34.89 11.03 12.56 0.24
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Figure 6.6: Analytic and simulated contact force of 11 configurations of switch with

thickness 1.6 um.

It has been reported in [23] that contact force is around 30-60% of actuation or pull-
down force. In this study, for each configuration, contact force is in between 30-
60% of actuation or pull-down force in both analytic and simulated results. Large
dimension decreases pull-in voltage. Since contact forces have been determined at

1.5 times of pull-in voltage, thus contact force has been decreased.
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6.2 Case 2: Cantilever Beam with Thickness 1.4 um

6.2.1 Pull-in Voltage(Vp;)

3D simulated pull-in voltage of 11 configurations of switch with hole having thick-
ness 1.4 um have been shown in Table [6.5] Compared with case 1, pull-in voltage
decreases in each configuration. This decrease is direct effect of reduction in thick-
ness of beam. Stiffness of beam is proportional to thickness of beam. Reduction of
thickness decreases stiffness of beam. Again pull-in voltage is proportional to beam

stiffness. As a results, reduction of thickness has reduced pull-in voltage.

Table 6.5: CoventorWare simulated pull-in voltage of 11 configurations of switch

with hole having thickness 1.4 um.

CoventorWare

) simulated
Configuration

ull-in
No. P

voltage, (V)
3D model

188.43
99.06
72.50
58.75
42.81
35.31
29.69
25.31
21.87
19.06
16.56

O o0 9 O N B~ WD =

—_—
- O
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6.2.2 Switching Time

Simulated damped and undamped switching time of MEMS switches with hole hav-
ing thickness 1.4 um have been shown in Table[6.6] In the case of switch with thick-
ness 1.4 um, switching time shows the very same trend as case 1. From switching
time results, it is seen that switching time becomes smaller with decrease of dimen-
sion. Damped switching time is very similar to the undamped switching time in
case of small dimension but for large dimension, discrepancy between undamped and
damped switching time is noticeable. Configurations from 1 to 4 give same switching
time for damped and undamped condition but configurations from 4 to 11 give re-
markable difference between damped and undamped condition. This can be attributed
to low actuation force because of low pull-in voltage of large dimension. Because as
actuation force gets smaller, damping force exerts more influence on dynamic behav-
ior. The response of undamped and damped condition of four configurations have

been shown in Figure

Table 6.6: Undamped and damped switching time of 11 configurations of switch with

thickness 1.4 um.

Switching time at  Switching time at

Configuration
1.5Vp; without 1.5Vp; with
No- damping (LLs) damping (LLs)
1 0.153 0.153
2 0.3 0.33
3 0.421 0.433
4 0.444 0.444
5 0.59 0.591
6 0.69 0.744
7 0.74 0.845
8 0.88 0.97
9 1.027 1.049
10 1.15 1.16
11 1.18 1.32
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Figure 6.7: Comparison of damping with no damping of four configurations of switch

with thickness 1.4 pum.

It is clear from figure that amplitude of response of under damped switch decreases
with time. Under damped condition, the tip of switch makes only one contact with
transmission pad or contact electrode during first cycle. From second cycle, amplitude

starts to decrease. Squeeze film damping causes amplitude reduction but frequency

of switch remains same.
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Figure 6.8: Damped and undamped switching time of 11 configurations of switch

with thickness 1.4 um.

6.2.3 Contact Force

Actuation force, analytically calculated contact force, simulated contact force and
contact resistance of 11 configurations of MEMS switch with thickness 1.4 um at
applied voltage of 1.5 Vp; have been shown in Table Actuation force and contact

force have been determined at 1.5Vp; in order to get stable contact.

From contact force results of thickness 1.4 tm, it is clear that simulated contact force
for each configuration agrees with analytically calculated contact force. For each
configuration, contact force is around 30-60% of actuation or pull-down force. Com-
pared with thickness 1.6 tm, contact force has decreased for each configuration. This
decrease can be explained by attributing thickness reduction. Thickness reduction has
decreased pull-in voltage which results reduction in applied voltage of 1.5V,,. As a
result, smaller actuation force has been generated than case 1. Contact resistance
has been decreased with increase of contact force as predicted by equation (4.36).

