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Abstract

RF MEMS switches exhibit excellent performance at high frequencies in comparison to
semiconductor devices. The technology of MEMS switches using the electrostatic
principle has been extensively developed. Unfortunately, practical difficulties, such as
high actuation voltage, and poor power handling, have proven hard to resolve, and the
wider adoption of these devices has been delayed. This thesis explores the possibility of
achieving low actuation voltage and high contact force with Aluminium Nitride (AIN)-
based piezoelectric RF MEMS switches. A comprehensive model for the mechanical and
electrical behaviour of the switch is analyzed to obtain an optimized design of a high-
performance switch by analysing the effects of the geometry, structure, materials, and
applied voltage. The mathematical (MATLAB) models are used preliminary to obtain the
optimized geometrical design parameters. Results from mathematical models were
compared with the Finite Element Model (FEM) analysis using the commercial
COMSOL Multiphysics FEM. From the optimization analysis, an actuation voltage of
7V for a single beam and 5V for the dual-beam is obtained. The contact force of 0.009uN
in the single beam and 0.9uN in a dual-beam is achieved. Furthermore, the single beam
and dual beam RF MEMS switches show resonance frequencies are 3.5MHz and

1.32MHz respectively.
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Annotatsioon

RF MEMS lilitid on pooljuhtseadmetega suurepirased korgetel sagedustel.
Elektrostaatilist pohimdtet kasutavate MEMS-liilitite tehnoloogiat on laialdaselt
arendatud. Kahjuks on praktilisi probleeme, nagu korge kiivituspinge ja kehv
energiakdsitsus, lahendada raskesti ning nende seadmete laiem kasutuselevott on
viibinud. See 16putdd uurib véimalust saavutada alumiiniumnitriidil (AIN) pdhinevate
piesoelektriliste RF MEMS-liilititega madal Kkaivituspinge ja suur kontaktjoud.
Analiiiisitakse liiliti mehaanilise ja elektrilise kditumise terviklikku mudelit, et saada
suure joudlusega liiliti optimeeritud kujundus, analiiiisides geomeetria, struktuuri,
materjalide ja rakendatava pinge mdju. Matemaatilisi (MATLAB) mudeleid kasutatakse
optimeeritud geomeetriliste kujundusparameetrite saamiseks esialgu. Matemaatiliste
mudelite tulemusi vorreldi 10plike elementide mudeli (FEM) analiiiisiga, kasutades
kommertslikku COMSOL Multiphysics FEM. Optimeerimisanaliilisist saadakse iihe tala
jaoks 7V ja topeltkiire puhul 5V akupinge. Saavutatakse kontaktjoud 0,009 uN iihe
valgusvihu ja 0,9 uN kahe valgusvihu korral. Lisaks nditavad lihe- ja kahekiireliste RF
MEMS-liilitite resonantssagedused vastavalt 3,5MHz ja 1,32MHz
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1 Introduction

Micro-Electro-Mechanical Systems (MEMS) technology is the miniaturization of
mechanical and electro-mechanical devices and structures, using microfabrication
techniques. A critical property of MEMS devices is their size, which varies from below
one micron to several millimetres. As a result of MEMS technology, the integration of
several micro-components on a single chip to form a microsystem that can sense and
control an environment is realized [1]. In the last decade, devices such as switches,
voltage-driven capacitors, inductors, acoustic and mechanical resonators, all employing
MEMS technology, have experienced tremendous growth, particularly in radio frequency
(RF) applications. Among these devices, RF MEMS switches are one of the most
fundamental and important MEMS devices in the RF/microwave field and can also be

incorporated into other RF MEMS devices [2][3].

