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ABSTRACT

CANTILEVER-BASED RF-MEMS SWITCHES FOR 5G APPLICATIONS

HEBA SALEH

ELECTRONICS ENGINEERING M.Sc. THESIS, JUNE 2022

Thesis Supervisor: Asst. Prof. Dr. Murat Kaya Yapici

Keywords: RF-MEMS switch; shunt switch; low actuation voltage; 5G; cantilever;
switch design; finite element modeling; pull-in; mechanical reliability; von Mises stress;
stiction; electromechanical-RF optimization.

Fifth-generation (5G) mobile communications are developed for Internet of Things (10T)
applications such as industrial automation, cloud robots, and safety-critical vehicle
communications. The emerging 5G requires fast data rates, minimal latency, and wide
coverage. In order to fulfill these demands improved slot-based architecture, mm-wave
bands, and beamforming are being designed. These technologies require RF front-end
switches with high isolation, frequency filtering, low insertion loss, high linearity, and
fast switching. This thesis studies cantilever-based RF-MEMS switch performance at
high frequencies for 5G applications. The RF-MEMS switch is first designed in a series
configuration and exploits intrinsic stresses within a thin film to build a self-assembled
cantilever beam based on bi-directional control of intrinsic stresses to reconstruct straight
cantilever beams into out-of-plane wavy structures. The novel switch design displays a
low insertion loss of -0.5 dB in the on-state and high RF isolation of -22 dB in the off-
state at 30 GHz due to the large air gap between the distal end of the cantilever switch
(RFin) and underlying contact pad (RFout), while maintaining a low operation voltage of
10.5 V. In addition, to reduce the inherent high actuation voltage needs of conventional
electrostatic fixed—fixed shunt switches, a cantilever-based RF-MEMS switch with a
shunt configuration has also been designed and, systematically optimized both from
electromechanical and RF performance aspects achieving a pull-in voltage of 9 V, low
insertion loss of -0.14 dB, and high isolation of -44.7 dB at 30 GHz. The novel cantilever-
based series and shunt RF-MEMS switches designed in this thesis exhibit low insertion
losses, high isolation and low pull-in voltages, making them ideal for 5G mobile
applications.



OZET

5G UYGULAMALARI ICIN KONSOL TABANLI RF-MEMS ANAHTARLARI

HEBA SALEH

ELEKTRONIK MUHENDISLIGI YUKSEK LISANS TEZi, HAZIRAN, 2022

Tez Danmismani: Dr. Ogr. Uyesi Murat Kaya Yapici

Anahtar Kelimeler: RF-MEMS switch; shunt switch; low actuation voltage; 5G;
cantilever; switch design; finite element modeling; pull-in; mechanical reliability; von
Mises stress; stiction; electromechanical-RF optimization.

Besinci nesil (5G) telekomiinikasyonun farkli nesnelerin interneti (IoT) uygulamalarinda
kullanilmast hedeflenmektedir. Endiistriyel otomasyon, bulut robotlar1 ve giivenlik
acisindan kritik arag¢ iletisimleri bu uygulama alanlarindan sadece bazilaridir. Hizla
gelismekte olan 5G haberlesmede yiiksek veri hizi, minimum gecikme siiresi ve genis
kapsama alani kritiktir. Bu talepleri karsilamak i¢in iyilestirilmis yuva tabanli mimari,
mm dalga bantlar1 ve hiizmelemeye dayali ¢éziimler gelistirilmektedir. Kullanilan RF 6n
ylz anahtarlanin da yiiksek izolasyon, frekans filtreleme, minimum giris kaybi, yiiksek
dogrusallik ve hizli anahtarlama gerekliliklerini karsilamasi gerekir. Bu tez, 5G
uygulamalari igin gelistirilen bir yiiksek frekans RF-MEMS anahtarini sunmaktadir. ilk
olarak RF-MEMS anahtarlar1 seri bir konfigiirasyonda tasarlanmis ve kendiliginden
diizenlenen bir kirig (manivela) elde edilmesi amaciyla ince film igsel gerilimlerden
yararlanilmistir. Boylelikle alisilagelmis dogrusal kirisler yerine, diizlem dis1 dalgali
yapilar elde edilebilmistir. Yeni anahtar tasarimi, agik durumda -0.5 dB’lik disiik bir
ekleme kaybi ve kapali durumda da konsol anahtarinin (Rfin) uzak ucu ile alttaki temas
pedi (Rfout) arasindaki biiyiik hava boslugu sayesinde 30 GHz’de -22 dB’lik yuksek RF
izolasyonu saglarken, 10,5 V’luk diistik bir tahrik gerilimine sahiptir. EK olarak,
geleneksel elektrostatik sabit-sabit anahtarlarin dogasinda bulunan yiiksek tahrik gerilimi
ihtiyaglarini azaltmak i¢in paralel konfigiirasyonlu (sont) manivela tabanli bir RF-MEMS
anahtar1 da gelistirilmis olup,t elektromekanik ve RF performans: yoniinden yapilan
sistematik optimizasyon ile 9 V’luk bir ¢ekme voltaji, -0.14 dB’lik diisiikk ekleme kayb1
ve 30 GHz’de -44.7 dB’lik yiiksek izolasyon elde edilmistir. Bu tez kapsaminda
tasarlanan manivela-tabanl seri ve $ont anahtarlarin sergiledigi diisiikk ekleme kaybi,
yiiksek izolasyon ve diisiik ¢ekme gerilimi , s6z konusu anahtarlari5G mobil uygulamalar
icin elverigli kilmaktadir.
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I.  INTRODUCTION

Micro-electro-mechanical systems (MEMS) are integrated microdevices that
combine electrics with passive and active interaction characteristics with their physical
parameters. They interact with movement, sound, light, radio waves, gases, liquids,
chemical reactions, and heat transfer, among other things. The enormous promise of
MEMS lies in their capacity through increasing their scalability and efficiency by using
fabrication processes from a proven and optimized traditional semiconductor,
infrastructure, and logistics. MEMS devices are fabricated in a method similar to that of
integrated circuits (IC) and numerous applications have been developed for MEMS
devices such as accelerometers, pressure sensors, temperature sensors, biosensors, and

radio-frequency microelectromechanical systems (RF MEMS) devices.

RF-MEMS are micromachined devices that interact with electrical impulses in the
radio frequency band. They are believed to have the greatest commercial potential, given
there is currently a substantial consumer market for communication devices. Particularly,
relays are a common component in RF-MEMS applications. Especially, miniaturized
mechanical relays outperform their electronic equivalents, solid-state relays (SSR), in
terms of cost, isolation, and on-resistance. Due to the requirement for significant
downsizing, it is critical to develop a device that bridges the technological and economic
gap between electromechanical "macro-relays” and solid-state devices for commercial
demand [1]. The MEMS technology enables economies of scale, precision, and device
customization. As a result, micromachining appears to be a viable technology for

fabricating ultra-compact, low-cost micromechanical relays [2].

In essence, RF-MEMS switches are used to mechanically open or close a
transmission line. Currently, universities, research institutes, and businesses are all
closely monitoring the performance of RF-MEMS switches, due to the continued demand
for enhanced signal switching characteristics in increasingly complex

telecommunications standards and high-end applications [2, 3].



1.1. RF-MEMS Switches And Their Applications

A RF-MEMS switch is a bi-state mechanical device created using microfabrication
techniques that allows RF signal to propagate freely between an input and an output in
one state and filters the signal in the other. Hence, stabilization in both states can be
attained with or without the use of external power force, which means the transition

between the two states can be regulated by applying or releasing external effort.

MEMS switches work effectively over an exceptionally wide bandwidth with remarkably
consistent properties, even at frequencies beyond 100 GHz [3]. That is the benefit of using
a purely mechanical device to open and close or short circuit otherwise unaltered
transmission line. Even though, MEMS switches are gaining a lot of interest MEMS
switches do have some downsides. In particular, a DC metal contact switch is a
mechanically challenging and sophisticated device when compared to other conventional
MEMS devices.

Despite the disadvantages displayed in table 1.1, such as a low switching speed (1-100 s)
and a lower power handling capabilities (1-2 W) when compared to modern solid-state,
they exhibit remarkable performance such as [2]:

1. Low Insertion Loss; based on the conductivity of the metal used for the switching beam
and transmission line, RF-MEMS switches have a very low loss of roughly 0.05-0.5 dB
from DC-100 GHz.

2. Low power demand: Whereas the MEMS switch involves a high actuation voltage (20—
100 V), its current consumption is minimal, resulting in decreased DC power dissipation.

3. High isolation: The MEMS switch's exceptionally low OFF-state capacitance results

in a good isolation profile up to 40 GHz.

4. High linearity. MEMS switches are exceedingly linear, that have 30-60 dB greater
linearity than PIN diodes or FET switches.

Table 1.1 MEMS switches benefits and drawbacks
2



Advantages Disadvantages

Low insertion loss Low switching speed

High isolation High actuation voltage [electrostatic
switches]

Low power demand Low power handling capabilities

Large bandwidth Shorter Lifespan than relays

Miniaturization Reliability uncertain

High signal linearity High fabrication cost

High volume production Complex integration with RF circuit

As a result, MEMS switches are intended to change the course of RF waves while
maintaining signal purity. This function can be used to transfer an electrical potential,
filter signals, such as the incoming and outgoing signals from an antenna, or reconfigure
a subsystem, capacitors, switching delay lines in phase-shifters [4-6], as well as
impedance matching via stub-lines [7]. Since the main RF subsystems in communication
system applications include antennas, power amplifiers, and tunable filters [4], RF-
MEMS switch is considered to be a foundational and essential component from a
hardware perspective, especially in Fifth-generation (5G) applications nowadays. [4, 8-
10]

In fact, a significant percentage of Internet of Things (IoT) data flow nowadays will be
carried through 5G. This will manifest itself in demanding standards for RF passives in
terms of frequency agility, low loss, high selectivity, and low consumption [8]. The
forthcoming 5G standards' growing expectations create a recurrent demand for RF-
MEMS passive devices. [10]. Furthermore, ohmic (DC contact) based RF-MEMS
switches are used in automatic test equipment (ATE) and wideband electronics, such as
in satellite systems for compactness and weight savings. In addition, MEMS ohmic
contact switches show considerable potential in wideband transceivers, phased array
systems, as well as, in microwave communication devices used in telecommunications

networks [2].