Compared with case 1, contact resistance has been reduced due to low contact force.
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Table 6.7: Actuation force, analytically calculated contact force, CoventorWare sim-
ulated contact force and contact resistance at 1.5 Vp; of 11 configurations of switch

with thickness 1.4 pum.

Analytically  CoventorWare

Configuration Actuation calculated simulated Contact
force (UN) at
No. L5V contact force  contact force  resistance ()
(UN) at 1.5Vp; (uN) at 1.5Vp,

1 156.98 58.28 61.67 0.106
2 97.78 29.52 28.52 0.149
3 81.07 24.78 25.64 0.163
4 67.78 20.89 20.10 0.177
5 49.08 15.23 15.60 0.207
6 42.78 13.44 13.97 0.221
7 37.47 11.73 12.57 0.236
8 33.01 10.37 11.51 0.251
9 29.26 9.22 10.89 0.266
10 26.06 8.23 9.36 0.282
11 23.33 7.39 9.21 0.297
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Figure 6.9: Analytic and simulated contact force of 11 configurations of switch with

thickness 1.4 um.
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6.3 Case 3: Cantilever Beam with Thickness 1.2 um

6.3.1 Pull-in Voltage(Vp;)

3D CoventorWare simulated pull-in voltage of 11 configurations of switch with hole
having thickness 1.2 um have been shown in Table [6.8] Compared with case 1 and
case 2, pull-in voltage decreases in each configuration. This decrease is direct effect

of reduction in thickness of beam.

Table 6.8: CoventorWare simulated pull-in voltage of 11 configurations of switch

with hole having thickness 1.2 um.

CoventorWare

' simulated
Configuration

ull-in
No. P

voltage, (V)
3D model

153.12
80.31
58.44
47.50
34.69
28.44
23.75
20.31
17.50
15.31
13.44

O o0 9 O N R~ WD =

—_ =
- O

6.3.2 Switching Time

Simulated damped and undamped switching time of MEMS switches with hole hav-
ing thickness 1.2 um have been shown in Table
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Table 6.9: Damped and undamped switching time of 11 configurations of switch with

thickness 1.2 um.

Switching time at  Switching time at

Configuration
N 1.5Vp; without 1.5Vp; with
0.
damping (LLs) damping (LLs)
1 0.154 0.154
2 0.3 0.3
3 0.44 0.44
4 0.45 0.45
5 0.6 0.69
6 0.75 0.83
7 0.84 0.9
8 1.04 1.05
9 1.17 1.182
10 1.34 1.36
11 1.46 1.62
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Figure 6.10: Damped and undamped switching time of 11 configurations of switch

with thickness 1.2 um.
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Figure 6.11: Comparison of damping with no damping of four configurations of

switch with thickness 1.2 um.

In the case of switch with thickness 1.2 pum, switching time shows the very same
trend as previous cases. From switching time results, it is seen that switching time
becomes smaller with decrease of dimension. Damped switching time is very similar
to the undamped switching time in case of small dimension but for large dimension,

discrepancy between undamped and damped switching time is noticeable. The re-
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sponse of undamped and damped condition of four configurations have been shown
in Figure [6.11] It is clear from figure that amplitude of response of under damped
switch decreases with time. Under damped condition, the tip of switch makes only
one contact with transmission pad or contact electrode during first cycle. From second
cycle, amplitude starts to decrease. Squeeze film damping causes amplitude reduction

but frequency of switch remains same.

6.3.3 Contact Force
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Figure 6.12: Analytic and simulated contact force of 11 configurations of switch with

thickness 1.2 um.

Actuation force, analytically calculated contact force, simulated contact force and
contact resistance of 11 configurations of MEMS switch with thickness 1.2um at
applied voltage of 1.5 Vp; have been shown in Table [6.10] In case of switch with
thickness 1.2 um, simulated contact force for each configuration agrees with analyti-
cally calculated contact force. For each configuration, contact force is around 30-60%
of actuation or pull-down force. Compared with thickness 1.6 um and 1.4 um, con-
tact force has been decreased for each configuration. This decrease can be explained

by attributing thickness reduction. Thickness reduction has decreased pull-in voltage
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which results reduction in applied voltage of 1.5 Vp;. As a result, smaller actuation
force has been generated than case 1 and case 2 which in turn causes in smaller con-
tact force than case 1 and case 2. Contact resistance has decreased with increase of
contact force as predicted by equation (4.36). Compared with case 1 and case 2,

contact resistance reduced due to reduction in contact force.

