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DESIGN AND SIMULATION OF ELECTROSTATICALLY ACTUATED MEMS
CANTILEVER BEAM SWITCH

SUMMARY

In recent years, nanotechnology becomes a majoe igs our lifetimes with growing
technology. Especially MEMS (Micro Electro MechaaicSystem) is important
searching area for nanotechnology because of itie wainge of application such as
medical, telecommunication, automotive, defense aardspace areas. Low-cost, small
size and light weight is advantages of the MEMS.tlAs communication technology
evolves day by day, the demands for low cost, lowey, multifunctional and higher-
speed data communication circuits are increasirgneously. With the potential to
enable wide operational bandwidths, eliminate oipcpassive components, make
interconnect losses negligible, and produce alnuestl switches and resonators in the
context of a planar fabrication process compatiblgh existing IC processes,
micromachining and Micro-Electro-Mechanical SystefdEMS) has emerged to
overcome the aforementioned problems of commuwicatircuits. Cantilever beam
switch is this kind of MEMS switch which is actudtey electro-statically. For this
purpose pull- in voltage is important parameter ¢antilever beam design. Pull-in
voltage value depends on dimension of the beamermbtproperties of the beam.
Therefore this parameter values is calculated ctiyre Cantilever beam switch’s
working does not depends on only electrical paramsetlso mechanical properties such
as damping ratio, tip deflection, stress are effeetsystem. For modeling this kind of
switch, parallel plate capacitor parameter is uSsleral simulation will be examined
for correct analyse. In fabrication part differehimension cantilever beam swithes is
used for see how it depence parameter relatiorr Aitsign, simulation and fabrication,
MEMS cantilever beam switch capacitance, voltadeesare measured in real time.
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ELEKTR IKSEL OLARAK AKT IVE OLAN K IRiS TiPi MEMS
ANAHTARLARIN TASARIM VE S IMULASYONU

OZET

Teknolojinin ilerlemesi ile birlikte nanoteknolajiygulamalari da hayatimiza girmistir.
Son yillarda mikro elektromekanik sistemler (MEM&noteknoloji alaninin dnemli
calisma basamaklarindan biri haline geltini Ozellikle, s&lik, telekominikasyon,
otomotiv, savunma, uzay ve havacilik gibi alanlardans capli uygulamalar
bulunmaktadir. MEMS’ in tercih sebepleriningoada ise diiik maliyet, kiiciik boyutlu
ve diguk agirlikh olmasi gelmektedir. Teknolojinin ilerlemeéizellikle kominikasyon
sisteminde ki ge§imelere olanak gdamistir. Bu nedenle MEMS, RF (radio frekanslari)
uygulamalarinda tercih edilmeye baslagtmi ClUnki dgik maliyetli, dgiuk guc
tiketen, cok fonksiyonlu ve ylksek hizli bilgi tsd@ri s@layan komuinikasyon
sistemlerine olan ihtiya¢ oldukca fazla artmaktadrF devlerinde yuksek bant
gengligine olanak sglamasi, kirmik diundaki pasif elemanlari ortadan kaldirmasi, IC
dretimine uygun fabrikasyon gamasi ve ideale ¢ok yakin anahtarlama yapilari ile
gunimizde cokca tercih edilmeyeslaamstir. Bu anahtarlama yapilarindan biri olan
kiris tipi anahtar elektriksel kuvvet ile aktive halelrgektedir. Dolayisiyla kapanma
gerilimine uygun olarak, anahtarinin boyutlari &kollan malzeme 06zellikleri
hesaplanarak tasarimi yapilmalidir. Ozellikle bekelksel kuvvet dgrultusunda
sistemde mekanik olarak da timm, ani ivmelenme, sonimleme, stres ve buiktlmeler
meydana gelmektedir. Sadece elektriksel analizkgil dnekanik analizlerde 6nem
kazanmaktadir. Paralel plaka kapasitorlerinden gidarak kirk tipi anahtarin tasarimi
ve similasyonlari yapilmtir. Ayrica farkli boyutlar icin farkli gerilim deerlerinde
kapasite olcumleri yapilarak, anahtarda baskin rpenaleri arstirilacaktir. Boylece
sistemde istenilen verileri ayabilecek MEMS tasarimi yapilabilmektedir.
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1. INTRODUCTION

Micro-Electro-Mechanical Systems, or MEMS, is ahtealogy that in its most
general form can be defined as miniaturized medaharand electro-mechanical
elements (i.e., devices and structures) that ardemasing the techniques of
microfabrication. The critical physical dimensioolSMEMS devices can vary from
well below one micron on the lower end of the disienal spectrum, all the way to

several millimeters [1].

1.1Background and Motivation

In recent years, micro electro mechanical systerBNI8) becomes milestone for
medical and commercial applications. Their low coshall size, low energy
consumption, standard semiconductor fabrication padibility and life time have
made it so usable devices. The application of MEM® be seen most of the area in
the life [1]. Especially in medical application, NMES device is being used very
commonly such as Bio-mems, hearing and seeing BiNg, sequencing and bio-
sensors. Also in communication industries RF MEM&tch is more useful than
PIN diodes and FET devices. MEMS devices still aed@ng issue. Because the
design process of MEMS contains different layershsas fluidics, thermal effects,
electrostatic and mechanics. Therefore, these dmnzaie taken into consideration to

simulate the performance of finished device [7]

Another fast growing area is communication techges. As the communication
technology evolves day by day, the demands for lowst, low power,

multifunctional and higher-speed data communicaticncuits are increasing
enormously. All these essential requirements epfaignificant challenges on the
current technology and illustrate the need for neesigns and advanced
architectures. The challenges of re-configurahilgpectrum efficiency, security,

miniaturization and cost minimization can only beetnby ensuring that the



transceiver/receiver is comprised of low-energyw-tmst, adaptive and high
performance RF devices [10].