1.2. Types of RF Switches

RF-MEMS switches are generally categorized according to their actuation mechanism;
electrostatic [11], electromagnetic [12], piezoelectric [13], and thermal [14] techniques
are often used. Due to its unusually high-power handling capabilities and compatibility
with manufacturing procedures for high-level integrated circuits or systems [15], the
electrostatically actuated MEMS switch presents a promising future for microwave

applications.[15].

Besides, RF-MEMS switches are frequently designed in one of two ways: (fixed-free)
cantilever or (fixed-fixed) bridge membrane. In comparison to a suspended membrane,
the cantilever type offers a significant privilege such as a lower actuation voltage.
However, cantilever switches are more prompt to residual mechanical stress in the
material of the beam [16]. Usually, there are two types of RF-MEMS Switch
configurations: shunt configurations (usually employs fixed-fixed based switches) and
series configurations (usually utilize cantilever-based switches), which differ in terms of

the position across a transmission line.

According to operating techniques, the RF-MEMS switch can also be characterized by its
contact, whether it is an ohmic (DC) contact RF-MEMS switch or a capacitive contact
RF-MEMS switch. The ohmic contact RF-MEMS switch operates at frequencies ranging
from DC to 60 gigahertz as ohmic contact has small up-state capacitances. While the
capacitive RF-MEMS switch has a frequency range up to 100 GHz since it is actuated by
capacitance fluctuation. On the positive side, for frequencies less than 50 GHz, the ohmic
contact RF-MEMS switch outperforms the capacitive RF-MEMS switch, in terms of
structure simplicity, charging issues, stability, compatibility with a microstrip line, and
durability [17]. Nevertheless, the major disadvantage of an ohmic switch over a
capacitively coupled one is the deterioration of the contact metal, which results in a
limited lifespan [18, 19].
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Figure 1.1 RF-MEMS switch Classification

Commonly, there are two most employed switch types, schematically illustrated in Fig.
1.1:

e Series switches with DC metal contacts with electrostatic actuation (Fig. 1.2):
The signal line is opened or closed vertically using a cantilever or membrane with
a metal contact (or ohmic DC contact); the suspended part will have direct contact
to the signal line. In the OFF-state the switch is suspended in its original position,
and the propagating RF wave is reflected by the broken signal line. While in the
on-state, the signal can travel over the cantilever metal contact beam, shorting the
air gap between the input and output lines. Even though, this switch type can
switch DC to RF signals, it is more complex to fabricate and maintain due mostly

to its metal -to- metal contacts.
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Figure 1.2 Cross section view for series switches with DC metal contacts with

electrostatic actuation.

e Capacitive shunt switches with electrostatic actuation (Fig. 1.3): These
structures are well suited for high-frequency (>10GHz) applications. Because it
has a less parasitic impact when the switch is activated, the RF-MEMS capacitive
switch is mostly used in a shunt-type configuration. In the on-state, the fixed-
fixed membrane is suspended in its original position, with an air gap between the
membrane and signal line; hence, the on-state capacitance is low, resulting in a
high impedance between input and ground. While in the off-state, the fixed-fixed
membrane is drawn down to the signal line, where there is only a very thin
dielectric layer on the signal line, resulting in a large downstate capacitance and a
low impedance between input and ground.
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Figure 1.3 Cross section view for Capacitive shunt switches with electrostatic actuation.
1.3. Motivation

This research aims to explore the performance of cantilever-based RF-MEMS switch at
high frequency to match 5G application demands. The motivation is to increase switching

reliability and lower power consumption by lowering the voltage used to activate the
6



switch without compensating for the RF performance of the switch. To accomplish this

goal, a list of objectives has been developed to guide the study:

e To design and simulate the behavior of a fixed-free micro-cantilever beam in a
series arrangement using bidirectional control of intrinsic stress to generate self-
assembled wavy switch structure that provide simultaneous optimization for
actuation voltage and isolation..

e To design and optimize the behavior of cantilever-based shunt structure is
proposed to realize a low-voltage RF-MEMS switch and high RF characteristics.

e To carefully model RF-MEMS switches using electromechanical and high-
frequency finite element simulations in COMSOL and HFSS, respectively.

e To designs RF-MEMS switches with geometrical parameters that meet the
fabrication criteria and are based on real fabrication step using standard CMOS

technology.

1.4. Thesis Structure

The designs, analyses, fabrication processes, and measurements of high-performance RF-
MEMS switches are the focus of this thesis. Fig. 1.5 depicts the structure of the analytical
approach used in the construction of both RF-MEMS switches. It also describes the
phases that had a significant impact on the switch's performance and provides a

foundation for the development of RF-MEMS technology.
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Figure 1.4 Analytical approach to developing the proposed RF-MEMS Switches.

The thesis is structured into 3 main chapters, which can be summarized as follows.
Chapter 2 intention is not to recite the common knowledge in the field, but rather to focus
on discussing, in a more extensive way, the switch design parameters considered and
optimized in this thesis. Furthermore, the proposed cantilever-based RF-MEMS switches

on two different configurations are explained conceptional in chapter 3, with further



design and modeling elaborations and design comparison to related existing work. While
chapter 4 describes the basic fabrication process with its optimized parameters. Finally,

chapter 5 discusses the fabrication measurements results, respectively.



II. DEVELOPMENT OF ELECTROSTATIC RF-MEMS SWITCHES

The majority of research literature describes novel switch designs and their
characterization findings, as well as their general benefits and applications. Only a few
publications address design-specific difficulties, explore the effect of a range of design
characteristics, and contrast various perspectives [20-23]. This section discusses
many challenges, and critical design issues associated with electrostatically driven
cantilever-based RF-MEMS switches addressed within our designs. Also, it discusses the
relationship between several design criteria and attempts to impart a sense of how to build
a MEMS switch. Additionally, it addresses the primary dependability issues associated

with contact switches. Actuation Voltage, Displacement, And Restoring Forced

Electrostatic actuation is based on the attraction of two plates with opposing charges. It
is extensively used because it enables relatively simple fabrication [15]. The
electromechanical instabilities, mainly the pull-in phenomena, are critical in providing
quick actuation and low power consumption in RF-MEMS switches. However, this
force is not directly proportional to the applied voltage [5]. Consider a system consisting

of two plates (one suspended and one fixed) separated by a dielectric medium gap.

Electrostatic actuation generates relatively small forces, yet they are sufficient to actuate
a MEMS switch. Once a direct current is placed between the fixed and moveable plates,
the electrostatic forces are balanced by the suspended electrode's elastic restoring
mechanical force. As the voltage increases, the movable plate is drawn down and the
electrostatic force increases nonlinearly due to the decrease of the gap distance. The

restorative force, on the other hand, works in the opposite direction.

Evidently, at a certain distance, the balance between the attractive electrostatic force and
the restoring mechanical force becomes unstable, and the plate abruptly snaps onto the
underlying fixed plate. This is referred to as pull-in, and the bias voltage level that causes
the moveable membrane or cantilever to abruptly snap down is referred to as pull-in

voltage or actuation voltage [3, 5].

10
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Figure 2.1 A simple spring-based switch representative (a) electromechanical equivalent
circuit (b) active forces on the beam.

(3)3 G Kers (2.1)

Vouli—in =
pull—in 3 gOErAeff

where, ¢ is the permittivity of dielectric medium between the two plates, € is the relative
permittivity of free space, Aer is the effective overlapping electrode area, g is the air gap

and kess is the effective spring constant. As can be seen, the actuation voltage is

3
proportional to gz and indirectly proportional to \/A. ¢ .

Overall, current electrostatic switch designs have pull-in voltages ranging from 40 to 100
V to provide adequate switching performance [24]. These voltages are incompatible with
the voltage levels typical in electrical devices. Even though thermal and magnetostatic
actuators may have pull-in voltages as low as 5 V, their significant power consumption is

not tolerable in wireless applications [25].

In general, designing an efficient switch with small electrode actuation areas (for
minimized chip size and low cost per switch), low pull-in voltages (for electronic
suitability), , a sensible restoring force (for contact reliability), a high contact force (for

low resistance), and a large contact distance (for high isolation) has proven to be difficult.

Table 2.1 A literature review summary

) ) Freq. Voltage Isolation Insertion loss Return loss
Technique Propose Designs Ref
(GHz) V) (dB) (dB) (dB)

11



Folded beams

20 2.2 -27.44 -0.2527 -11.35 [26]
K=0.22 N/m
Serpentine Vpull-in=32.4
Beams 38.6 Vpull-out:].l -33 -0.056 -13.74 [27]
_ K= 1.43 N/m
Lower spring )
reducing the Vpull-in=4.8
constant (K) )
beam thickness 40 Vpull-out=2.8 -40 -04 -16 [28]
K=1.43 N/m
Vpull-in=8.25
push-pull [29-
10 Vpull-out=9.5 -35 -0.38 -0.17
Structures 31]
Large extend the
Actuation Area actuation area 3 0.5 -27 -0.1 -20 [32]
(A) A=190x220 um
Small airgap  Thin sacrificial
10 3.3 -40 -2 - [33]
(9) layer g=1.5um
the residual  Curved electrode
5 15.3 -44 -0.21 [34]
stress actuator
Graphene based  Monolayer 50 7 >-10 -0.3 -15 [35)
switch Multilayer 50 7 >-20 -0.2 -15

The RF-MEMS community is aware of this issue, as shown by the publication of several

electrostatically actuated switch designs during the previous decade. For instance, some

studies developed a switch with a lower spring constant, however, these designs

experience a relatively low restoring force, which could be insufficient to pull the switch

up, resulting in contact stiction. In order to overcome this problem, a pull-push

mechanism is employed, which in turn increases fabrication complexity [26-28]. In

another study [34], they utilize the residual stress gradient in beams to create an out-of-

plane bending structure that lowers the pull-in voltage and increases the isolation -44dB

@5GHz. Nonetheless, the stress level within a cantilever is difficult to control. While [31,

33], used a small air gap, at a cost of higher the insertion loss of around -2dB@ 10GHz.