Table 6.10: Actuation force, analytically calculated contact force, CoventorWare sim-
ulated contact force and contact resistance at 1.5 Vp; of 11 configurations of switch

with thickness 1.2 pum.

Analytically  CoventorWare

Configuration Actuation calculated simulated Contact
No. force (1) at contact force  contact force  resistance (Q)
VB N At LSV () at 1.5V,

1 123.79 36.70 39.67 0.134
2 97.78 29.52 18.5 0.145
3 51.06 15.60 16.52 0.205
4 42.67 13.16 13.02 0.223
5 30.91 9.59 9.85 0.261
6 26.94 8.40 9.06 0.279
7 23.60 7.39 8.43 0.297
8 20.79 6.53 7.33 0.316
9 18.43 5.8 7.31 0.335
10 16.42 5.18 6.73 0.355
11 14.72 4.66 5.36 0.375

6.4 Case 4: Cantilever Beam with Thickness 1 um

6.4.1 Pull-in Voltage(Vp;)

3D CoventorWare simulated pull-in voltage of 11 configurations of switch with hole
having thickness 1 um have been shown in Table [6.1T Compare to case 1, case 2

and case 3, pull-in voltage has decreased in each configuration. This decrease is the

69



direct effect of reduction in thickness of the beam. Stiffness of beam is proportional
to thickness of beam. Reduction of thickness decreases stiffness of beam. Again
pull-in voltage is proportional to beam stiffness. As results, reduction of thickness

has caused decrease in pull-in voltage.

Table 6.11: CoventorWare simulated pull-in voltage of 11 configurations of switch

with thickness 1 pum.

CoventorWare

_ simulated
Configuration

ull-in
No. P

voltage, (V)
3D model

—

120.31
62.50
45.31
36.86
26.56
21.88
18.44
15.63
13.47
11.56
10.12

O o0 9 O N B~ W

—_
- O

6.4.2 Switching Time

Simulated damped and undamped switching time of MEMS switches with thickness
1 pum have been shown in Table [6.12] In the case of switch with thickness 1 pm,
switching time shows the very same trend as previous cases. Configuration 10 and
11 do not get any contact at 1.5Vp;, hence no switching time. From switching time

results, it is seen that switching time becomes smaller with decrease of dimension.

70



Table 6.12: Damped and undamped switching time of 11 configurations of switch

with thickness 1 um.

) Switching time at  Switching time at
Configuration

N 1.5Vp; without 1.5Vp; with
0.
damping (LLs) damping (LLs)
1 0.15 0.15
2 0.3 0.36
3 0.44 0.442
4 0.59 0.592
5 0.75 0.84
6 0.87 0.89
7 0.97 1.04
8 1.135 1.17
9 1.303 1.42
10 No contact No contact
11 No contact No contact
22 i —&— Switching time without damping ]
20 | —e— Switching time with damping .
18| _
16 ]
14l -
ERpyS -
E1of ]
[ L
0.8 | i
06 | _
04l ]
02| _
00| _

0o 1 2 3 4 5 6 7 8 9 10 11 12
Configuration No.

Figure 6.13: Damped and undamped switching time of 9 configurations of switch

with thickness 1 pm.
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Figure 6.14: Comparison of damping with no damping of four configurations of

switch with thickness 1 pm.

Damped switching time is very similar to the undamped switching time in case of
small dimension but for large dimension, discrepancy between undamped and damped
switching time is noticeable. Only configuration 1 gives same switching time for
damped and undamped condition but rest of the configurations give remarkable dif-
ference between damped and undamped condition. This can be attributed to low ac-
tuation force because of low pull-in voltage as compared to previous cases. Because

as actuation force gets smaller, damping force exerts more influence on dynamic be-
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havior. The response of undamped and damped condition of four configurations have
been shown in Figure [6.14] It is clear from figure that amplitude of response of under
damped switch decreases with time. Under damped condition, the tip of switch makes
only one contact with transmission pad or contact electrode during first cycle. From
second cycle, amplitude starts to decrease. Squeeze film damping causes amplitude

reduction but frequency of switch remains same.