The interest of RF MEMS switch design is very siligafor CMOS standard process
flow. Also, compatibility of RF device’s parameter the system is makes them
useful in a same system. When an electrostatiee fm@applied to the RF MEMS
switch pull-in occurs and it connects two lineghe system. Due to their advantages
like low-power consumption, high isolation MEMS #sties replace the
conventional switches. Electrostatic actuation he tmost preferable actuation
method in MEMS switches because of its applicatsovery simple and has a high
efficiency [7]. For getting more reliable MEMS seht material properties,
electrostatic force, beam deflection, damping o€ thystem is investigated
mathematically. Also design parameter is founddifferent size of cantilever beam
switch. After all that, MEMS process flow is seardhand started its fabrication in

the cleanrooms.

1.2Pull - in Phenomenon

For cantilever beam switch is modeled like a patgllate capacitor. Therefore, a
bias voltage is necessary to ensure a linear foapacitance range of operation. The
calculation of the pull-in voltage whereby the segsstructure collapses due to
electrostatic forces is an important design reqouéet. A linear, uniform
approximate model of the nonlinear electrostatespure has been developed and
used in conjunction with the load deflection modéla MEMS cantilever beam
under uniform pressure to develop a highly accunadelel to calculate the pull-in
voltage [11]. For pull-in to occur, a certain ambof energy needs to be injected
into the system. The modulated voltage pull — ichieques relies on this energy
being accumulated in the mechanical system duhegoull in process. For system
reliability lower actuation voltage is needed ahdrt the time for pull-in occur is
longer [4].

1.3Thesis Objectives and Organization

The objective this thesis is:
* In RF device for switching the signal cantileveraive switch more useful,
cheaper and reliable at high frequencies than Piddlé3 and FET devices. To

show that cantilever beam design is very importahen calculating power
2



ranges, dimension, working frequencies, pull-intagé, deflection of the beam,
stress in the beam, for this purpose choosing hghtm material

To modeling electrostatically actuated cantilevearn switch, parallel plate
capacitor system model is investigated to calcutsepull-in voltage

To observe relation between material propertiesmerd of inertia deflection,
resonant frequency, material properties such asnyoMdodulus for process
cantilever beam switch

To check damping coefficient effect in the syst@mpen loop system responses
are investigated with damping and without dampiysjesm

To process compability MEMS to traditional CMOS sfed in process flow step
To verify the mathematical equation for differergesof MEMS cantilever beam
switches masking design is done with using L-ecbgpam

To verify the design, Finite Element Modeling (FE&)used in CoventorWare
program. MEMS cantilever beam switch fabricationgass is described in this
program

The organization of the thesis is as follows. Therea general overview about

MEMS such as its application, usage and marketilligion in the world in

Chapter 2. In Chapter 3, mathematical explanatioout parallel plate capacitors

then modeling and simulation of cantilever beamtawis studied. Also in this

chapter cantilever beam design parameter’s relé@ivween them is investigated. In

Chapter 4, cantilever beam switch process, layodtfabrication steps are showed.

Finally, a summary of the conclusions, togethehwibssible future work is given in
Chapter 5.






2. MEMS OVERVIEW

In MEMS systems are became a major issue for gigpedachnology and find a lot of
application area with this growing technology. histchapter, MEMS application

areas are investigated.

2.1 Introduction

Microelectromechanical systems (MEMS) refer to desithat have characteristic
length of less than 1 mm but more than 1 microat tombine electrical and
mechanical components and that are fabricated usiteprated circuit batch-
processing technologies. The multidisciplinarydig@ias witnessed explosive growth
during last decade and the technology is progrgssira rate that far exceeds that of
our understanding of the physics involved. Ele¢ttis, magnetic, electromagnetic,
pneumatic and thermal actuators, motors, valves,sgeantilevers, diaphragms and
tweezers of less than100 micron size have beercébd. These have been used as
sensors for pressure, temperature, mass flow, itglosound and chemical
composition, as actuators for linear and angulaions, and simple components for
complex system such as robots, lab-on-a-chip, niigat engines and micro heat

pumps [12].

Figure 2.1: SEM pictures of Electrostatic micro engine systems

5



2.2 Application of MEMS

The major application of MEMS technology to dateirissensors. These include
sensors for medical (blood pressure), automotivesgure, accelerometer), and
industrial (pressure, mass air flow) applicatioh3, [14]

MEMS systems will have applications in a varietyaoéas, including:

+ Remote environmental monitoring and control. Thas cange from sampling,
analyzing, and reporting to doing on-site contiidle applications could range
from building environmental control to dispensingnents to plants.

« Dispensing known amounts of materials in difficdtreach places on an as-
needed basis. This could be applicable in robgttesns.

« Automotive applications will include intelligent kele highway systems and
navigation applications.

+ Mass data storage devices using magnetic and atwale patterning for storage
densities of terabytes per square centimeter.

+ Integrated micro-opto-mechanical components for Iomower optical
communication, displays and fiber —optic switchexioiators

+ RF and wireless application for relay and switchimgtrices, reconfigurable
antennas, switched filter banks, electromecharicait-end RF filtering and
demodulation.

2.3MEMS Market and Industry Structure

The potential of MEMS technology promises to retioluize our present-day life-
styles as much as the computer has. In additionotapletely new applications
enabled by MEMS technology, existing applicationdl Vikely be replaced by
miniaturized, low-cost, high-performance, "smartEMS technology. The potential
for cost-effective and high-performance systems dt#sicted attention from both
government and industry alike. The substantial roptfinvestment often required
for successful, large-volume commercialization &MIS is likely to limit the initial
involvement to larger companies in the IC indusifrgese companies can leverage
their existing capital investment in semicondugicrcessing equipment toward the
development of MEMS components for large-volumeliappons.