A literature review summary is shown in table 2.1.

12



2.2. Adhesion Between Actuation Electrodes

One of the most common failure sources of MEMS switches is undesired adhesion
between the cantilever and the underlying electrode during operation, which results
in contact stiction. This is originated due to the electrostatic stiction caused by the charge
injection in trapping in dielectric layers, which is mostly reliant on the quality of the
dielectric, the field strength (higher than 2 MVcem™) [36, 37], and the long period in the
active state [38]. Consequently, the charging of the dielectric layer has received a lot of
attention.

Besides the dielectric charging phenomena, silicon-based dielectrics (nitrides and oxides)
are very hydrophilic and include absorbed water layers. Once two of these surfaces come
into close contact, hydrogen bonds might form, resulting in a very high adhesion energy
[39].

Therefore, the switch dielectric material as well as DC voltage supply setup help to
minimize the failure from adhesion and contact stiction issues. In an effort to reduce the
dielectric charging effect, silicon dioxide is preferred as a dielectric, since it has a lower
trap density than silicon nitride and is, therefore, less susceptible to electrostatic stiction
[40]. Another method to reduce the charge injection in the dielectric is by changing the
DC voltage supply setup to an AC bipolar actuation voltage [41] or supplying the voltage

exponentially and reducing the voltage [42].

2.3. Material

There are three main key metrics while selecting the appropriate material, for RF-MEMS
switches; pull-down voltage, where the coefficient of stiffness k depends on Young's
modulus, and Poisson's ratio of the material; RF losses, material conductivity; and
thermal residual stress. In addition to the prior, the choice of structural material is
influenced by the material resistance, hardness, and fabrication deposition complexity.
Taking all into consideration, the basis of material selection diagrams [43] revealed that

copper (Cu) and gold (Au) are the most suitable candidates as the main structural material.

13



The use of copper as the structural material has been studied in this work with the
motivation of demonstrating that multiple MEMS devices can be fabricated
simultaneously using existing high-volume IC copper-based interconnect manufacturing
processes. From a performance standpoint, it is highly desirable to enable direct
fabrication of all devices involved in the 5G communication system, including antennas,
using current IC communication chips. In addition, the "direct integration™ technique
allows us to incorporate the MEMS device cost into the base cost of the IC connection
layers [44]. Furthermore, copper is readily available and can be a low-cost alternative to
gold (Au), along with added uses including the implementation of a floating metal layer
with well-established routes from PCB process technology to control surface roughness

and improve switch contact [45, 46].

It is also worth mentioning that Cu has a higher hardness that can minimize contact wear,
as well as, relatively low resistivity required to reduce the losses at high RF frequency
ranges. Finally, Cu has a relatively high thermal expansion coefficient, allowing it to work
at higher temperature ranges. Therefore, reducing the chances of failure in the device due

to self-heating at RF frequencies [47].

2.4. Residual Stress And Stress Gradient Tolerance

Residual stresses arise within microstructures throughout the microfabrication process
and may be classified based on their origin; intrinsic or extrinsic stresses (thermal stresses,
chemical reaction). Residual stress has a significant impact on material mechanical
characteristics such as brittle fracture, creep cavitation cracking, shorter lifespan, stress

corrosion, and dimensional stability [48].

When thin films are deposited on a substrate using common deposition processes
(chemical or physical vapor deposition), they are susceptible to stresses known as
intrinsic stresses. The nature (tensile or compressive) and amplitude of intrinsic stresses
are exclusively determined by the material type, deposition process (evaporation,
sputtering, etc.), and deposition circumstances (temperature, pressure, and so on) [49]. If
the deposition conditions were maintained constant, there are strategies to control the
degree of stress and keep the cantilever flat, such as utilizing stress compensation layers,

and this can be addressed in fabrication process flow optimization [50].
14



2.5. Contact Area Verses RF Performance

Insertion loss is defined by the amount of energy that a signal loses as it travels along the
signal transmission. When a signal is propagating, the ratio between the input and output
terminals of the switched circuit is measured by S21, thus, the switch is said to be in the
ON-state. The isolation of an electrical switching system is defined by the absence of the
signal transmission and is measured by S21; thus, the switch is said to be in the OFF-

state.

In the ohmic series configuration, the transmission line is shorted when voltage is applied,
and the cantilever is pulled down to form a metal-to-metal contact with the transmission
line. In this case, a RF-MEM switch will create resistance at the contact area between the
cantilever beam and the transmission line, which is the main cause of Insertion loss, as it

can be seen by the loss equation (neglecting transmission line loss) [5].

Loss = ———— (2.2)

However, in the ON-state, Z;, = Ry + jwL, and thus the loss becomes

R
Loss = Z_S for wlL K Z, (2.3)
0
Ry =R, + 2Ry + R, (2.4)

Typically, for ohmic cantilever switches, in series configuration, the total switch
resistance (in equation 2.4) is composed of the contact resistance, R, between the contact
regions that is proportional to its length and width, the transmission loss equivalent
resistance, Rs1, and cantilever resistance Ri. The DC-contact switch is governed by R,
which is created by the roughness of the contact surfaces. Undoubtedly, to achieve lower
insertion loss in case of metal-to-metal contact, the contact resistance must be reduced.
Henceforth, it is crucial to carefully consider the switch’s material, the contact area, the
force applied, and the quality of the metal-to-metal contact, to determine the contact

resistance.

Unfortunately, calculating the contact resistance between two rough surfaces is

challenging due to the presence of pores and bumps in the surface formed during
15



the contact fabrication. These have varied contact interference and may interact with one
another [51]. Fig. 2.2 below illustrates the interconnected design parameters that

contribute to the contact performance (the contact resistance and the contact reliability)

of the switch.

Design
Parameters

Controlling
Forces

Affected
Performance

Contact Adhesion force
Material Fad
A
Spring
Constant k \
Air 0a 5| Restoring force N Contact
gap g \ Fk ” reliability
Electrode - | Electrostatic force Contact
> —> | Contact force F¢ F—————> )
area A / Fe resistance Rc
Pull-in Voltage V

Figure 2.2 The interconnection between the design parameters that affect the contact

performance.

To increase contact reliability and prevent contact stiction, a low contact resistance needs
a strong contact force, as well as a high restoring force. A substantial restoring force may
be achieved by combining a reasonably rigid structure with a large air gap, which
enhances the electrostatic force drawing the structure downwards. Increasing the
restoring force necessitates an increase in electrostatic force to maintain the correct
contact force, demanding either a higher actuation voltage or a wider actuation electrode
area. Therefore, it is complex to create a switch with a low actuation voltage for electronic
compatibility, a small actuation electrode to reduce device cost and size, a large distance
between the cantilever and RF signal line for high RF isolation, a high restoring force for
contact reliability, and a high contact force for low contact resistance. Therefore, the
optimization of switch behavior is a compromise between electromagnetics and

electromechanical features, with the practicability of the technological process in mind.

On the other hand, in the case of capacitive shunt configuration, the transmission line is

shorted when voltage is applied, and the cantilever, where the signal is channeled to

16



ground via the cantilever. In this case, the RF-MEM switch will result in capacitive
contact with the transmission line due to the dielectric in between. The down-state
capacitance should be large to achieve high isolation, thus from Eq. 2.5 contact area

should increase.

Eo€rlcontact
Cdown/off = % (2.5)

where & is the relative permittivity of free space, & is the permittivity of dielectric
material, and g is the air gap between the RF line and switch cantilever. Moreover, tq is
the dielectric thickness, and Acontact iS the contact area between the switch beam and RF

line. Caownoff IS further explained in section 3.2.

2.6. Effect Of Up State Coupling Capacitance On RF Performance

The up-state coupling capacitance (Cup-state) is a key parameter in the RF-MEMS
switch when it is in a resting state (up-state). In series configurations, the Cup-state is
created when the switch is off, hence contributing to the isolation value. On the other

hand, in shunt configuration, the Cup-state affects the insertion loss values.

Due to the current leakage between the suspended cantilever and the stationary
transmission line, the s-parameters values degrade. The total up-state coupling
capacitance is made up of series capacitance Cs, and Cp is the parasitic capacitance

between the transmission line's open ends (seen in Eq 2.6) [3].

N

Cup—state = ? + Cp (2.6)

The series capacitance is further composed of a parallel-plate capacitance of the

overlapping contacts area C,,, = % and a fringing field capacitance Cr, which is around

30-60% of Cpp. Whereas parasitic capacitance between the transmission line's open ends

is mostly determined by the distance between two signal lines.
2.7. Substrate And Transmission Line
Initially, substrate dimensions are optimized using substrate selection criteria. Thus, due

to their low dielectric loss and high resistivity, quartz and borosilicate glass are often
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utilized for RF device fabrication. These materials are less thermally conductive than
silicon, harder to bulk micromachine, and not always suitable as a single platform for
various MEMS [52]. Henceforth, highly resistive silicon (HR-Si), or silicon-on-insulator
(SOI) substrates have been used instead. Since the charge collection at the interface
between silicon and the silicon dioxide passivation layer, the effective resistivity of
passivated HR-Si is several times lower than the bulk resistivity value [53]. Therefore,
the switches are simulated on high-resistivity silicon substrates, with a thick layer of
silicon dioxide used as a buffer layer in order to improve such losses in HR-Si. [54]. The
switches were also simulated and fabrication on Borofloat33 glass in hopes of integrating
the entire 5G circuitry elements (antenna, dividers ... etc) on the same mask, because

glass substrate has a dielectric constant of 4.6 suitable for antenna functionality.

Followed by substrate selection, the transmission line is determined from the application
aspect as well as the material skin depth effect [3, 55]. Several transmission line
topologies (e.g., slot line, coplanar waveguide (CPW), and microstrip line) were
investigated for designing the proposed RF-MEMS switches. Among these
configurations, the CPW transmission line was chosen for its effectiveness in controlling
the RF line's characteristic impedance and its simplicity of integration with mm-wave
circuitry. Additionally, CPW incorporates ground planes on both sides of the signal line,
which reduces dispersion and radiation leakage, hence lowering the switch's overall

insertion losses [55].