1.1 Basics and classification of RF MEMS switches

RF MEMS switches are devices included in transmission line designs in order to achieve
a closed or an open circuit. RF MEMS switches operate at RF to mm/wave (0.1-100GHz)
[4]. An RF MEMS Switch has two main sections; the electrical section and the
mechanical section. The mechanical section, which is responsible for the movement of
the switch to the ON or OFF state, can be controlled by four different actuation principles:
electrostatic, electromagnetic, piezoelectric or thermal. Amongst these, magnetostatic and
thermal actuation provide high-contact force and low-actuation voltage, but longer switch
time and greater power consumption, whilst piezoelectric actuation exhibits fast switch
time and low-actuation voltage [5]. Furthermore, research has been carried out exploring
the combination of two mechanisms, such as the combination of magnetostatic and
electrostatic mechanisms [6], electrostatic and piezoelectric mechanisms [7], and thermal
and electrostatic mechanisms [8], towards reducing the actuation voltage. Besides, the

switch layout determines whether it moves horizontally or vertically.
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The electrical section can be either series- or shunt-configured and can have metal-to-
metal or a capacitive contact type. The metal-to-metal contact type (for both series and
shunt configurations) has low insertion and isolation losses for DC to the Gigahertz (GHz)
frequency range, with isolation loss largely due to parasitic capacitance, and insertion loss
arising from contact resistance. Capacitive series switches and capacitive shunt switches
experience low losses, in the 1-10GHz and tens of GHz frequency range, respectively.
Generally, capacitive shunt RF MEM switches are most popular, due to their excellent
performance at high frequencies [9, 10]. Altogether, there can be at least 32 types of RF
MEMS Switch designs, using combinations of actuation methods, contact type, and
circuit configuration [5].

1.2 Performance of RF MEMS switches

RF MEMS switches have both mechanical and semiconductor properties and advantages.
These switches exhibit excellent RF performance and low direct current (DC) power
consumption. RF MEMS switches operate at high radio frequency range of 20THz to
80THz, while PIN Diodes and FETs operate at frequency ranges of 1 THz to 4 THz and
0.5 THz to 2 THz respectively [5]. In addition, RF MEMS switches offer low insertion
loss (0.1 dB) and high isolation (>40 dB) at 1 GHz [1]. The superior performance of RF
MEMS switches in comparison with conventional semiconductor switches, such as GaAs
(Gallium Arsenide)-based FET (Field Effect Transistor), PHEMT (Pseudomorphic High
Electron Mobility Transistor) or PIN-diode switches, has created much interest in their
research and development.

1.3 Benefits and application areas of RF MEMS switches

RF MEMs switches have the prospects of becoming more popular than traditional
semiconductor and mechanical switches for wireless applications [3]. The key application
areas of RF MEMS switches are as follows [11]:

a) High-value applications — satellites, military tactical radio, military phased array
b) Test equipment — RF instrumentation, automated test equipment (ATE)
¢) Telecommunication infrastructure — base stations, microwave communications

d) Mass applications — mobile phones, consumer electronics, and IT

13
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1.4 Motivation

The Global RF MEMS Market is expected to grow at a CAGR (compound annual growth
rate) of approximately 35% by the year 2022, according to a market survey published in
2017 [12], as shown in Figure 1.

D\YOLE %
yDéveloppement
2017 — 2022 MEMS market forecast — In US$B

(Source: Status of the MEMS Industry report, Yole Développement, May 2017)

30

25

20

2017 2018 2019 2020 2021 2022

— Yole Développement is part of the Yole Group of Companies ©2017 - May 2017 — www.yolefr —

Figure 1. 2017-2022 MEMS market forecast-In US$B (Yole Développement, May 2017) [12].

This illustrates the growing need for MEMS technology. The largest growth is expected
in telecommunications systems [13]. This trend is predicted to influence the
corresponding growth in RF MEMS switches [2], as RF MEMS switches are the basic
components integrated into cellular base stations for switching in telecommunication
networks [14]. In this research work, Aluminium nitride (AIN) piezoelectric material is
employed in for the switch actuation due to its low actuation voltage, compatibility with
CMOS, thermal stability, and non-toxicity [15,16].

14
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Total MEMS market by device
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Figure 2. Total MEMS market by a. Device b. Application [13]

RF MEMS switches continue to gain momentum due to their characteristic of operating
much closer to ideal switches at RF and microwave frequencies [17]. Presently, RF
MEMS switches, such as Radiant and Omron RF MEMS switches controlled by
electrostatic actuation, are available in the market [18]. However, a key drawback of the
current electrostatically actuated RF MEMS switches is their high actuation voltage,
typically in the range of 20-40 V, which makes RF MEMS switches undesirable for
application in handheld wireless communication systems like mobile phones, where DC

supply voltages are limited to 3-5 V [19].