6.4.3 Contact Force

Table 6.13: Actuation force, analytically calculated contact force, CoventorWare sim-
ulated contact force and contact resistance at 1.5Vp; of 11 configurations of switch

with thickness 1 um.

Analytically  CoventorWare

Configuration Actuation calculated simulated Contact
No. force (1) at contact force  contact force  resistance (Q)
Ve N At 1SV (V) at 15V,

1 123.79 36.70 22.94 0.134

2 61.58 18.59 11.22 0.186

3 29.55 9.03 9.72 0.269

4 24.70 7.61 7.73 0.293

5 17.89 5.55 5.58 0.343

6 15.60 4.86 5.92 0.367

7 13.66 4.27 4.86 0.391

8 12.03 3.78 4.73 0.416

9 10.66 3.36 3.86 0.441
10 9.50 No contact No contact No contact
11 8.52 No contact No contact No contact

Actuation force, analytically calculated contact force, simulated contact force and
contact resistance of 11 configurations of MEMS switch with thickness 1um at ap-
plied voltage of 1.5Vp; have been shown in Table [6.13] Actuation force and contact

force have been determined at 1.5Vp; in order to get stable contact. In case of thick-
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ness 1 um, simulated contact force for each configuration agrees with analytically
calculated contact force. Configuration 10 and 11 do not get any contact at 1.5Vp;. For
each configuration, contact force is around 30-60% of actuation or pull-down force.
Compared with thickness 1.6 um, 1.4 um and 1.2 um, contact force has decreased
for each configuration. This decrease can be explained by attributing thickness re-
duction. Thickness reduction has decreased pull-in voltage which results reduction
in applied voltage of 1.5Vp; . As a result, smaller actuation force has been generated
than case 1, case 2 and case 3 which in turn causes smaller contact force than case
1, case 2 and case 3. Contact resistance has been decreased with increase of contact
force as predicted by equation (4.36)). Compared to case 1, case 2 and case 3, contact

resistance has been reduced due to reduction in contact force.

50 —1 v T r T 1 T T 1 1T T 1T T T T 1T T T °*
—a— Analytically calculated contact force
—e— Simulated contact force

40 -

Force [um]
8
T
1

N
o
T

1

0 1 1 1 1 1 1 1 1 1 1 1

o 1 2 3 4 5 6 7 8 9 10 11 12
Configuration No.

Figure 6.15: Analytic and simulated contact force of 11 configurations of switch with

thickness 1 pum.
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6.5 Results Comparison with Literature

6.5.1 Pull-in Voltage Results
Pull-in voltage results of different designs of gold made MEMS cantilever beam con-
tact switches from literature have been mentioned in Table

Table 6.14: Pull-in voltage results of different designs of MEMS switch from litera-

ture.

Literature ~ Switch dimension Hole dimension g(um) Vpr(V)

(Iy X wy X ) (I x wy)
[15]] 190 x 160 x Sum 70 x 50um 1.2 12.2
[16] 135x 130 x 12um  No hole 0.85 64
[14] 24 x 25 x 1.6um 8 x 15um 0.5 34
[17] 200 x 64 x Spum No hole 1.7 27.65
[17] 200 x 52 x Sum No hole 1.7 26.37

l: length of switch, wy: width of switch, #;: thickness of switch, /;: length of hole,

wy,: width of hole, g: gap between electrodes, Vp;: pull-in voltage.

Literature [15]], [16] and [17] reported low pull-in voltage with large dimension of
switch. In all literature, large length switch was modeled which subsequently reduced
stiffness of switches. As mentioned earlier that pull-in voltage is proportional to beam
stiffness; this fact caused low pull-in voltage. Another reason behind low pull-in
voltage is that large dimension ensured large actuation area. Since pull-in voltage is
inversly proportional to actuation area, hence low pull-in voltage. In this study, length
and width have been limited between 10 pum to 30 um for miniaturization purpose,
thus high stiffness and low actuation area has been generated in first 5 configurations.
Configurations from 6 to 11 have provided better result in comparison with literature.
Configurations from 6 to 8 have given nearly same pull-in voltage in comparison with
dimension of switches of literature, whereas configurations from 9 to 11 have given
less pull-in voltage compared with literature. The main reasons behind low pull-in

voltage, despite small switch dimension compared to literature, are small thickness
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of beam and small width at anchor point. Literature [[14] tested same dimension of
switch as configuration 8 of case 1 and measured pull-in voltage of 34 V, whereas
pull-in voltage has been found for configuration 8 as 30.31 V in this study. Therefore,
pull-in voltage results from configuration designed in this study agree with literature

and some configurations provide better pull-in voltage compared to literature.