Estimation shows that fort he near future MEMS picid will have a fast increase

on all over the world. Recent forecasts imply tpatwth of the market potential of

6



MEMS products reaches $6 billion by the year 2086t a&an be see in Figure 2.2
[15]. This extended growth of MEMS market can belaxed as it does not have
only one application area. Currently, the majoofyMEMS products are sensors
that are used in lots of systems. Thus, advantafj®EMS increase not only its

market structure but also market of other sectensguit [15].

Global MEMS Revenue (Billions of U.S. Dollars)

2006 2007 2008 2009 2010 2011 2012 2013 2014

Figure 2.2: MEMS market revenue in the world

The MEMS market for sensors will continue to grgayticularly for sensors with

integrated signal processing, self-calibration, aet-test. However, a substantial
portion of the MEMS market will be in non-sensigtuator-enabled applications,
such as scanners, fuel-injection systems, and deasstorage devices.

A number of companies are already marketing MEMS8icés and systems for
commercial use. These companies include a broaderar manufacturers of

sensors, industrial and residential control systerakectronic components,

automotive and aerospace electronics, analyticumsnts, and biomedical products.
Examples of such companies include Goodyear, Hoalkywucas Novasensor,

Motorola, Hewlett-Packard, Analog Devices, Texastriiments, Siemens, and
Hitachi. In addition, many small, emerging busimsssave also been formed to

commercialize MEMS components [15].
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2.4Trends in MEMS

MEMS technology is extending and increasing thditgbio both perceive and
control the environment by merging the capabilitdssensors and actuators with
information systems. Future MEMS applications via# driven by processes that
enable greater functionality through higher leved$ electronic-mechanical
integration and greater numbers of mechanical corps working either alone or
together to enable a complex action. These prodegslopments, in turn, will be
paced by investments in the development of new nadge device and systems
design, fabrication techniques, packaging/assembigthods, and test and

characterization tools [15].



3. PULL IN PHENOMENON
3.1 Introduction

Pull-in phenomenon is a discontinuity related te timterplay of the elastic and

electrostatic forces. When a potential differenseapplied between a conducting
structure and a ground level the structure defatoesto electrostatic forces. The elastic
forces grow about linearly with displacement where¢le electrostatic forces grow

inversely proportional to the square of the distan&hen the voltage is increased the
displacement grows until at some points the grovate of the electrostatic force

exceeds that of the elastic force and the systemataeach a force balance without a
physical contact, thus pull-in occurs. The critigaltage is known as the pull-in voltage
[16].

Conductive plates

A 4
T

d

Dielectric

Figure 3.1 Schematic of a parallel plate capacitor

3.2 Pull-in voltage in electrostatic micro actuatos

In figure 3.1 when voltage is applied over the citpace, electrostatic force will work
to reduce the plate separation d-x. At small vasagthe electrostatic voltage is

countered by spring forc&, =kx but as voltage increased the plates will evehtual
snap together. Estimating this pull-in voltage and the plate distance, before pull-in

effect is required for the successful design oftetestatic actuators, switches, varactors

and sensors. [5] Also in figure 3.2, the plate titeched to a spring k. The capacitor



capacitance C depends on the plate overlap ardel&ctric constant of the surrounding

medium¢ and gap d-x

=

x

Figure 3.2: Schematic of an electrostatic actuator.

c=g PN (3.1)
d-x

The simplest model is the single degree of freediomped mass model defined by
second order differential equation with constardfftcents wherem is the mass of the

movable platep is the damping coefficient ankl is the stiffness of the spring [4]

mx+b x+ kx = f (t) (3.2)

To derive the expression for pull-in, start by wgt the total potential energy in the

system [5]:
E:—%dE—AV +%kx2 (3.3)
- X

where the first term is the electrostatic poteriathe deformable capacitor because of
voltage source and second term is due to mechaamsahy stored in the spring. The

force acting on the movable plate is obtained bwaey equation (3.2)

=_ELL A ey 34)
ox 2(d-x)

At equilibrium pointF =0, so the electrostatic force and spring force exjgath other

and equation (3.4) gives us:

:1 EA 2V2 (35)
2(d-x)

10



Equation 3.4 can be solved for the equilibrium @ladsitionx as a function of applied

voltageV [5]

VO = M (36)
V EA

In the domai® < x<d, V has a maximum value far=d /3. The equilibrium voltage

associated with this point is called the pull-intage.

11}

12

10

|:| | ] ] | | ] ] ]
0.1 0.2 0.3 0.4 0.4 0.6 0.7 0.5 (L2

i

Figure 3.3: The equilibrium relationship between plate disptaentx and voltagev

In the figure 3.2the equation 3.5 solved f@A" is constant. So it can be easily seen

that,V has a maximum value for=d /3.

For x =d /3, maximum value ofV can be calculated ,

3
e
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3.3 RF MEMS Switch

Mobile technologies have relied on Radio freque(iR¥) switches for a long time.
Though the basic function of the switch has rentithe same, the way they have been
made has changed in the recent past. RF micror@lewchanical systems (MEMS)
have been pursued for more than a decade as @sodithigh-performance on-chip
fixed, tunable and reconfigurable circuits for exdenthey being used to switch power
between the transmitter and the receiver or inmaearrays to form configurable arrays
of antennas. RF MEMS switch has many advantagds asidow loss, high isolation,

good linearity, broad band and low power consunmpjtid

The drive for MEMS switches for RF application hiagen mainly due to the highly
linear characteristics of the switch over a widegeof frequencies. MEMS RF switches

come in two configurations, series and shunt.