1.5 Research objectives

In order to lower the actuation voltage, this research work investigates the piezoelectric
actuation mechanism for the control of RF MEMS switches, as piezoelectric actuation
has the best prospects of achieving low actuation voltage [3]. Also, because low actuation
voltage can result in a compromise on the contact force [20], the main objective of this
research work is to achieve low actuation voltage with adequate contact force by carrying
out a parametric analysis involving some key parameters that influence these factors. The

sub-objectives to be carried out in order to achieve the main objectives are as follows:

a) Examine state-of-the-art piezoelectric-based RF MEMS switches to evaluate their
performance and technological complexity.

b) Utilise mathematical simulations/modelling to obtain optimized design parameters.
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¢) Conduct a finite-element modelling (FEM) analysis for the RF MEMS switch.
d) Validation and comparison of the mathematical modelling and finite element

modelling (FEM) analyses.

The outcome of the above objectives should enable the selection of the design with the
optimal ratio of the electromechanical parameters for low voltage actuation of RF MEMS

switches.

1.6 Structure of the thesis

This thesis is organized into six chapters. Chapter 1 provides an overview of RF MEMS
technology, and the motivation and research objectives of this thesis work. Chapter 2
reports a deep analysis of state-of-the-art Piezoelectric RF MEMS switches, focusing on
the optimized performance parameters and solutions proposed so far. In Chapter 3, a brief
overview of the mathematical calculations underlying the design of RF MEMS switches
and mathematical modelling presented. Chapter 4 offers Finite Element Modelling (FEM)
for single and dual-beam cantilevers. In Chapter 5, optimization of switch designs is
discussed and realised. The work will be summarized and concluded in Chapter 6, and

references used, compiled.
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2 Overview of piezoelectric materials

A piezoelectric material is a material that can generate an electric potential when
mechanical stress is applied to it, using the principle of the piezoelectric effect.
Conversely, these materials can also generate mechanical stress when an electric potential
is applied. Three classes of materials can demonstrate the piezoelectric property;
ceramics, semiconductors, and polymers. The most common piezoelectric materials
explored for MEMS applications are Lead Zirconate Titanite (PZT)-ceramic, lithium
niobite (LiNbO3)-ceramic, aluminium nitride (AIN)-semiconductor and Zinc oxide
(ZnO)-semiconductor. Piezoelectric materials in thin form offer several advantages, such
as high deflections at relatively low actuation voltages, reduced noise and power
consumption, and excellent performance at high frequencies. The choice of material is
application-specific and dependent on factors such as chemical composition, structure
and morphology, thermal and electrical compatibility between the thin film and substrate,
and their ability to withstand processing conditions without degradation [21]. An
overview of the piezoelectric properties of AIN, ZnO, PZT, and LiNbO3 is presented in
Table 2.

Table 1. Properties of piezoelectric materials: PZT, LiNbO3, AIN and ZnO [21]

Piezoelectric | Band Young | Acoustic | Piezoelectric | Relative Position

properties gap modulus | velocity | coefficient, [ dielectric | temperature
(eV) (GPa) (vs) dz1 (pm/V) constant, & | (°C)

AIN 6.2 332 10127 -2 4.6 RT*

ZnO 3.4 20 570 -5 4.5 RT*

PZT 2.67 68 3900 -150 1500 500-600

LiNbO3 4 293 3980 -7.4 29 500-700

RT * Room temperature

PZT has been extensively explored for MEMS applications over the last two decades,
because its piezoelectric constant (d31) is nearly 100 times higher than that of AIN and
Zn0O; hence, it has a greater tendency to provide low actuation voltages in RF MEMS
switches. However, in recent times, its popularity is diminishing owing to worldwide
policies discouraging the manufacture of products containing Lead, due to its toxic nature
[16]. Moreover, because PZT thin film deposition occurs at temperatures over 500 °C, it