I11.  DESIGN AND MODELING OF CANTILEVER TYPE RF-MEMS
SWITCHES

The multidisciplinary character of MEMS switches necessitates a very close coupling
between the electrical and mechanical domains. To aid in the understanding and
characterization of RF-MEMS switches, the finite element modeling (FEM) approaches

are employed in MEMS electromechanical simulation software. The finite element
18



modeling method can predict how a load will affect a body's mechanical and
nonmechanical responses, such as force, moment, temperature, electromagnetic field, and
any other load affecting the body. The simulation component is separated into distinct
pieces that interact at the nodes. Certainly, FEM simulates more realistically and accurate
than system-level modeling, but it takes more computing power. In this thesis, the
electromechanical and electromagnetics evaluation of RF-MEMS switches were
performed using COMSOL and ANSYS Multiphysics simulation (HFSS, Canonsburg,
PA), respectively [56-58].

In our work cantilever-based switches are designed in 2 different configurations (series
and shunt) suitable for 5g application. The designs address the challenges facing each
topology and take advantage of their benefits (see table 3.1). Moreover, according to

section 2.3, Cu has been used as the switch material in this thesis.

Table 3.1 Advantages of series and shunt topologies

Type Default state Advantage Disadvantage
Series OFF-state High isolation Beam Buckling
Low pull-in voltage Contact force dependency

Larger contact distance

Shunt ON-state Low insertion loss Larger pull-in voltage
Independent from contact force

Initially, the chapter investigated the concept of intrinsic stress modulation throughout
the length of a cantilever in its typical series configuration, in section 3.1. Followed by
integrations and optimization of a cantilever switch realized in shunt configuration, which

iS more non-conventional, in section 3.2.

3.1. Wavy Cantilever RF-MEMS Switch Design

3.1.1. The Switch Concepts

The typical and most prevalent concept of an electrostatically actuated switch, as
mentioned in section 2.1, is built on a cantilever-spring mechanism. This approach raises

a few trade-offs between different switch design parameters. These trade-offs associated
19



with series cantilever-based switch configurations are represented in table 3.2. For
example, a large air gap distance between the transmission line and the suspended
cantilever is required for high off-state isolation and high restoring force. However, a

large air gap results in a higher actuation voltage, which is not desirable.

Table 3.2 RF-MEMS switch in a series configuration

Isolation  Insertion Loss Pull-in Restoring
Design Parameters
(UP-State)  (Down-State)  Voltage Force

Higher Higher Higher
Larger Air Gap (Good) (Bad) (Good)
Higher
Larger Electrode Area (Bad) Lower
Lower Spring Constant Lower Lower
Higher
Larger Contact area (Bad) Lower

As shown in figure 3.1, stress imbalance in a multilayer thin film can be taken advantage
of to induce an out-of-plane twisting in formed thin films following release. In the
meanwhile, the degree of stress-induced bending may be further regulated by altering the
layer thicknesses while keeping the deposition parameters unchanged. Thus, permitting a
controlled self-assembly procedure to transform patterned thin films into desirable out-

of-plane 3D microstructures [49].
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Figure 3.1 Schematic diagram showing the induced bending in bilayer thin film system
when subjected to residual tensile stresses. The stresses 61 and 62 are the misfit stresses

in the Cr and Cu.

Likewise, a recent work reports a quantified study on the geometrical effect on the amount
of bending of thin-film cantilever structures [59]. Primarily, the study is carried out on
series of bi-layer cantilever structures using copper (Cu) and chromium (Cr) as stacked
metal layers to induce the bending angle relative to the geometrical requirements of the
cantilevers. Typically, thin Cr film develops high intrinsic stress, which allows it to serve
as the major stressor layer in the bi-metallic cantilever construction. From the study
analysis shown in Fig. 3.2, it can be seen that the bending angles are proportional to
cantilever length. However, the bending angle decreases with the increase in cantilever
thickness for 300 nm, 500 nm, and 700 nm thicknesses. Therefore, by alternating stress
conditions, the stress gradient sign can be controlled by increasing the tensile stress to
develop positive stress gradients away from the sacrificial layer-thin film interface and

negative stress gradients towards the sacrificial layer interface.

The presented switch design in this thesis is based on the theory of intrinsic stress induced
bending in bi-metallic thin-film cantilevers. The standard beam cantilever design is

improved by adapting an upward bending actuator that moves in a zipper-like manner.
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Figure 1.2 Bending profile for varying cantilever lengths and fabricated at three
different film thicknesses [57].

Several curved electrode zipping actuators have been reported, owing to the upward
bending in the cantilever type switches, the contact distance between the switch
cantilever and the signal line increases which in turn increases the isolation of the switch
in the up-state position (OFF-state). However, due to the bent profile of the cantilever,
more voltage beyond the effective pull-in voltage level (necessary for the air gap) is
typically required to provide adequate contact between the distal end of the cantilever
switch and the signal line underneath [60]. To balance this trade-off, a stress control
approach was used throughout the length of the cantilever, resulting in the switch

structure seen in Figure 3.3.
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Figure 3.3 Wavy Cantilever RF-MEMS Switch based on Bidirectional Control of

Intrinsic Stress [61].

The proposed cantilever switch featured 2 parts with different stress conditions, with the
first segment (near the cantilever’s anchor) exhibiting upward bending and the second
segment (near the cantilever's free end) displaying downward bending. The upward
bending in the cantilever raises the whole structure and immediately enhances the switch's
isolation performance, whereas the downward bending at the free end of a cantilever

ensures proper contact with the transmission line at pull-in voltage.

3.1.2. Switch Design

Several switch designs (with varying geometrical characteristics) were initially modeled,
with the goal of achieving low insertion loss, maximum RF isolation, and reduced
actuation voltage. The cantilever beam was released on CPW structure on (30/100/30)
glass substrate and (60/100/60) HR-silicon.
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Figure 3.4 Top view of the proposed Series RF-MEMS switch.

A 2D top view of the suggested cantilever type wavy RF-MEMS switch is shown in fig.
3.4. To regulate the bending of metallic multi-layer stacks, the stress gradients along the
thickness of the stack can be varied by adjusting the Cr and Cu thicknesses. Keeping in
mind, Cu/Cr cantilevers with reverse stress gradients should bend upward, whereas Cr/Cu
cantilevers with forward stress gradients should bend downwards, resulting in a switch
with a wavy bending profile. Following that, a parametric design space was established
with length (L) ranging from 300um to 600um and width (w) ranging from 50um to
80um to analyze the influence of geometrical factors on key RF parameters and bending

outline (which primarily define the pull-in voltage and isolation).

Regarding zipping actuators' actuation, a pull-in electrode is necessarily placed near the
fixed end of the bending beam (see fig. 3.4). The minimal gap between the electrode and
cantilever affects the pull-in voltage. Zipping actuators operate well only if the two are

near the edge of the anchor. Therefore, the DC bias electrode (with dimensions of (w) X
(% L) ) was placed near the cantilever's anchor point, where the air gap between the switch

cantilever and the underlying DC electrode is minimal, promising lower voltage
actuation. While the bias lines to the pull-down electrode runs underneath the CPW and
are routed from outside of the CPW ground. In addition, there is a thin 0.2um silicon
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nitride dielectric layer on top of the electrode to isolate the electrode and avoid the direct
electrical contact between the metal electrodes.

3.1.3. Electrical and Mechanical Simulation of the RF Switch

From there, the designed switch layout was examined in an interconnected simulation
environment. The intrinsic stress, pull-in voltage analyses, and high frequency
studies were all carried out using commercial finite element tools (COMSOL and ANSY'S
HFSS®). The following are the results from the proposed switch on a glass substrate as

well as high resistive silicon (appendix A):

3.1.3.1. Electromechanical Analysis

Conveniently, as mentioned in section 3.1.1 the true magnitude of intrinsic stress in thin
films is heavily reliant on the film thickness and deposition conditions. It is possible to
modify the stress gradients along the thickness of a metallic multilayer stack by fixing the
deposition parameters and ranging the Cr and Cu thicknesses. Firstly, a 2-D model
implementation of the switch geometries was initially built in COMSOL using the
designed parameters in fig. 3.4. The Cu/Cr metals were chosen as the simulator material,
and their intrinsic stress mismatch is approximately 1.2 GPa. Accordingly, the stress

values were given to the interfaces of structural layers.

The electromechanical simulations shown in fig. 3.5 of the switch under bidirectional
stress demonstrate a wavy shape with combined total beam thicknesses of 830 um
(upward bending) and 870um (downward bending) that results in a considerable gap of

40 um between the RF line and the switch beam.
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Figure 3.5 Bending profile of wavy switch cantilever.

The actuator tip deflections were simulated across various biasing voltages from 0 V to
50 V in a step of 0.2 V. Fig. 3.6 shows the plot of displacement as a function of biasing
voltage for a zipping actuator with a length of 500 um and a width of 100 um. At the pull-
down voltage, the solution becomes unstable, and the simulator is unable to calculate any
further convergence between electrostatic and mechanical energy. The cantilever's tip
steadily descends until it reaches a maximum deflection of 8.8 um before collapsing into
the bottom electrode at 40.5 V. As a result, the cantilever tip deflection is 22% of the

original.
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Figure 3.6 Tip displacement vs applied DC actuation voltage.

26



3.1.3.2. Electromagnetics Analysis

Similarly, electromechanical simulation deformed geometries were uploaded to ANSYS
HFSS for high frequency analysis. In order to extract the S-parameters for switch
geometries, a frequency sweep was performed using two-port analysis. In fig. 3.7, the
switch's up-state isolation (S21, OFF-state) and down-state insertion loss values (S21,
ON-state) were obtained and plotted against the switch's geometrical parameters. As
previously stated, the contact resistance mainly defines the insertion loss, which is also
dependent on the contact area. This can be seen from the plot. Insertion loss values vary
from -0.4 dB to -0.8 dB for a given design space of lengths and widths, with shorter values
of length and broader width implying a low contact resistance path and hence low
insertion loss. Aside from the contact resistance, the change in width of the cantilever
alters the switch impedance from the t-line impedance. The insertion loss was found to
be -0.44 dB (@30 GHz) for 300 um length with 100 um breadth, as the line impedance

remains unchanged and matching.
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Figure 3.7 Performance against the switch's geometrical parameters (a) Down switch
position (ON-state), (b) up switch position (OFF-state).