Series switch is in series with the power line aitder closes and opens the line to turn
it ON or OFF position. Series switch can be seefigare 3.4. In series switch the

contacting surface is usually at the end of a girsgipported cantilever beam with a
control electrode under the beam. By applying Bage to the control electrode the

beam can be pulled down to complete the connebetween two conductors [2].

Pull Down Switch
An{hur Electrode  Contacts

m—
==

A

Figure 3.4: Series Switch
A shunt switch in figure 3.5 the power line is samthed between two ground lines and
the switch turned on to short the power on theditjne to the ground thus preventing

the power going past the switch [2]

12



+ . AlMembrane

! }

Full-Down
Electrade

Anchaor

Figure 3.5: Shunt Switch.
This thesis organization is about series switchctvas in line switch which is called
cantilever beam switch. Cantilever beam switch @&@ua mechanism is electrostatic.
Electrostatic methods rely on the basic columbiccdoof attraction between two
oppositely charged plates. When electrostatic fas@pplied to the beam electrode, the

contacts eventually snap down and completing tpeasipath circuit. [2]
b

'.- (NN N NN N SN R R S — " TEEEEEE DEE .. -----1

Tranamssion Line

|_..—-'_:

i [ RF
) NEMS Sutch (OUT)

Figure 3.6: MEMS Switch between RF input and RF output

In figure 3.6 MEMS switch is used between RF inpiginal and RF output signal in

transmission line for to reduce insertion loss. &se MEMS RF switch performances
are better than PIN Diode and FET. Also power comngion of the RF MEMS switches

are less than PIN Diode and FET.
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Figure 3.7: Cantilever Beam Resistive Switch
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Figure 3.8: Series cantilever beam switch lumped circuit m@jeDN state
b) OFF state

In figure 3.8 the electrical model MEMS series sWwiaire series capacitanc€gin the
up-state position and small resistafRgén the down state position. In this circuit,

cantilever beam is represented by a transmissi@nJiith characteristic impedance of

Z, and electrical length off . The two lines around the beam at ports contributie
two Z, transmission lines. Capacitive coupling betweent#o lines via the electrodes
introduce<C, . There is one capacitd adjacent toZ, at off state or one resistdr; at

on state due to coupling capacitance and contataace respectively. The coupling

14



resistanceR;is mainly affected by surface roughness of cordaeas as well as applied

force between contacts. If the contact surfacemsah enough and applied force is

large, thenRg should be relatively small [2].

3.3.1 Cantilever Beam Switch and Equations

A cantilever is a beam supported on only one erk Beam carries the load to the
support where it is resisted by moment and sheasst MEMS cantilevers are
commonly fabricated from silicon (Si), silicon ite (SgN,), or polymers [17,18]

ﬂxif

.

F{,ff e ——— —

“ m, £ "
- { >

Figure 3.9: Basic structure of fixed end cantilever beam, Mas¥ oung Modulusg
and Inertial Moment

This general geometry can be applied for MEMS gwitc

Figure 3.10: Cantilever beam switch

It can be easily seen that cantilever beam sephbgta dielectric spacer from the fixed
ground plane in Figure 3.10 [3] Electrostatic atttrais a very common design for

MEMS design. Pull in voltage is one of the most amtant criteria for MEMS cantilever
15



beam design. Accurate modeling of pull in voltagevery challenging due to high
nonlinearities and instability. Effects such asnding fields, residual stress, tip
deflection, beam adhesion to the bottom plate Hawther complicated modeling.

Numerical methods based modeling, such as thes felément method is often used for
the modeling. There are various commercial MEMS usation software such as

Coventorware, Comsol, Intellisuite, Ansys, Femlal Sugar.

Cantilever:

. L. .

————— 0

Ymax

Figure 3.11: Cantilever Beam Switch Displacement when ElecatasForce is applied

When electrostatic force is applied to the bearactebstatic pressure will pull the
cantilever beam towards the ground as Figure 2Q]L This electrostatic force depends
on actuation voltage. Typical actuation voltagenigh power switches range anywhere
between tens of volts to nearly hundred volts. Tisisan important parameter for
designing switch. Because it effects compatibilifythe switch with other circuitry on
the same die [2]. In some cases, though the actuatltage is too high because of that
some extra interface circuitry for switch compatilsan be needed in the board. So this
consumes extra area on the wafer. The main fagtitencing the magnitude of the
actuation voltage are electrode spacing, area tfaaon electrode and dielectric
material in between the two electrodes. The switgberates linearly with in
approximately the tod/3 of the gap. First the beam is pull down to thigt plaen the
electrostatic force overcomes the spring force snich operation became nonlinear

and snaps together. The applied voltage in thimsin is called pull-in voltage. Pull in
. . 8kd o .
voltage calculated before in equation 3.V = >7en where ¢ is dielectric constant,
&

Aare of beam,kspring constant,d dielectric gap. In cantilever beam, applying a
voltage to the beam a electrostatic force is oeclriThen this force causes a tip
deflection. The superposition principle is one loé tmost important tools for solving

beam deflection problems allowing simplificationwary complicated design problems.
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For beams subjected to several loads of diffeggred the resulting shear force, bending
moment, slope and deflection can be found at acgtion by summing the effects due
to each load acting separately to the other lo@idsrefore maximum displacement of
the beam can be calculated from the Figure 3.12

X

W Al ::.I;~

= =

Figure 3.12 Cantilever beam (uniform section) with a singb@centrated load at the
end
. dx
At the fix endx =0 dy =0, & =0 [19]
y
From the equilibrium point, at the support thera i®sisting moment FL and vertical

upwards forceF . At the any pointx, along the beam there is a moment

2
“FL-x=M =g Y (3.8)
dx

d?y
El =-F(L-X .

pvE (L-%) 938
After integrating the equation (3.9), getting edgomat

dy x?
El —=-F(Lx—-—)+C 3.10

y ( )1G (3.10)
C,=0, becausegl—y =0 at x=0. Integrating equation (3.10) again,

X
Lx* x°

Ely=-F| —-=—|+C 3.11

e ey
Also C, =0 becausey=0 at x=0
Atthe end A,x=L so

F L L FL®

= (=)= 3.12

o=y 5 6) 3El (312)
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_FL®

== 3.13
max 3E| ( )

E is the young modules value for beam materiainoment of inertiaL is the length
of beam [20].

bh?
=— 3.14
T (3.14)
b is the width of the beam ard is the thickness of beam.
k:3E% (3.15)

Spring constant of the beam described in equaBalts, wherde is the young modulus
of the beam material, is the length of the beam ahdmoment of inertia [20].