6.5.2 Contact Force Results

Contact force results of different designs of gold made MEMS cantilever beam con-
tact switch from literature have been mentioned in Table Contact forces were
calculated at 1.5Vp;. Literature [15], [16], [1O] and [41] reported high contact force
compared with this study but their switch dimension was many times higher than
switches designed in this study. Large dimension of switch provided large actuation
area, hence large actuation or pull down force. This high pull down force resulted in
high contact force, since contact force is around 30-60% of actuation or pull-down
force. In this study, switch dimensions are small for the sake of miniaturization; hence

small actuation area are available for actuation.

Table 6.15: Contact force results of different designs of MEMS switch from literature.

Literature ~ Switch dimension Hole dimension A(um?) g(um) F.(uN)

(Is X wg X ty) (I x wy)
[15] 190 x 160 x Sum 70 x S0um 8000 1.2 220 at20V
[16] 135 x 130 x 12um  No hole 17550  0.85 800 at 90 V
[14] 24 x 25 x 1.6um 8 x 15um 440 0.5 152at51V
[10] 170 x 147 x6.5um No hole 11050 1.2 610 at 68 V
[41] 400 x 75 x4.3um  No hole 11250 3.2 35.5at40V

[: length of switch, wg: width of switch, #,: thickness of switch, /;: length of hole,

wy,: width of hole,

As a result, low contact force has been generatde compared with the contact forces
found in literature. Literature [[14] analyzed the similar dimension of switch as con-
figuration 8 of case 1 and reported a contact force of 15.5 uN. This results is good

consistent with result of this work. In configuration 8, contact force has been found as
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15.48 uN from analytic solution and 16.33 uN from simulation. Therefore, consid-
ering miniaturization of switch, it can be said that contact forces of switches designed

in this study are good consistent with literature.

6.5.3 Switching Time Results

Switching time results of different gold made MEMS cantilever beam contact switches
from literature have been mentioned in Table[6.16] Literature [[16]], [10], [17] and [14]
reported large switching time in comparison with this work in spite of having nearly
same pull-in voltage. Switching time not only depends on pull-in voltage but also
depends on the quality factor of beam Q = K/myb; where K is stiffness of beam, @y
is resonant frequency of beam and b is the damping co-efficient. Large quality factor
ensures low switching time. The value of Q less than 0.5 results in large switching

time [23]].

Table 6.16: Switching time results of different designs of MEMS switch from litera-

ture.

Literature ~ Switch dimension Hole dimen- g(um) Vpi(V)  t;(um)

(Iy X ws X t5) sion (I, x wy,)
[16] 135 x 130 x 12um  No hole 0.85 64 6.4
[17] 200 x 64 x Sum No hole 1.7 27.65 21.31
[10] 170 x 147 x 6.5um No hole 1.2 35 < 10
[17] 200 x 52 x Sum No hole 1.7 26.37 30.85
[14] 24 x 25 x 1.6um 8 x 15um 0.5 34 1.1

l: length of switch, wy: width of switch, #;: thickness of switch, /;: length of hole,
wy,: width of hole, g: gap between electrodes, Vp;: pull-in voltage and 7,: switching

time.

Large dimension decreases K and increases damping effect » which in turn decreases
quality factor Q, and hence switching time becomes larger. Each lietarute designed
large size of switch, thus quality factor decreased. This decrease in quality factor

increased switching time. Large gap also causes increase in switching time. Small
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gap ensures large actuation force which results in low switching time. In this thesis,
for miniaturization, both length and width of the beam have been limited from 10 um
to 30 um which has provided higher Q. Gap has been fixed small as 0.5 um which
is another reason for obtaining low switching time. In literature [14] nearly same
dimension of switch as configuration 8 of case 1 was tested and found switching time
of 1.1 us, whereas nearly same switching time of configuration 8 has been found in
this work as 0.90 us. Therefore, considering all facts, switches designed in this study

provide better switching time in comparison with literature.