Likewise, Fig. 3.7b shows RF isolation for various switch dimensions. Due to the fact
that a wider switch cantilever ensures a larger contact area between the switch cantilever
and the RF transmission line, the coupling off-state capacitance increases, resulting in
worsening the off-state RF isolation. Additionally, while maintaining constant stress
conditions, the value of isolation improves with length, as increased length results in
increased tip displacement (contact distance) which in turn reduces the coupling off-state
capacitance. However, the contact distance is kept constant 40 um for consistency in Fig.
3.7 simulations. To conclude, for switch dimensions of 50 pm (width) x 600 um (length),
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the maximum isolation value was determined to be -24 dB (@ 30 GHz). Therefore, in
order to reduce the switch inherited trade-off, we designed a 100 um cantilever switch
width with a reduced contact tip width of 50 um. The S-parameters of the optimized RF-
MEMS switch on glass substrate are shown in Fig. 3.1, while simulations on high-
resistive silicon are represented in Appendix Al.
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Figure 3.8 Simulated S-parameters of wavy RF-MEMS switch in the (a) ON-state and (b)
OFF-state position with Vpull-in =40 V.

Table 3 compares the performance of the suggested switches to that of relevant literature
to provide clarification for the study's conclusions. To conclude, the obtained RF and
mechanical performance data strongly support the proposed wavy cantilever RF-MEMS
switch's efficacy in millimeter wave (5G) frequency ranges up to 50 GHz.

Table 3.3 Performance comparison of different simulation literature

Ref. Frequency Isolation Insertion loss  Pullin voltage
[62] Upto 110GHz  >-15GHz <-1dB 50V
[63] 5GHz - 44dB -0.21dB 15.3V
[64] Up to 10GHz >-20dB <-0.2dB 46V
[65] Up to 40GHz -36dB -0.43dB 60V

Our Work  Up to 50GHz >-20dB <-0.6dB 40.5V

3.2. Cantilever Based Capacitive RF-MEMS Shunt Switch Design

3.2.1. The Switch Concepts
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Generally, for high frequency applications, RF-MEMS switches employ capacitive shunt
topology, because of their lower RF parasitic and insertion losses [66]. To realize a shunt
configuration in RF-MEMS switches, a bridge membrane is often utilized that is
suspended over the RF line and shorts the RF signal to ground when actuated [67].
Usually, shunt configurations are often used for high-frequency (>10 GHz) applications,
and subsystems such as transmitters to shunt the signal to the ground and also used in
receivers as shunt RF-MEMS switches are high reliability for low-RF power. [5].
However, since bridge membranes inherently possess large spring constants, their
actuation commonly requires strong electrostatic forces, thus resulting in high pull-in
voltages and slower switching speeds. While minimizing the pull-in voltage, a crucial
trade-off typically originates between the pull-in voltage and corresponding RF
performance parameters of the switch (i.e. isolation and insertion losses) [5]. For instance,
an increased membrane size for switch results in a lower actuation voltage, but
simultaneously increases the high-frequency ON-state insertion losses. Thus,
simultaneous optimization of actuation voltage and RF characteristics of MEMS switches

is essential to validate their applicability for mm-wave circuits [67].

Consequently, in this design, we investigate a cantilever-based shunt structure to optimize
the switch S-parameters and lower the pull-in voltage RF-MEMS switch. In contrast, to
shunt switches using a bridge membrane, we use a low spring constant fixed-free
cantilever beam in a shunt configuration to reduce the pull-in voltage, which also offers
faster switching speed and simpler design [16], while enhancing the RF performance by
leveraging the inherent advantages of shunt topology. The proposed switch displayed in
Fig. 3.9 is simulated on glass substrate, using CPW transmission line configuration to

limit the RF losses.

Ground

DC Bias RF Input
Electrode

Glass
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Figure 3.9 Cross-sectional view for the proposed cantilever-based RF-MEMS shunt

switch.

When no actuation voltage is given, the electrostatic cantilever-based shunt switch
remains in the "up” position, creating a small capacitive coupling between the cantilever
and the RF signal line. Due to the large impedance associated with the up-state
capacitance, the RF signal is routed thru the RF signal line, avoiding the capacitive path
from the switch to ground. Likewise, the up-state capacitance Cup-state between the switch

and RF line in the up-state (on-state) is given as:

EOA contact

g+ td/gr (3'1)

Cup—state =

Conversely, when an actuation voltage is applied, the electrostatic forces pull the switch
cantilever downward towards the RF line. As a result, the capacitance increases abruptly,
thereby decreasing the corresponding impedance between the RF line and switch beam
significantly. Consequently, when fully actuated, the switch beam establishes a capacitive
contact with the RF line, thus providing a low impedance path between the RF line and
the ground plane. Accordingly, the down-state of the switch refers to an OFF-state, where
the RF signal is grounded via the switch beam. Once actuated, the gap (g) between the
switch beam and RF line becomes zero, and hence, the down-state capacitance is shown
in Eq. 2.5.

Furthermore, the ratio of down-state and up-state capacitances can be utilized as an
indicator to evaluate the performance of the RF switch [66]. For instance, a small up-state
capacitance corresponds to a low capacitive leakage in the up-state of the switch, thereby
indicating low insertion losses and vice versa for the down-state. Therefore, the prime
focus of our switch design is to maximize the capacitance ratio (r), which can be

mathematically expressed as [68]:

Caown-state _ (e-g + td) ) Acontact _ &8 +1 (3.2)

Cup—state td Acontact td

T =

3.2.2. Switch Design

The proposed switch, illustrated in Fig. 3.9, was released on a Cu CPW transmission line

deposited on a glass substrate. The transmission line impedance changes as we load the
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line with the RF-MEMS switch due to the additional coupling capacitance created by the
suspended beam above the transmission line. This results in a mismatch between the
switch impedance and port impedance. When the switch is ON (in UP-state) a high
coupling capacitance is created, resulting in a high return loss. In order to reduce the up-
state return loss, we need to compensate for the high coupling capacitance by using a high
impedance line at the desired frequency band [69, 70]. In this case, the CPW was modeled
with a width of 100 um for the central line conductor and a gap of 250 um between the
ground and signal line, to give an impedance value of 74.8 Q. Whereas the thickness of
the CPW transmission line was calculated based on skin depth to allow for the
transmission of surface currents [71]. Cu was also employed as a conductive material for
the switch, it has a skin depth of 0.381 um at 30 GHz. As a result, the thickness of CPW
was fixed to 1 um to ensure efficient transmission of surface currents and electromagnetic

radiations [72].

Port 2
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electrode

Figure 3.10 The proposed cantilever-based shunt RF-MEMS switch

Correspondingly, the actuation area is fixed to 200x100 um? while the contact area width
“Wc” is varied from 50x100 pm? to 200x100 um?, to search for an optimal RF response
of the switch with respect to the up-state capacitance and down state contact resistance.
A summary of the mechanical components of the switch with their dimensions is given
in table 3.4.
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Table 3.4 Structural Elements and Geometry of the Switch

Structural Elements Material Dimensions, x-y-z (um)
Passivation layer SiO; 1900 x 2000 x 1
Coplanar Waveguide Copper 1900 x 100 x 1
Biasing pads Polysilicon 75x75%x0.2
Actuation electrode Polysilicon 200x 150 x 1
Switch contact tip Copper 50-200 x 100 x 1

3.2.3. Electrical and Mechanical Simulation of the RF Switch

The switch is meticulously modeled using electromechanical and high-frequency
finite element simulations in COMSOL and HFSS, respectively. Furthermore, the
suggested switch design is optimized for electromechanical responsiveness, lowering the
actuation voltage even further and ensuring reliable operation. Finally, a parametric
analysis is performed to determine the link between the geometric characteristics of the

proposed switch design and its RF performance.

3.2.3.1. Electromechanical Analysis

To explore the impact of cantilever geometry on the electromechanical response of an
RF-MEMS switch, we evaluated 3 separate cantilever switch designs, as schematically
represented in Fig. 3.11. To begin, a simple cantilever was developed, denoted by "Case-
1" (fig. 3.11a), followed by a non-uniform beam was examined in order to minimize the
effective spring constant, as illustrated in Fig. 3.11b, refer to as "Case 2." Apart from
optimizing the pull-in voltage, the durability of RF-MEMS switches is crucial for real-
time applications in which these switches are required to fulfill billions of cycles [66].
One major drawback of electrostatic MEMS switches is the dominance of adhesion forces
at an interface between the actuation electrode and switch beam, which causes beam
stiction, thus damaging the device permanently [73, 74]. Therefore, a perforated non-

uniform switch beam was considered as a “Case-3” in this work (Fig. 3.11c), to create
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etch holes for both easily releasing the structure during sacrificial layer etching, and

minimizing stiction issues [75].

Similarly, in line with the RF line's structural requirements, copper was chosen as the
cantilever material, with a thickness of 1 um. Additionally, a thin silicon dioxide layer
(200 nm) was deposited to act as a buffer layer as well as isolate the fixed actuation
electrode from the switch cantilever electrically. The air gap (g) between the actuation
electrode and the cantilever was set to 4um. The material attributes were adapted from
the basic material library already included in COMSOL. Due to the symmetry of the
geometry of all three beams, only half of the system was modeled using COMSOL's solid
mechanics module, which decreases the computational burden. In order to determine the
pull-in voltage and related tip deflection of the switch cantilever, a static study was

performed.
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Figure 3.11 Schematic view of the RF switches: (a) Case 1, a simple cantilever; (b) Case
2, a non-uniform cantilever; (c) Case 3, a non-uniform cantilever with square

perforations.