is incompatible with CMOS [15], making it undesirable for future electronic devices.
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AIN and ZnO have wide bandgaps and, as such, demonstrate thermal stability at high
temperatures. In addition, due to their compounds’ composition, they are chemically
stable and non-toxic. These properties make them desirable for applications in harsh
environments [15]. Furthermore, AIN has the added advantage of CMOS compatibility.
However, AIN is, by far, the least explored amongst these piezoelectric materials, due to
its relatively low piezoelectric constant. This drawback of AIN can be addressed by using
c-axis orientation to obtain a higher piezoelectric coefficient. The latest d31 value for
AIN, using c-axis orientation is -2.7813 pm/V [21]. These properties, together with
progress on c-axis orientation, have resulted in a spike in interest in AIN as a material for
low-actuation-voltage deflection devices.

Although AIN and ZnO share some similarities, ZnO has the propensity to increase its
conductivity at low frequencies, leading to higher dielectric loss, and hence it becomes
inapplicable for low-frequency-operated actuators and sensors. Nonetheless, LINBO3
and ZnO are very suited for energy-harvesting applications, due to their high

electromechanical coupling [19].

2.1 Piezoelectric RF Mems Switches - State of the Art

Duly, in a bid to reduce the actuation voltage of the RF MEMS switch for its viability in
wireless and mobile applications, the focus of research in this field has shifted to
exploring the piezoelectric actuation mechanism. A detailed outlook of the state of the art

in Piezoelectric RF MEMs Switches for the past decade is summarised in Table 3.
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Table 2. State of the art of piezoelectric RF MEMS switches

Performance | Lee et al., Leeetal., Polcawich Polcawich et

parameters 2004 [22] 2005 [23] et al., 2007 al., 2007

for PZT [24] [25]
Structure
Actuation 35 35 2.5 <10 10
Voltage (V)

DC contact
Resistive | Capacitive | switch Ohmic series Ohmic series

Switch type switch switch Switch Switch
Contact - - -
Force ((uN) -
Frequency 50
range (GHz) 5 5 2 50
Isolation >200B @ 30
(dB) -62 -18 -42 65GHz
Insertion <1dB @ 0.5
Loss(dB) -0.8 -0.7 -0.22 40GHz
Fabrication RSBM* CSMB * SMB* and EP* Surface Surface

micromachining

micromachining

EP* Electroplating technique

SMB* Silicon bulk micromachining

CSMB* Capacitive-Silicon bulk

RSBM * Resistive-Silicon bulk micromachining

19
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Table 3. contd. State of the art of piezoelectric RF MEMS switches

Performance | Guerreetal., | Nakataniet | lvanovet | Katsuki Giffney et Yuetal,

parameters | 2010 [26] al., 2011 [27] | al., 2012 etal., al., 2015 2015 [31]
for PZT [28] 2013 [29]
Structure o e

[t o1 et —
S W
=\
q Mnsd Moy Rl
Actuation 15 <15 16 20 22.4 2
Voltage (V)
Switch type SPDT switch Ohmic Shunt Ohmic Capacitive capacitive
contact contact Series
Contact - - - -
Force ((uN)) -
Frequency 0.4-6 5 2 5 6-14 5
range (GHz)
Isolation 30 -25 -29 -20 >10 20
(dB)
Insertion 0.5 -0.3 -0.6 -0.5 <0.7 0.4
Loss(dB)
Fabrication WLFT SCS SOl WLFT SOl TLiPMC-
based
WLFT* Wafer level transfer technologies SCS* single crystal silicon
SOI* Silicon on insulator technology
Table 3. contd. State of the art of piezoelectric RF MEMS switches

Performance P.C.
parameters N. Sinha et al., Tembhare, M.H. Ziko et
for AIN G. Piazza et al., 2008 [32] | 2009 [33] 2017 [34] al., 2018 [35]
Structure ) /A ;;L- \
Actuation
Voltage (V) 5-20V 27.5 40 2
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Switch type