In this thesis organization, polysilicon is choden making cantilever beam switch
material. Young’'s modulu€ is important when choosing material for making MEM
cantilever beam switch. Because in solid mechaMosing's modulus, also known as
the tensile modulus, is a measure of the stiffredsan isotropic elastic material. It is
defined as the ratio of the uniaxial stress overuhiaxial strain in the range of stress in
which Hooke's Law holds. It can be experimentalgtedmined from the slope of a
stress-strain curve created during tensile testdwtied on a sample of the material. Tip
deflection effects by material's Young Modulus ditg. Also spring constant is
important parameter for deflection of the loadedt.pdhe spring constant effects
cantilever beam thickness. For example a 20 % &saong in the thickness of the beam
causes 73% increasing in the spring constant. Bljigimg constant causes more stress in
the beam. More stress also effects working parasetethe cantilever beam switch
such as isolation and switching time.

Go back to mathematical model of the parallel ptateiator again

2
M+ b+ k= — Y (3.16)
2(d, - x)

2

: ., d°x .
m is the mass of movable plate and:F means acceleration of the beam from the

oscillation resonant frequency [20].
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Figure 3.13 Spring constant variation with respect to thekhess of the beam

-1 {3E' }0.5 (3.17)

° "o Pm

Neglecting the damping,
x =Y cod27f t) (3.18)

Y is the initial displacement from the equilibriumimio So,
L d?x )
X= e Y (27%,)° cos@rf t) (3.19)

The maximum force due to proof mass where the rohise beam is calculated from

the mass=volume*density [20].
Volume=L*h*b (3.20)

L is the length of the cantilever beammis the height of the beam ards the width of

the beam. Micro cantilever beams have higher freges. For example, the polysilicon

19



cantilever beam which’s dimensions &rel00um, W =60um do=2umand

h =2umhas nearly 2 KHz resonant frequency.

100

amplitude per

Figure 3.14:Open loop step response for cantilever beam wittiamping.

In figure 3.14, structural damping is zero. Theozeof the system are in the imaginary
axis and the dynamics only marginally stable. Sitihee effects of damping on micro-

cantilever beam in MEMS can not be ignored undasronscale system and keep the
system stable [21]. Stabilization is important esséor RF MEMS switches. Because RF

MEMS switches is working very high frequencies.

amplitude per unit moment

Figure 3.15:Open loop step response for cantilever beam vathping
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If damping is to low for cantilever beam, the sevdegree of resonance of beam impact
from the external force which causes large sigmal®verload the control circuitry
resulting system failure [8]. Generally high dangpiratio is preferred for cantilever
beam switch. Therefore in designing MEMS switcheslevices damping factor take

into considerations on the early stages [21].
3.3.2 Cantilever Beam Stress

Beams structure characterized by their ability upport bending and they can provide
linear degree of freedom. Moment and transverseslagpplied to the beam so it
becomes curved [8]. Axial loads make beams longeshorter. As the loaded beam
takes on a curved shape, one side of the beam belmarger while opposite side is
shortened. Therefore, shortened side of the beawntes compressive and the longer
side of it becomes tensional. Neutral axis of leam which is a plane through the
geometric center of the beam does not change gtHeat all and unstressed as a result
of bending. For simple cases in beam bending, #vdmum stress is in at beam surface
also it is independent at the material composingaottilever beam. The magnitude of
the stress of the beam bent into a curved shapethsr a moment or a transverse load

Mc
0‘:_

| (3.21)

M =P.L (3.22)

stress vs thickness
10 T T T

thickness of the beam
o
T
Il

| | | | | | | | |
[0} 0.5 1 1.5 2 2.3 3 385 4 4.5
Stress of the beam x 102

Figure 3.16:Air gap thickness vs. stress of the beam
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M is the moment which causes beam curvataig,the distance from the neutral axis
) ) . L 2d
(usually half of the thickness of gap but in thiegis organization c=? can be

acceptable, because of maximum pull in voltagee)adund | is the area moment inertia

of the beamP is referred pressure also equals to electrodtate [8].

For example the figure 3.16 above is showing, wiiéckness of the air gap increases
stress in the beam also increases. Because putltinge value increase with thickness
of the between beam and bottom plate so needirappy more electrostatic force to

cantilever beam switch. Therefore it causes maesstin the beam. Another important
parameter for stress is material properties ottrilever beam. In figure 3.15, it can be
easily seen that stress is increasing when yourduhas of the beam is increased. When
young modulus is getting bigger, applied voltagtuedaor electrostatic force is also

increasing. So it will cause more stress in therbea

x 102 stress vs thickness
45 i
4r polysilicon —
aluminium
3.5 copper

stress of the beam
N
(6)]
|

o /,,/ | 4
15f T
1 B ///// ///// -
05 1
= ‘ ‘ ‘ ‘ g ‘
1 4 5 6 7 8 9 10

thickness of the beam

Figure 3.17: Stress and thickness relationship for differeatamal
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4. FABRICATION OF POLYSILICON CANTILEVER BEAM SWITC H