The variation in normalized tip deflection (&) of switch beams with respect to the applied
voltage reveals pull-in voltages for Cases 1 to 3as 10.8 V, 9.1V, and 9.8 V, respectively,
where the system becomes unstable thereby indicating a beam-electrode contact. Case 1
exhibits the highest pull-in voltage among all other cases, which can be attributed to its
high spring constant, as it is deemed to have a stronger and uniform anchor boundary
condition and a higher moment of inertia. While the pull-in voltage for Case 3 is larger
than that of Case 2, since the overlapping area for Case 3 is lower, which directly
increases the pull-in voltage, as indicated by Equation (2.1). Conclusively, Case 2
performs the best in terms of pull-in voltage, while Case 3 provides a more reliable
solution in terms of reducing potential stiction events with minimal sacrifice of less than

1V from the pull-in voltage. The electrostatic energy at pull-in voltages was also
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estimated and found to be in the range of 1.5—2.5 pJ. Regarding supply voltages, CMOS
typically offers below 1V supply, therefore solutions such as charge pumps will be needed

to boost the voltage to the required pull-in values [76].

Voltage (v)

Figure 3.12 Normalized tip deflection vs applied DC actuation voltage.

Furthermore, the dynamic behavior of the switch cantilever at pull-in voltage was
explored using a time-dependent study in which the motion of the cantilever tip from its
initial free state to its contact state was observed (see fig. 3.13). The analogous outcomes
from a time-dependent analysis are shown in Fig. 3.12, under which "Case 2" and "Case
3" exhibit comparable time-dependent performance at the pull-in state, with a switching
time of approximately 90 us. But the switching time for the simple uniform cantilever

switch in "Case 1" is slower, around 120 ps.
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Figure 3.13 Time-dependent response for the three selected designs of the proposed

switch.

Further, the von Mises stress in the switch design is critical in determining the RF switch's
lifespan. Therefore, to ensure reliable performance, the highest stress in the switch beam
during operation must be substantially below the yield stress of the switch material. The
yield stress of copper thin films value is varied ranging from 84 MPa to 360 MPa based
on various critical factors like grain size, and fabrication techniques [77-79]. Accordingly,
we studied the time-dependent von Mises stress in the proposed switch beams during

electrostatic actuation, as reported in Fig. 3.14

As seen in the stress plot, the stress grows nonlinearly with time in all cases and reaches
a peak of 8 MPa, 11.5 MPa, and 11 MPa for Cases 1, 2, and 3, respectively, when the
cantilever is in the actuated state. Essentially, a relatively large anchor area signifies less
strain in that location, and hence the maximum stress value for Case 1 is the lowest. In all
situations, however, the maximum von Mises stress in the cantilever is less than the yield
strength of thin copper films, thus demonstrating a mechanically robust and reliable design.
This value is varied ranging from 84 MPa to 360 MPa based on various critical factors like grain

size, and fabrication techniques. In our design, the maximum stress which is happened in the

anchor is around 8 times lower than the minimum reported yield stress
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Figure 3.14 (a) Plot of the maximum stress value during actuation for the three cases.
Stress contour plots for: (b) Case 1; (c) Case 2, and (d) Case 3.

3.2.3.2. Electromagnetics Analysis

Following the electromechanical analysis, the designed switch geometries were exported
to HFSS software (ANSYSS Inc., Canonsburg, PA), where the relevant RF characteristics
were extracted. Case 2 described in previous sections, was selected among others for the
high-frequency analysis, owing to its lowest pull-in voltage value. To conduct a high
frequency study on the proposed switch design, a two-port frequency sweep was used,
and relevant scattering parameters (S-parameters) were extracted. In the absence of
actuation voltage, Si1 and Sp; reflect the return loss and insertion loss, respectively,
whereas Sy1 represents the isolation when the switch is actuated. The capacitance Cyp
influences the switch's return loss and insertion loss and must be maintained to the lowest
possible value, while Cgown-state defines the switch's isolation and should be as high as
possible. Accordingly, the width of the switch’s “contact area” was altered in the EM

simulations to maximize the switch's RF performance, over a frequency range of 20-60
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GHz. The shunt RF-MEMS switch was simulated on glass as well as high resistive silicon
(Appendix B).

In the up-state (ON-State), the coupling capacitance predominant the insertion loss, as
displayed in Fig. 3.15 for different contact tip widths. At 30 GHz, the switch's insertion
loss ranges between -0.065 dB and -0.42 dB as the contact tip width increases from 50
um to 200 um. This increase in insertion losses as contact tip width increases is a result
of the increasing switch coupling capacitance, that in turn increases insertion losses due
to capacitive leakage. Without a doubt, the presented switch design enables effective
transmission of RF signals up to 60 GHz while maintaining insertion losses lower than -
1dB.
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Figure 3.15 Simulated insertion loss against frequency for the proposed switch.

Additionally, the return loss for the switch was found to be -18 dB at the resonance
frequency, and -10 dB at 50 GHz.
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Figure 3.16 Simulated return loss against frequency for the proposed switch.

Likewise, Fig. 3.17 depicts the variation in switch RF isolation values as a function of
cantilever contact tip width. The resonance frequency for the switch shifts from 40 GHz
to 23GHz when the contact area width rises from 50um to 200pum, owing to the higher
Cdown-state @ssociated with increasing contact tip width. Thus, the Cgown-state Varies causing
resonance frequency shift. Among several shunt switch designs with various contact tip
width values, a 100um contact tip width provided us with the highest isolation value of -
44.7 dB as well as the lowest insertion loss of -0.14 dB, at 30 GHz.

Isolation (dB)

20 25 30 35 40 45 50 55 60
Frequency (dB)

Figure 3.17 Simulated RF isolation against frequency for the proposed switch.
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To establish clarity for the study's findings, Table 3.5 compares the suggested switches'
performance to that of relevant literature. To summarize, the acquired RF performance
results substantially validate the proposed cantilever type shunt switches' efficient

functioning in millimeter wave (5G) frequency ranges up to 50 GHz.

Table 3.5 Performance comparison with simulation-based studies in literature

Pull-in Switching Insertion Loss )
Ref _ RF Isolation (dB)
Voltage (V) Time (us) (dB)

[80] 18.3 - -0.29 @ 35 GHz -20.5 @ 35 GHz

[81] 3.2 15 -0.01 @ 12 GHz -44 @ 12 GHz

[82] 4.9 21 -0.8 @ 30 GHz -50 @ 30 GHz

[83] 4.8 33 -0.25 @ 20 GHz -20 @ 20 GHz
OUR WORK 9.1 90 -0.14 @ 30 GHz -44.7 @ 30 GHz
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IV. PROCESS FLOW FOR FABRICATION OF CANTILEVER-TYPE RF-
MEMS SWITCHES

MEMS fabrication incorporates common complementary metal oxide semiconductor
(CMOS) methods such as lithography, chemical vapor deposition (CVD), physical vapor
deposition (PVD), epitaxy, oxidation, dry and wet etching, diffusion, and ion
implantation. Several of these conventional methods have been adapted for MEMS
fabrication, such as the use of thick photoresist, greyscale lithography, or deep reactive
ion etching (DRIE). RF-MEMS devices could be followed the standard fabrication

processes, which are deposition, lithography, and etching as seen in Fig. 4.1.

Masks l

Depostion Jé

—| Photolithography |

!

| Etching/Liftoff |

Wil
Figure 4.1 Standard MEMS fabrication processes.

In addition, all materials relevant to integrated circuit processing are widely used in the
fabrication of RF-MEMS, such as a range of metals and metallic compounds deposited

by PVD techniques (Cu, Au, Al, Cr), and also organic materials such as amorphous

40



silicon, silicon nitride, silicon dioxide deposited by CVD. Where they are usually
followed by spin-coating of organic polymer photoresists or thick polyimides and
patterned using photolithography technologies. This chapter will detail and analyze each
fabrication stage along with the optimized process parameters for both proposed
cantilever ohmic RF-MEMS switches designs, discussed in chapter 3. The RF-MEMS
switches were fabricated on Borofloat33 glass substrates using standard CMOS

technology.

4.1. Overview of the process flow

The fabrication process for this work has been carried out in a standard micromachining
process in a Class 100 cleanroom. In brief, the fabrication process for the wavy RF-
MEMS switch consists of 7-photolithography mask process. While the shunt RF-MEMS
switch followed a very similar process, however, using only a single mask to create the
beam (appendix C). The process was carried out in Borofloat33 glass with thickness of
500+10 pm.

First, a polysilicon layer was deposited and patterned using photolithography mask 1 to
define the DC actuation electrode and corresponding DC lines, as well as the DC pads for
probing (Fig. 4.2b). Followed by a 500nm thick silicon dioxide layer is deposited using
PECVD (plasma enhanced chemical vapor deposition) and patterned using mask 2 on
top of the DC line, which served as a dielectric layer between the DC electrode and
upcoming switch beam layer (Fig. 4.2c). A 1um thick copper layer was then deposited
and patterned using mask 3 to define the CPW line (Fig. 4.2d). At this point, a 200nm
thick ZnO sacrificial layer was deposited and patterned to define the anchor point of the
switch beam (Fig. 4.2e). A multi-layer thin metallic film stack was then deposited via
evaporation and patterned to realize the switch beam, as shown in Fig. 4.2g-f. The multi-
layer stack comprises the main copper layer (1 pm thick) shown in Fig. 4.2h, and
chromium stressor layers on top and bottom with thicknesses varying from 20 nm - 50
nm, depending on the required bending profile, in Fig. 4.2g and f respectively. Finally,
the sacrificial layer was removed, and the switch beams were suspended. Owing to
internal stresses, the switch beams self-assembled into bent-up or wavy structures,
according to the thicknesses of chromium layers (Fig. 4.2i). The masks for the relevant

steps are displayed in Appendix D.
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Figure 4.2 The proposed RF-MEMS Switch process flow.

4.2. Cleaning of the Glass Substrate

The first and most vital step in the fabrication flow for both types of RF-MEMS switches
is cleaning the glass substrate. The substrates are cleaned subsequent to each wet-
chemical treatment by different cleaning techniques for a smoother and less contaminated
surface. Firstly, the wafer was left in warm acetone to remove organic contaminations
such as grease, oil, or photoresists. If there is no sensitive pattern on the sample, the
sample can be placed in an ultrasonic bath for 5 minutes to remove metals and molecular
contaminations. Unfortunately, acetone tends to leave its residue on the sample as it
evaporates. Therefore, the sample must be placed in an isopropanol (IPA) bath to remove
acetone traces, followed by a deionized (DI) water rinse and dried with nitrogen gas (N2).
Finally, the sample is backed in oven at 135°C for 10mins to dehydrate leftover H20

molecules.