From comparison, it is seen that each author analyzed MEMS contact switch for
specific performance criterion. No author has addressed the issue of miniaturization
and three performance criteria simultaneously. This thesis has successfully addressed
the all issues simultaneously which previously was not done. This thesis has analyzed
the performance criteria of MEMS switch at very small dimension and reported good

results compared with literature.
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CHAPTER 7

OPTIMIZATION OF SHAPE OF MEMS CANTILEVER SWITCH

MEMS switch optimization in this work can be recapitulated as follows:

e Given: in this study, mechanical, electrical, thermal properties of switch’s ma-
terials are given. Topology of switch and dimple, dimension of dimple and gap

between beam and down electrodes are also fixed.

e Objective: the objective of this work is to find out an optimized shape of MEMS

cantilever beam contact switch for miniaturization.
e Minimization: pull-in voltage and switching time have to be minimized.

e Maximization: contact force has to be maximized.

7.1 Case 1 : Thickness 1.6 um

Simulated pull-in voltage, contact force, and switching time results of switch with
hole having thickness 1.6 pm have been mentioned in Table Contact force versus
pull-in voltage, switching time versus pull-in voltage, switching time versus contact
force graphs have been projected in Figure It has been already mentioned that
the main purpose of this work is to find out an miniature optimized shape of MEMS
cantilever beam contact switches for low pull-in voltage, small switching time and
large contact force. Bearing these criteria in mind, from Figure it is seen that
configuration 7 with dimension 22 x 22um is the most promising candidate compared

to other configurations.
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Figure 7.1: Results of 9 configurations of switch with thickness 1.6 um are projected:
(a) contact force versus pull-in voltage, (b) switching time versus pull-in voltage, (c)

switching time versus contact force.

It gives pull-in voltage of 35.62 V which is very low considering dimension, contact
force of 17.87 uN which is above the contact force for stable MEMS switch operation
of 15.5 uN found in [14] and switching time of 0.74 s which is lower than the
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results of switch developed for RF application in [[14] for dimension 24 x 24 um. For
configurations 1 to 6, although switching time is very small and contact force is large
but pull-in voltage is comparatively large. For configurations 8 to 11, although pull-in
voltage and switching time is small but contact force is very small for stable switch
operation. Therefore, from the discussion it can be concluded that configuration 7

with dimension 22 x 22um is the optimized miniature shape of switch with thickness

1.6 um.
Table 7.1: Results of switch with thickness 1.6 um .
Configuration
No. Dy(lyxws) — Vpi(V) Fe(1N) t(ps)
1 10 x 10um 225 82.33 0.15
2 12 x 12um 118.13 44.779 0.296
3 14 x 14um 86.88 36.27 0.297
4 16 x 16um 70.62 29.02 0.43
5 18 x 18um 51.56 22.81 0.54
6 20 x 20um 42.50 20.51 0.59
7 22 x22um 35.62 17.81 0.74
8 24 x 24um 30.31 16.33 0.90
9 26 x 26um 26.25 14.67 1.02
10 28 x 28um 22.81 13.58 1.05
11 30 x 30um 20.31 12.56 1.17

Dy,: dimension of beam, Vp;: pull-in voltage, F.: contact force, ¢: switching time.

7.2 Case 2 : Thickness 1.4 um

Simulated pull-in voltage, contact force and switching time results of switch with
hole having thickness 1.4 ptm have been mentioned in Table[7.2] Contact force versus
pull-in voltage, switching time versus pull-in voltage, switching time versus contact
force graphs have been projected in Figure It shows that only configuration 5
gives reasonable pull-in voltage, switching time and contact force compared to other

configurations. It gives pull-in voltage of 42.81 V, switching time of 0.59 s, contact
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force of 15.60 uN.
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Figure 7.2: Results of 9 configurations of switch with thickness 1.4 um are projected:
(a) contact force versus pull-in voltage, (b) switching time versus pull-in voltage, (c)

switching time versus contact force.