Some of the MEMS switches that have been propoaed bxcellent characteristic but
can not be integrated into typical CMOS procesw flerocess compatibility has become
major concern as more and more MEMS technologyisgointegrated into the system
[2]. In this thesis organization, electrostaticallgtuated polysilicon cantilever beam
switch is being fabricated in YITAL (Semiconductbechnologies Design and Process
Research Laboratory) at TUBITAK UEKAE’s clean rooi.also shows that CMOS

process compatibility to the MEMS process. For eplanm MEMS technology, gold is

suitable for parallel plate capacitive bottom aledé. But it affects CMOS chip’s

conductivity so in YITAL gold deposition is not useBecause of this effect, doped
polysilicon is used for bottom electrode. The mateparameters that determine the
threshold voltage, the resonance frequency, anands@mum deflectable distance are
the elastic modulus, the yield strength, and tleéedtric constant. In table 4.1, lists these

properties for different class of materials [22].

CMOS Davice area u Micromechanical device area

Arsanic-tdoped spitaial layer Nitrida MM paly 0/

n-type silicon substrate

Figure 4.1 Schematic illustration of Cantilever Beam Switeith traditional CMOS

process
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Table 4-1: Elastic Modulus, Yield Strengths, Dieldcic Constants of Various
Materials

Class Material Elastic Yield Strength Dielectric
Modulus o,(N/m?) Constantg;
E(N/ng
Ceramics TaOs 6.0x10 25
Sio, 7.17x18° 8.4x106 3.94
SisN, 1.3x10* 1.4x10° 7
Al,O3 5.3x10* 1.54 x18° 10
Metals Au 6.13x18° 3.24 x16
Al 7x10% 1.7 x16
Cr 1.8x161 3.62 x16
Ni 2.07x10* 5.9x16
Semiconductor  Si 1.90x1b 7.0 xa0 13.5
Diamond C 1.04x16 5.3 x13° 5.68

The mechanical and electrical properties of theemes depend on microstructure, such
as whether the material is single or polycristalaify size and grain orientation),
amorphous, as-deposited, or annealed.

Si (1,0,0) p- type (CZ), 15-282/cm wafers used for this project. Their doping
concentration nearlys*10"™ eV /cm. For processing cantilever beam switch we need
conductor and dielectric materials. For cantileleam design we need two parallel
plates. These plates are conductor so they cawctbatad by electrostatically. Also for
this switch, we need capacitive effect. Then theedtric layer between to conductor

plates is used.

\ L »

Figure 4.2 Schematic illustration of Cantilever Beam Switch
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Firstly, silicon wafers cleaned with standard RCkaning at chemical wet bath.
Immediately wafer oxidized at 90C° with O, atmosphere. Oxidation is not necessary
but it reduces stress between nitride and silieyer interface. After oxidation Silicon
Nitride (S;N,) layer deposited with LPCVD furnace. This layerrkslike dielectric

isolation between the substrate and the devicetHibkness of the Silicon Nitride layer

0
is 1500 A . On the top of this laye®.3umthick Polysilicon named Doped Polysilicon |
deposited in LPCVD (Low Pressure Chemical Vapor &3#pn) furnace. Then the

wafers were doped with phosphoruPdCl,) source. So polysilicon’s grain sizes

changed then its slice resistance value decreasdyng5 Q/cm’. The Doped

Polysilicon | layer patterned with first mask (wémgth 436 nm) set using
photolithography for bottom electrode. Then poigsih layer etched using Reactive lon
Etch chamber. After etching, the photoresist wapstd in a chemical solvent bath. For
the switch design the Doped Polysilicon | patteresmained after etched makes

electrodes, the signal line and the polysilicorefayf the electrical pads.

Picture 4.3: SEM image of Doped Polysilicon | layer mask pattern
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Picture 4.4SEM images of Doped Polysilicon I different sizebottom electrode
pattern

After Doped Polysilicon layer2um thick BPSG oxide layer was deposited in the
LPCVD furnace. This layer would provide anchor pdrthe beam because BPSG oxide
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layer is sacrificial. At the end of the all the pess step, this layer all etched with wet
etching chemicals so it become air gap between lzahbottom electrode layer. Again
after deposition, BPSG oxide layer was patternedl etched with mask named OKS.
This time wavelength of the photolithography wash 3@m. Then photoresist was

removed by chemical solution.

Picture 4.6 SEM image of different size of after etching BPS&de layer pattern
27



Table 4.2: Polysilicon Cantilever Beam Switch Pross Layers

Material Thickness Type of Layer Function
Si 500um p-type Substrate
semiconductor
. 5 . . - 1

SIO, 120 A Dielectric Decreasing  streg
between SN, and
Si layers

. 5 . . . .

SizNg 1500 A Dielectric Dielectric layer
between beam an
bottom electrode

ili 0 -
Doped Polysilicon | 3000A Conductor (n-type) | Bottom electrode
BPSG 24m Dielectric ~ (doped Sacrificial Layer for
SiOy) gap between bear
and bottom
electrode
Doped Polysilicon Il | 2um Conductor (n-type) | Beam
Aluminum 24m Conductor Contact Pads

Si

Figure 4.7: Oxide growth

Si

Figure 4.8: Silicon Nitride (3N4) deposition



After silicon dioxide is deposited, silicon nitride deposited on silicon dioxide layer.
Because this layer satisfies dielectric materiaglwben bottom electrode and silicon

wafer for isolation.

Figure 4.9: Polysilicon | deposition (bottom electrode)

In this thesis organization doped polysilicon usadtop and bottom electrode. Firstly
bottom electrode is deposited after lithographycpss, bottom electrode is etched

according to first mask.