4.3. Layer 1: Deposition of Polysilicon For DC Bias Line And electrode

Since the transmission line and switch are made of Cu, the actuation electrodes and DC-
bias signal lines are ought to be made of high-resistivity doped polysilicon to reduce the
coupling with RF lines. That way the bias pads are isolated from the cantilever using thin
high-resistivity silicon bias lines.
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The deposition of a uniform thin doped polysilicon layer is achieved using sputtering. A
thin film of 200 nm of doped polysilicon was deposited in RF (13.56 MHz) magnetron
system using a 2-inch diameter target. Initially, pre-sputtering is done for 10 min in order
to remove any contamination from the target surface. After pre-sputtering, the target
power and argon flow were adjusted to stabilize the deposition rate at 0.4 Als for 120

mins.

The first photolithography has been carried out using mask 1 layout to transfer the biasing
line and actuation electrode pattern on the wafer, and then dry etched using DRIE using
SFe.

4.4. Layer 2: Deposition Of Silicon Dioxide Intermetal Dielectric Between The
DC Bias Line And CPW

The PECVD system was utilized to deposit 500 nm of SiO. film, where the wafer is
placed in the chamber via load-lock. Before deposition, the chamber is pre-heated for 10
minutes to stabilize the temperature of our sample and then purged with N at a flow rate
of 700 sccm for 1 minute. The deposition followed the baseline recipe (table 4.1) at a

deposition rate of 70.6 nm/min.

Table 4.1 PECVD Parameters settings

Parameters Values
SiH4 flow rate 265sccm
NHsflow rate 1000sccm
N2 flow rate 500sccm
Pressure 1800mTorr
RF Power 140W

LF Power ow
Temperature 350°C

The second lithography was performed to pattern the dielectric layer by dry etching as it
is preferred for obtaining anisotropic profile. The sample was etched using DRIE ina 1.5

min intervals for a total of 7.5 min.

43



4.5. Layer 3: Metallization To Define The Transmission Line

Lift-off process showed to be the most conventional and ideal way to pattern bi-layer or
tri-layer metal with minimum under etching compared to wet etching as shown in Fig 4.3.
Firstly, the sample was cleaned with acetone followed by IPA after patterning the oxide
layer. Then Hexamethydisilazine (HMDS) was spined on top of the sample for better
metal adhesion with the oxide layer. Silane compounds from HMDS promote the
chemical adhesion of an organic compound (photoresist) to the non-organic layer. The
lift-off techniques require negative wall profile, which is achieved by using AZ 5214E in
the image reversal (IR)-mode. The image reversal mode can be reached by activating a
specific crosslinking agent in the resist composition. The AZ 5214E data sheet is used to

optimize the IR process recipe (appendix E).

Figure 4.3 Patterning of CPW using (a) wet etching and (b) Liftoff.

After the third photolithography (using mask 3), the deposition of chromium and copper
was carried, onto the negative photoresist patterned wafer, by using TORR electron beam
evaporator. The graphite crucible pocket was filled with chromium (99.95%) pieces and
copper (purity 99.7%) pieces as the source material. The metal deposition procedure was
carried out at a base pressure of 5 x 10 mbar. The power supply was gradually increased

by varying current to the tungsten filament until the deposition rate reached the desired
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rate and was maintained at 0.6 A/sec. The coating was carried out for 3 hours. During
deposition, the substrate was rotated and maintained at room temperature. A tri-layer
Cr/Cu/Cr was deposited to form the CPW, where the first thin layer of 10nm Cr was used
as adhesion layer before Cu deposition, while another 5nm of Cr was evaporated on top
of Cu to avoid the oxidization of the Cu layer. Finally, the sample was left in acetone for
12hr to remove the AZ5214E and complete the lift-off process.

-—
GSG
RAA
(b) CoppeF CPW

Figure 4.4 Liftoff process (a) After reverse image step before deposition (b) after

removing the underneath photoresist.

However, one of the challenges faced during e-beam metal deposition is spitting. Spitting
phenomena occurs during the Cu evaporation when liquid droplets are accidentally
ejected from the melt pool, resulting in defects in the formed film. These defects severely
reduce film yields, causing device failure due to the breakouts of the layer structures.
There are many process conditions and parameters, which if left uncontrolled, can have
an overwhelming influence on spitting. To begin, the fabrication parameters and factors,
include the cleanliness of the evaporation chamber, the uniformity of the crucible liner
weight, and the crucible liner material. Once these process variables are maintained
consistently, the impact of the Cu source material should be determined. Cu must
be exceptionally pure and clean because an organic-free surface results in the least
amount of spitting. Finally, during evaporation preheating for degassing the evaporation
material or slow heating until it reaches the evaporation point can help reduce spitting
[84]. Therefore, the power is applied very slowly until Cu melts into a pool, then the
power was gradually increased to achieve desired deposition rate. In addition, the beam
location was fixed to further reduce the spitting. Fig. 4.5 shows the before and after the
result of the optimized metal deposition.
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Figure 4.5 The before and after the result of the optimized metal deposition.

4.6. Layer 4: Deposition Of The Sacrificial Layer Deposition And Patterning
Of The Beam’s Anchor

Sacrificial layer deposition comes after building the CPW, the material used in this layer
Is critical because it facilitates the formation of the structural layers. Typically, a

sacrificial material shall meet certain criteria:
(1) Sufficient mechanical strength to provide a smooth fabrication process.

(2) Adhesive qualities capable of preventing the sacrificial layer from being

removed during the fabrication process.
(3) It should exhibit minimum residual stress during fabrication.

Within this thesis we used a wide range of sacrificial layers (i.e. different photoresists,
Al>03, Ge, ZnO), among which, ZnO has been selected because of four main reasons: 1)
having high selectivity to the other layers at ambient temperatures, 2) being easy to
fabricate, 3) having roughly fast etching rate at ambient temperature, and 4) being less
hazardous than other acids like Hydrofluoric acid. Table 4.2 summarizes the different
materials used as a sacrificial layer in this thesis and their relative difficulties faced.
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Table 4.2 Results for different materials used as a sacrificial layer

Image
Material process Issue faced corresponded
in Fig 4.6
Spin coat at 4000rpm
AZ5214E  hard baked for 12min at 135C PRrardeneddue b a
and 177 hot plate for 45mun evaporation and cracke
PR cracked during
. Spin coated at 2000rpm deposition, removed using
0,
14% JWedAZ baked at 105C and hard baked ot acetone and P1316 o
for 10min at 135C and 177 hot stripper. Resulted in T
plate for 45mun release related stiction
E-beam evaporation of 300nm  Low selectivity to the other
Al203 thickness layers ef
Beam broke, poor
. coverage/ conformity can
Ge Thermal ev;?:;iggg of 240nm be due to liftoff ears or g
sharp edges
. . The beam was released
RF magnetic sputtering of
Zn0O 200nm thickness successfully h
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Figure 4.6 SEM and optical images for the results obtained corresponding to different

materials used as the sacrificial layer.

Accordingly, Sputter was used to deposit a 200nm ZnO layer. The deposition was carried

out using RF (13.56 MHz) magnetron sputtering system using a 2-inch ZnO target. The
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sputtering was done in argon-based atmosphere in the pressure range of 14-30 mtorr at
100 W. A pre-sputtering is first performed for 10 min with a pressure control of 30 mTorr
and 11.3 sccm gas flow at a power of 50 W. The power is then gradually increased to 100
W for 90 mins at a deposition rate of 0.7-0.8 Als. The sputtering process parameters were

set as described below.

Table 4.3 Sputtering process parameters

Parameters Values

Method RF-magnetron
Target 99.99%, 2inch dia.
Sputtering gas Ar

Max Power 100W

Substrate rotation ~ 5rpm

Target/substrate 5cm

The thin film ZnO deposited on the sample using sputtering provides a conformal step
coverage of the structural material layer in the subsequent steps. Following the deposition,
the fourth lithography was done to transfer the anchor mask to the sacrificial layer. While
there are several ways to etch ZnO (HCI, BHF, HNO3, NH4CI+NH40OH+H20, et), one
should consider that the etchant used should have a high etching rate to remove the
sacrificial layer underneath the cantilever, without affecting the other layers. Thus, a
solution of phosphoric acid, acetic acid, and water, with ratio of 1:1:200 was used to etch
the ZnO layer.

4.7. Layer 5: Metallization To Form The Cantilever

After patterning of the sacrificial layer, a tri-layer thin metallic film stack was then
deposited, for the wavy cantilever switch, thru evaporation and patterned as shown in Fig.
4.7. The cantilever consists of a core Cu layer (1 um thick), and Cr stressor layers on top
and bottom with thicknesses ranging from 20 nm to 50 nm, based on the bending profile
desired. Regarding the cantilever-based shunt switch, the beam is made up of a single Cu

layer patterned using the 6™ mask layout.
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Figure 4.7 Final deposition of the cantilever beam layer.

4.8. Removal of the Sacrificial Layer

The final step in the switch fabrication flow is the etching step to remove the sacrificial
layer. The sacrificial layer is removed using a wet etching solution of phosphoric acid,
acetic acid, and water, and the switch was successfully released without stiction, as

demonstrated in Fig 4,8.

Rough surface

Copper beam
Bent-up E

segment &
-7 Bent-dow n

segment

Actuation
Hectrode

e = Bias line

Figure 4.8 SEM images of Wavy MEMS switches.
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V. RESULTS AND DISCUSSION

In this chapter, the experimental characterization of the fabrication of cantilever-type RF-
MEMS switches were performed according to the electromechanical and electromagnetic
characteristics. Accordingly, the S-parameters on the wafer were measured using a two-
port network Vector Network Analyzer (VNA) up to 35GHz. While the experimental
pull-in curve was performed by applying an external voltage for the switch actuation by

a keysight B2900 source measurement unit.