In contrast, configurations from 1 to 4 give very high pull-in voltage although switch-
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ing time is small and contact force is large. High pull-in voltage increases operation
voltage which violates the low pull-in voltage criterion of MEMS switch for commer-
cial applications. Becuase communication system and radar system require very low
operation volatge. Configurations from 6 to 11 give very low contact force although
pull-in voltage and switching time are low. Minimum contact force has been reported
in [14] as 15.5 uN for stable contact. These configurations give maximum contact
force as 13.97 uN which is below the contact force found in [14]]. Therefore, from
the discussion it can be concluded that configuration 5 with dimension 18 x 18um is

the optimized miniature shape of switch with thickness 1.4 um.

Table 7.2: Results of switch with thickness 1.4 um.

Configuration
No. Dy(lsxws) — Ver(V) Fe(uN) ts(1s)
1 10 x 10um 188.43 61.67 0.153
2 12x 12um 99.06 28.52 0.30
3 14 x 14um 72.50 25.64 0.421
4 16 x 16um 58.75 20.10 0.444
5 18 x 18um 4281 15.60 0.59
6 20 x 20um 35.31 13.97 0.69
7 22 x22um 29.69 12.57 0.74
8 24 x 24um 25.31 11.51 0.88
9 26 x 26um 21.87 10.89 1.027
10 28 x 28um 19.06 9.36 1.15
11 30 x 30um 16.56 9.21 1.18

Dy,: dimensions of beam, Vp;: pull-in voltage, F;: contact force, t;: switching time.

7.3 Case 3 : Thickness 1.2 um

Simulated pull-in voltage, contact force and switching time results of switch with hole
having thickness 1.2 um have been mentioned in Table[7.3] Contact force versus pull-
in voltage, switching time versus pull-in voltage, switching time versus contact force

graphs have been projected in Figure Results show that none of the configuration
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gives reasonable pull-in voltage, switching time and contact force. Configuration 1, 2

and 3 give reasonable contact force but pull-in is very high which violates the criterion

of low operation voltage. Configurations
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Figure 7.3: Results of 9 configurations of switch with thickness 1.2 pm are projected:

(a) contact force versus pull-in voltage, (b) switching time versus pull-in voltage, (c)

switching time versus contact force.
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from 4 to 11 give reasonable pull-in voltage but contact force is not sufficient for
stable switch operation. Minimum contact force has been reported in [14] as 15.5
UN for stable contact. These configurations give maximum contact force as 13.02
UN which is below the contact force found in [14]. Therefore, based on the results it
can be concluded that cantilever beam contact switches with thickness 1.2 s are not

suitable for MEMS application with dimensions studied in this work.

Table 7.3: Results of switch with thickness 1.2 um.

Configuration

No. Dy (15 X wy) Vpr(V) F.(uUN) ts(Ws)
1 10 x 10um 153.12 39.67 0.154
2 12 x 12um 80.31 18.50 0.30
3 14 x 14um 58.44 16.52 0.44
4 16 x 16um 47.50 13.02 0.45
5 18 x 18um 34.69 9.85 0.60
6 20 x 20um 28.44 9.06 0.75
7 22 x 22um 23.75 8.43 0.90
8 24 x 24um 20.31 7.33 1.05
9 26 x 26um 17.50 7.31 1.17
10 28 x 28um 15.31 6.73 1.35
11 30 x 30um 13.44 5.36 1.46

Dy,: dimensions of beam, Vp;: pull-in voltage, F;: contact force, t;: switching time.

7.4 Case 4 : Thickness 1 um

Simulated pull-in voltage, contact force and switching time results of switch with
thickness 1 um have been mentioned in Table Contact force versus pull-in volt-
age, switching time versus pull-in voltage, switching time versus contact force graphs
have been projected in Figure Results show that none of the configuration gives
reasonable pull-in voltage, switching time and contact force. Configuration 1 gives
reasonable contact force but pull-in voltage is extremely high. High pull-in voltage

requires high actuation voltage which violates the low pull-in voltage requirement.
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Figure 7.4: Results of 9 configurations of switch with thickness 1 pum are projected:
(a) contact force versus pull-in voltage, (b) switching time versus pull-in voltage, (c)

switching time versus contact force.