1

Figure 4.10: After Polysilicon | etch (bottom electrode)
Si

Figure 4.11:BPSG oxide deposition (anchor-sacrificial)

In figure 4.11, BPSG oxide is deposit conformalbmitom electrode. Then this layer
etched for OKS mask.

o

Si

Figure 4.12:BPSG oxide etch (anchor-sacrificial)
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Figure 4.13: Polysilicon Il deposition (beam)

In figure 4.13, after BPSG oxide is etched, patsih || deposited on the surface for stop

electrode.

Figure 4.14:Polysilicon Il etch (beam)

In Figure 4.14 second doped polisilicon layer ishetl according the mask set. So
bottom electrode also means cantilever beam isromtuAfter BPSG oxide which is
used for sacrificial layer is etched in HF chemiesalution, air gap is satisfied. In

figure 4.15 polysilicon cantilever beam switch ¢@neasily seen.

Figure 4.15: Sacrificial BPSG Oxide etch (air gap)

After all layers are defined, ConventorWare simolatprogram can be used. Firstly,

fabrication steps are entered to process recigersywith thickness of layer. Then mask
30



of the MEMS switch is designed. Mask defines actiggions in the layer. Because
deposition occurs all surface. But some part ofdéposition layer is has to etched. So

masking design is also important parameter forileset beam switch.

\Jumber SlepNeme bt Layer Name \MeterielNeme \Thieknees Wagk Name | Photoresit |EtehDepth sk Offset

g ot I3 Hlimshate: '.II_H]JfHIIII ,':

1 IPIener F||| I;IF'Iener Fl enh etrese | IVIDE IJ 3]
-0 el Paefl dek M 005
3 IPIenel Fil I;IF'Iene[ Fil deped pely I:F'DLYSILIEDN |]4

4 Shaght [ :'She@ht Eut | . !:p'ely:T =1 D
-5 Torlomd Sl CoromlShel s e P56 2 | |
B Stle|ghtEut Stie|ght Eut : eke|t I U
7| ool Stel Confme el |po_tped | POLYSILCON 12 | |
B Slle|ght|:ut Sheght Eut beem =1 D
9 IDeIete Delete F'SG ' | ' '

Figure 4.16: Process steps table in CoventorWare simulatiogrpro

Figure 4.17: Mask of MEMS cantilever beam switch in Coventor@/aimulation

program

After one layer is deposited, photoresist applied aa thin film on a layer and
subsequently exposed though the mask. The phatbresaterial is exposed to
ultraviolet (UV) light, the exposed areas becomebilsle so that they are no longer
resistant to etching solvents. After developing thafer is etched and all parts not
covered by photoresist are removed. For figure firs¥mask is polysilicon mask, after
deposition of polysilicon red area of the mask resahe other polysilicon area is

removed by etchants. The other mask is processedatvely.
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Si0, (Oxide) —»

Photoresisl

Si0, (Oxide) ——e

Glass mask
with feature
I‘--.._‘_-_‘---\-‘-

Insoluble
photoresist
"'--..___‘_‘_‘-L

Si0, (Oxide) ——

Si - substrate

Si - substrate

e e

Si - substrate

UV - Light

Exposed phalorasist

becomes soluble

Si - substrate

Figure 4.18: Photolithograph process
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Figure 4.19:Images of cantilever beam switch simulation in €uerWare

Figure 4.20: Meshing for cantilever beam switch in CoventorWare

In figure 4.19 yellow part is bottom electrode ainid used for measurement capacitance
value between top and bottom part. Red part isilesat beam part where voltage is
applied during measurement. In figure 4.20 differgne of mesh can be seen because
of the stress effect is different for every layers.
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Figure 4.21: Mask of all layers with different size in L-editqggram

In figure 4.21 all layers are drawn in L-edit pragr. Different size of pattern are used
for test to find optimum dimensions of the cantdevweam switches. Also in the right
and left hand side, some signs are used for alighralk mask sets in one way for

lithography machine.
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5. CONCLUSION AND FUTURE WORK

The main goal of that thesis is design and fabinoadf MEMS cantilever beam switch.
MEMS cantilever beam switch’s isolation, insertilmss and compatibility with other
circuitry in RF device is better than FET and Pl d®s. Therefore design parameter is

very important for fabrication for MEMS switch wilRF device in the same die.

Pull-in voltage is very important for cantileverdme switch. Maximum voltage value
calculated from the electrostatic force on theeaystTherefore it can be reached when
air gap is the third of initial condition. For dim&on of the cantilever beam
isL =100um,w = 40um, h=2umand d = 24m, maximum value of pull-in voltage is
14 V. Also observing the result of resonant fretuyeof the beam is nearly 2 MHz
range. But for fabrication case, three differenin@hsional cantilever beams are

designed to see real time measurement. First onel 100um,w = 40um,
h=2um,d =2um, second one it =60um,w=20um, h=2xm, d =2um and third
one is much more smaller than the other ones 40um,w=10um, h=2um,

d=2um.

Natural frequency and the effective masses of &ileaer beam are calculated from the
mathematical equations. Simulations showed thainges frequency of the beam is in
the KHz values. Also comparing different materiabggerties for fabrication cantilever
beam switch showed that there is no more differeheeveen Polysilicon and
Aluminum. But stress gradient is depends on youmglutus of the beam material.
When young modulus of the beam material is incietasess gradient at the tip is also
increasing. Another important issue is dampingdiadtor open loop system response

damping factor is keeping the system stable.