5.1. Wavy Cantilever RF-MEMS Switch Characterization

5.1.1. RF Characterization of the RF Switch

The S-parameters for the RF-MEMS switch were measured by network analyzer using a
micro-positioner and ground-signal—ground (GSG) microprobes with 100um pitch [from
GGB Industries]. Before testing, probes calibrations were done using a two-port short-
open-load-through method and commercial calibration substrate kit. The RF
characteristics in the ON-state and OFF-state were measured. The S-paremter results were
extracted from measurements results in Fig. 5.1 of the switch by de-embedding the probe-
pad and transmission line parasitic components, In the OFF-state and at high frequency
the wavy switch cantilever gave good isolation values (> -20dB) for different switch
geometry in a defined frequency range. The proposed design offers additional parameters
to tailor the isolation values for the device requirements as a function of the switch
capacitance (by controlling the bending profile of the switch as well as overlapping area)

and parasitic inductance.
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Figure 5.1 Measured S-parameters for the proposed wavy RF-MEMS switch (OFF-
state) isolation and (ON-state) insertion loss.

Whereas, in the ON-state, the insertion loss of a CPW without the switch was firstly
measured to have approximately -1 dB insertion loss. Therefore, the insertion loss values
for loaded CPW with the switch were found to be around -1.5 dB extracted from the thru
de-embedding. And through the switch operation analysis we found that the ON-state
switch resistance switch is about 70 Q which is much higher than expected value of 5-
10 Q [5]. This can be due to improper contact of the beam with the RF signal line. The
beam tip contacting the RF signal line might suffer from partial contact surface roughness
and insufficient contact force, which results in high switch resistance. However, the beam
contact area might not be fully in contact with the RF signal line, creating a small air-gap
distance between the beam and RF signal line . Consequently, results in a high down-

state capacitance, which reduces the insertion losses caused by the high switch resistance.
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Figure 5.2 On/Off operation performed with fabricated wavy switch.

The measurement results are plotted in Fig. 5.2. The switch performance can be improved
through further fabrication optimization and intensive and careful cleaning processes or

the use of a smoother material for the contact tip.

5.1.2. Mechanical Characterization of the RF Switch

Electromechanical response of the fabricated switches was measured using tungsten DC
probe tips along with the micro-positioners for accurately probing the RF switches. To
extract the actuation voltage, the DC actuation electrode was excited with a DC voltage
signal through DC pads and DC lines, while a ground signal was supplied to the switch
beam. In order to reduce the dielectric charging phenomena, a bipolar DC signal was
applied with an AC actuation voltage to avoid charge trapping. The DC voltage setting
followed a typical square-wave frequency of 1 kHz, with a transition time of 20 ns. The
applied DC voltage was increased in steps and the deflection in the switch beam was
observed. For our fabricated switches, the pull-in phenomenon was observed at 32 V (see
Fig. 5.2).
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VI. CONCLUSION AND FUTURE WORK

Despite the excellent RF performance of electrostatic RF-MEMS switches at mm-wave
frequencies, their applicability to practical 5G systems is restricted due to corresponding
high actuation voltage requirements, and low reliability as they are more prone to stiction
failure. The proposed designs in this thesis tackle these challenges that limit RF-MEMS
switches from expanding to high frequency range applications. The thesis is based on the
investigation and optimization of cantilever-based RF-MEMS switches in shunt and

series configurations.

Utilizing a novel approach based on intrinsic stress-induced self-assembly, a wavy
cantilever type RF-MEMS switch with optimized RF isolation and actuation voltage was
achieved. The developed switch is distinguished by its low insertion loss and high
isolation without sacrificing the pull-in voltage value. Insertion loss values as low as 0.13
dB and RF isolation as high as 28 dB were found while reducing pull-voltage values to
less than 41 V (at 30 GHz). Using coupled electromechanical and high frequency
simulations, these findings demonstrate the promise of bidirectionally stressed,
curved MEMS switches for 5G applications [9]. Moreover, taking into account the
tunability of intrinsic stress-induced bending features of cantilevers, the stress gradients
in the switch may be adjusted to accommodate varying actuation voltage and isolation

levels.

On the other hand, the second design proposed in this thesis demonstrates the use of fixed-
free cantilever beams in shunt configuration as RF switches, instead of conventionally
utilized fixed-fixed membrane structures, to overcome the voltage constraints. The design
is systematically modeled and optimized to achieve high electromechanical response and
mechanical reliability. At 30 GHz, the achieved insertion loss and RF isolation values for
the proposed switch reach up to -0.065 dB and -46 dB, respectively, thus illustrating a

massive potential of proposed cantilever-type shunt switches for 5G applications.
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Finally, the proposed designs for RF-MEMS switches were based primarily on fabrication
methodologies compatible with CMQOS. Chapter 4 covered the fabrication procedure for
both RF-MEMS switches using surface micromachined methods compatible with
conventional CMOS technology in a clean environment. Each stage of fabrication was

thoroughly detailed, and the results were studied in chapter 5.

For future work, the fabrication techniques used can be developed more in order to reduce
the common issues such as poor contact quality, current leakage, and further optimization
of the cleaning process without affecting the other structural layers. Apart from the
fabrication techniques, the devices fabricated in this thesis can be integrated with other
building blocks for communication systems such as antennas, or used as filters, phase
shifters, etc. In addition, the single RF-MEMS switches can be connected in parallel using
a T-junction power divider to construct a Single-Port-Double-Throw (SPDT) switch. This
can help to test the materials in real-life systems and can open a wide range of
opportunities in applied research, especially in 10T applications and 5g communication

systems.
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RF-MEMS Switch on High Resistive Silicon Substrate Simulations
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Figure A.1 Simulated S-parameters of wavy RF-MEMS switch on high resistive silicon
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Figure A.2 Simulated insertion loss against frequency for the proposed Cantilever
Based Capacitive RF-MEMS Shunt switch on high resistive silicon.
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APPENDIX B

RF-MEMS Switch on Glass Substrate With Copper DC Biasing Electrode

Simulations
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Figure B.1 Simulated S-parameters of wavy RF-MEMS switch on glass substrate using

copper biasing electrode in the (a) ON-state and (b) OFF-state position.

Fig B.1 shows the high losses the switch experience using Cu actuation electrode and
biasing line in comparison with polysilicon fig. 3.8. Using Cu or gold (Au) or any high
conductive metallic bias lines completely alters the signal’s behavior as shown above.
When the switch’s cantilever is actuated, the current surface density increases at the
points where the electrode connects to the cantilever, and currents begin to flow on the
lines’ conducting paths causing undesired resonances. To avoid the effects of the metallic

bias lines, one must use high-resistive materials for their bias line and actuation electrodes
such as polysilicon or Cr.
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APPENDIX C

Cantilever Based Capacitive RF-MEMS Shunt Switch Design process flow

fabrication and Results
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Figure C.1 The proposed cantilever-based capacitive RF-MEMS shunt switch process

flow.

In brief, the fabrication process for the cantilever-based capacitive RF-MEMS shunt
switch consists of 5-photolithography mask process. The process can be carried on either
high resistive silicon or Borofloat33 glass. First, a 500nm thick silicon dioxide layer is
deposited using PECVD, followed by the sputtering deposition of the polysilicon layer
target. The polysilicon thin film was patterned using photolithography mask 1 to define
the DC actuation electrode and corresponding DC lines, as well as the DC pads for

probing (Fig. C.1b). A 1 um thick copper layer was then deposited using e-beam
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evaporation and patterned using mask 2 to define the CPW line (Fig. C.1c). In order to
create a capacitive contact above the copper central signal line, a thin 200 nm oxide layer
was deposited and patterned using mask 3 (Fig. C.1d). At this point, a 4um thick ZnO
sacrificial layer was deposited and patterned (mask 4) to define the anchor point of the
switch beam (Fig. C.1e). Finally, mask 5 was used to perform the last photolithography
to pattern a 1 pum thick copper layer to construct the cantilever (Fig. C.1f). To release the

beam the sacrificial layer was removed, and the switch beams were suspended.

Figure C.2 The deflection of the shunt cantilever RF-MEMS switch.

Fig. C.2 shows the initial results obtained from the fabrication process. Due to the
uneven stresses across the non-uniform cantilever beam result in torsion deflect in the
beam as shown in fig. C.2. Since the torsional bending causes higher stiffeners in a
cantilever than vertical bending. It was challenging to measure the RF and mechanical
characterization of the shunt RF-MEMS switch. The switch can be improved by further

adjusting the multilayer metal deposition and thicknesses to control the degree of stress
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APPENDIX D

Mask layouts used in RF-MEMS Switch Fabrication

Figure D.1 Mask 1 DC pad and electrode pattern.
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Figure D.2 Mask 2 DC pad pattern to remove oxide layer above DC contact.
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Figure D.3 Mask 3 CPW pattern

Figure D.4 Mask 4 anchor pattern.
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Figure D.5 Mask 5,6 & 7 tri-layer beam patterns.
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APPENDIX E

A5214E Photolithography Recipes

Table E.1 Positive photolithography recipe

Spin-coat & Soft-bake Parameters
Spinning Speed Time Ramp Soft bake | Soft bake
step temperature Time
#1 500 [rpm] | 81[s] | 250 [rpm/sec] - -
#2 4000 45 [s] | 250 [rpm/sec] | 110 [°C] 3.5 [min]
[rpm]
Exposure & Development Parameters
Exposure | Exposure Mask Sample | Developer Time
time energy thickness | Thickness
52[s] | 105[mJ] | 2.37 [mm] | 500 [um] | AZ 726 45 [s]
Table E.2 Image reversal photolithography recipe
Spin-coat & Soft-bake Parameters
Spinning Speed Time Ramp Soft bake | Soft bake | Followed
step temperature Time by
#1 2000 45 [s] 250 90 [°C] 2 [min] Exposure
[rpm] [rpm/sec] #1
#2 2000 45 [s] 250 115 [°C] 2 [min] Exposure
[rpm] [rpm/sec] #2
Exposure & Development Parameters
Exposure | Exposure | Exposure Mask Sample | Developer Time
step time energy thickness | Thickness
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#1 2.8 [5] 56 [mJ] 2.37 500 [um] - -
[mm]
#2 8 [s] 160 [mJ] | Nomask | 500 [um] | AZ 726 80 [s]
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