MEMS switches relaibale operation voltage lise between 20-80 V [11]. It gives pull-in
voltage 120.31 V. Configurations from 2 to 11 give reasonable pull-in voltage but
contact force is very small. Minimum contact force has been reported in [14] as 15.5

UN for stable contact. These configurations give maximum contact force as 11.06
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WN which is below the contact force found in [14]. Therefore, based on the results it

can be concluded that cantilever beam contact switches with thickness 1 pum are not

suitable for MEMS application with dimensions studied in this work.

Table 7.4: Results of switch with thickness 1 um.

Configuration No. Dy (s x wy) Vpr(V) F.(uN) ts(us)

1 10 x 10um 12031 22.94 0.15

2 12 x 12um 62.50 11.22 0.36

3 14 x 14um 4531 9.72 0.44

4 16 x 16um 36.86 7.73 0.59

5 18 x 18um 25.56  5.58 0.84

6 20 x 20um 21.88 592 0.89

7 22 x22um 18.44  4.86 1.04

8 24 x 24um 15.63 4.73 1.17

9 26 x 26um 13.47  3.86 1.42

10 28 x 28um 11.56  No contact No contact
11 30 x 30um 10.12  No contact No contact

Dy,: dimensions of beam, Vp;: pull-in voltage, F;: contact force, t,: switching time.

The following Table summarizes the optimized shape of MEMS switches with

four different thickness.

Table 7.5: Optimized shape of four cases.

Thickness (um) Configuration No. Dimension  Vp(V) F.(uUN) ts(us)
1.6 22 x22um  35.62 17.81 0.74
1.4 18 x 18um 42.81 15.60 0.59
1.2 no configuration found

for optimization.
1 no configuration found

for optimization.
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CHAPTER 8

CONCLUDING REMARKS AND FUTURE WORKS

In this thesis, 44 configurations of gold made MEMS cantilever contact switch have
been critically analyzed in order to find out miniature optimized shape for low pull-in
voltage, low switching time and high contact force. Mechanical and electrical mecha-
nisms related to MEMS switches operation have also been demonstrated in this work.
Low pull-in voltage ensures low power consumption which is essential for commer-
cial and military applications specially for space or wireless systems. Low switching
time provides faster operation facility of switch which is essential for communication
system. High contact force ensures stable operation of switches. 44 configurations
have been categorized into four cases based on thickness of beam. Squeeze film
damping effect on switch dynamic operation has been evaluated. Pull-in voltage,
switching time and contact force for each configuration have been evaluated in 3D
MEMS analysis software CoventorWare. Results obtained from CoventorWare have
been validated with analytically calculated results. CoventorWare results have also
been compared with literature. According to obtained results, introduction of rect-
angular hole at the anchor point significantly reduces pull-in voltage. Introduction of
hole also diminishes the inertia effect in beam which in turn also lowers the switching
time. It has been observed that pull-in voltage increases with decrease of beam length
and increase of thickness of beam. Switching time becomes lower with decrease of
beam length and increase of thickness of beam. Contact force also shows the same

behavior as switching time.

The results of this study show that for switch with thickness 1.6 m, configuration
7 with dimension 22 x 22um provides miniature optimized shape to obtain low pull-

in voltage, small switching time and high contact force for stable switch operation.
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Other configurations do not give satisfactory results for all three criteria. Large length
switches give satisfactory low pull-in voltage and switching time but contact force is
very small which can not ensure stable operation. Low length switches give satis-
factory contact force and switching time but pull-in voltage is very high for MEMS
application. In case 2, switch with thickness 1.4 um, configuration 5 with dimension
18 x 18um gives satisfactory pull-in voltage, switching time and contact force. Other
configurations lack behind the desired requirement of any of one criterion from pull-
in voltage, switching time and contact force. In case 3 and 4, switches with thickness
1.2 um and 1 um , no configuration provides satisfactory results for MEMS appli-
cation. Any of one criterion from pull-in voltage, switching time and contact force
does not satisfy the desired requirement for stable switch operation. Therefore, it can
be seen that cantilever beam based MEMS contact switch shows poor performance
with the decrease of thickness. Switch with thickness below 1.4 um shows very poor

performance for stable MEMS switch operation.

The future steps to continue the work are that to fabricate the miniature optimized
shape and experimentally obtain the results. Other materials made switches can also

be analyzed to validate the conclusions found by this work.
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