In this thesis organization, compatibility of tmaditional semiconductor fabrication step

with MEMS switch is also investigated. Polysilicenused for cantilever beam which is

also used for CMOS gate region. In cantilever bedesign phosphorus doped

polysilicon also used for ground electrode. Firetement analysis in CoventorWare

shows that, there will be an adhesion in betweenileser beam and ground electrode

because there are made in a same material. Afigc&tion, capacitance versus voltage
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value will be measured. Resistance value of camtilbeam is not measurable in this
design. For contacting, ground and cantilever beamdeposited by aluminum.
Measurement contact pads dimension &0mX60umaluminum. Therefore contact
resistance of aluminum pad is much bigger than ileset beam resistance. So
cantilever beam’s resistance is neglected in thasorement. It will not give the

solution when measuring the resistance in thisghesi

The future work includes testing the cantilever roeswitch which is fabricated in
TUBITAK BILGEM YITAL. After that, to understandingparameter variation, compare
the result for different size of cantilever beamitshes. Real time measurement is

showed effective parameters in design MEMS cardiléeam switch.
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APPENDICES

APPENDIX A

%% The equilibrium relationship between plate disdacement and voltage%%

d=10
n=10;
fori=1:n % mathematical equationsdalculate pull-in voltage, Area and the
epsilon is constant
x(i)=i;
m(i)=d-(x(1));

k(i)=(x(i))/d; %k= x/d ratio
y(i)=sart(x(i));
U@)=(y())*(m(@i)) %pull-in voltage
end
plot (k(1:10),U(1:10))
%%Spring constant variation with respect to the thickness of the beam%%
w=40e-6; %width of beam
L=2e-6; %length of beam
E=160e9; % young modulus of polysilicon
for i=1:1:10
h(i)=(i)/1000000;
1(i)=(w*(h(i)"3))/12; %inertia

k()=(3*E*(1(1)))/(L"3); %spring constant
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end

plot(k(1:10),h(1:10))

xlabel('spring constant’)

ylabel(‘thickness of the beam’)

%%%Open loop step response for cantilever beam witbut damping.%%%

b=60e-6; %width

L=100e-6; % lenght

h=2e-6; %thickness

Ymax=6.6e-7; Y%omaximum deflection point

dens=2.331; % density of polysilicon

m=2.8e-8; % mass of this beam b*L*h*dens

E=160e9; %young modulus of polysilicon

[=((b*(h"3))/12); Y%inertia

g=sqrt(((3)*E*N/((L"3)*m));

f0=(1/(2*pi))*(9)*(0.5);

for i=1:1:50

t(i)=i;

a()=((Ymax)*(((2)*(pi)*(f0))*2)*(cos(2*pi*fO*(t(i ))))) % acceleration
end

plot (t(1:500),a(1:500))

%%% Open loop step response for cantilever beam wit damping.%%%
b=60e-6;
L=100e-6;

h=2e-6;
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Ymax=6.6e-7; %d/3 maximum displacement
dens=2.331; %density of the polysilicon
m=2.8e-8; % mass
E=160e9; % young modulus of the polysilicon
I=((b*(h"3))/12); %inertia of polysilicon beam
g=sart(((3)*E*N/((L"3)*m));
f0=(1/(2*pi))*(9)*(0.5);
damp=1000; %damping
for i=1:1:100
t(i)=i; %time (seconds)
m(i)=(Y max)*(((2)*(pi)*(f0))"2)*(cos(2*pi*f0*(t(i))));
f(i)=CYmax)*((2)*(pi)*(f0))*(sin(2*pi*fO*(t(i)) )); % resonant frequency
j()=(damp*f(i)*(1/1));
a(i)=m(i)-j(i);
end
plot (t(1:100),j(1:100))
%%% Air gap thickness vs. stress of the beam%%
L=100e-6; %Lenght of the beam constant
w=40e-6; %width of the beam constant
E=160e+9; %young modulus of polysilicon
for i=1:1:10 % thickness of the beam
h(i)=i;
c(i)=i; % distance from the neutral axis
1())=(w*(h(1)"3))/12;
FO)=G*E*(1))*1))/(L"3);
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Sigmay(i)=((F(@i)*(L)*(i))/1(i)); %stress of thébeam
end
plot(Sigma (2:10),h(2:10))
title('stress vs thickness')
xlabel('Stress of the beam’)
ylabel(‘thickness of the beam’)

%%% Stress and thickness relationship for differert material %%%

L=100e-6; %Lenght of the beam constant

w=40e-6; %width of the beam constant

E1=160e+9; %young modulus of polysilicon

E2=69e+9; %young modulus of aluminum

E3= 117e+9; %young modulus of copper

for i=1:1:10 % thickness of the beam

h(i)=i;

c(i)=i; % distance from the neutral axis

I()=(w*(h(i)"3))/12;

F1()=(3*E1*(1(1))*(1))/(L"3); %electrostat: force of polysilicon

F2()=(3*E2*(1())*(1))/(L"3);  %electrostac force of aluminum

F3(>)=(3*E3*(1(1))*(1))/(L"3); %electrotatic force of copper
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Sigmal (i)=((F1()*(L)*[)/N(0));

Sigma2(i)=((F2(i)*(L)*)/1(0));

Sigma3(i)=((F3()*(L)*)/1(1));
end

plot(h(1:10),Sigmal(1:10),h(1:10),Sigma2(1:10),h0);Sigma3(1:10))
legend(‘polysilicon’,"aluminum’,'copper’)
title('stress vs thickness')

xlabel('thickness of the beam’)

ylabel('stress of the beam)
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APPENDIX B

YITAL (Cleanroom which MEMS is fabricated)

Figure B.1: Cleanroom 100 class

In the right hand side: oxidation and LPCVD (Lowe$&sure Chemical Vapor
Deposition) furnaces for depositing silicondioxiged polysilicon layer. Also RIE is in

this are which is using for layer etching.

In the left hand side: Scanning electron microsdopé&maging pictures of the layers

And Nanometrics which is used for measuring thekiiness of depositing layer.
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Figure B.2: SEM (Scanning Electron Microscopy)

Figure B.3: Chemical Bath for cleaning and wet etching wafers
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Figure B.4: Yellow room for photolithograph wafers, 10 class
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