Dual-beam Switch Capacitive
Contact
Force (uN) - - - 100
Frequency
range (GHz) |2 500MHz 24
Isolation
(dB) > 26 dB >-50dB 31dB
Insertion
Loss(dB) 0.67 dB -0.7dB 7.8
Fabrication 7 mask technique contour-mode

technology

According to the state-of-the-art review, the Piezoelectric actuation mechanism can
provide low actuation voltage, high isolation, low losses and low power consumption.
Considering the review of piezoelectric materials, the remainder of this work will focus
on AIN piezoelectric material. In addition, the substrate material that is used in RF MEMS
switches also plays a role in achieving a low actuation voltage. Popular substrate materials
employed in MEMS switches include silicon and Silicon nitride. However, some
polymers, such as SUS, are also becoming popular, due to their lower Young’s modulus
value, which results in greater switch deflection. For this research work, silicon is selected
as the substrate material, due to its low Young modulus value (160GPa) relative to silicon
nitride (315GPa), and its popularity in mass mobile applications [35].
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3 Modelling of RF MEMS switch

The analytical approach to the development of RF MEMS switches follows the following
steps, shown in flowchart Figure 3. All the mentioned steps will be explained and

analysed in detail in the upcoming sections.

Start ]

Y
[ Theory governing the mathematical model J

Y
{ Mathematical equations for piezoelectric single beam analysis J

Y
[ Simulations in MATLAB Software ]

i

—-[ Comsol design and simulations J

Y

‘ Comparative analysis of results J

Y

No { Optimization of single beam parameters }

v

Best results
achieved

Yes

End

Figure 3. Flowchart for modelling RF MEMS Switch
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3.1 Theory governing the mathematical model

The mathematical models of the single-beam RF MEMS switch are governed by the
Euler-Bernoulli beam theory. The Bernoulli-Euler beam theory relies on two major
assumptions [36]; that plain sections remain plane and that deformed beam slopes are

small. The first assumption is illustrated in Figure 4.

Figure 4. Euler-Bernoulli Beam Theory Assumptions: The plane section remains normal to the axis of the
beam after deformation [37]

It states that any section of a beam that was a flat plane prior to the beam deforming, will
remain a flat plane after the beam deflects; that is, it will not curve out-of-plane. This
assumption is generally relatively valid for bending beams unless the beam experiences
large shear or torsional stresses relative to the bending stresses. However, shear stresses
in beams may become larger than the bending stresses when the beam is deep and short
in length. In order to conform to these assumptions, the beam length to be modelled is

relatively long, with small deflections expected.

3.2 Structure of the piezoelectric cantilever beam model

The proposed RF MEMS switch shown in Figure 5 is a single beam cantilever, made up
of a piezoelectric layer and a substrate layer of the same length and width. In this model,

the piezoelectric layer consists of AIN material, and the substrate layer is made of silicon.
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For analytic purposes, the piezoelectric layer is assumed to be perfectly placed on the
substrate layer. The length of the beam is denoted L, and the switch gap is denoted G, the

thickness of the substrate and piezoelectric layers are denoted as t, and t, respectively.

g -

B e

NN NS

(a)

SN

Figure 5. Piezoelectric cantilever beam model [38]

3.3 Mathematical modelling of displacement

When DC voltage is applied to the piezoelectric layer, the beam deflects either upward or
downwards in response to the applied voltage, as shown in figure 6. The X-axis runs from
the fixed end to the free end of the cantilever, and corresponds to a value of zero at the
fixed end, whereas the Y-axis lies at the thickness of the beam and corresponds to a value
of zero at the interface between the layers (AIN and Si). The displacement of the beam is
derived following the mathematical steps below, using the principles of the Euler-
Bernoulli beam theory, since the modelled beam is long, and as such its shear deformation
is negligible [3,38].

Electrodes ’

Clamped, S @ v
displacement=0 1 G

*= Tip deflecting in response
.= tovoltage difference

Figure 6. Deflection of piezoelectric switch in response to applied voltage [39]
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The cross-sectional areas of the substrate (Ap) and the piezoelectric layer (Ap) are given
as

Ab =W. tb (1)

A, =W.t, 2

And the moments of inertia for the substrate (I,,) and the piezoelectric layer (I,,) are given

as
I, =W.t3)/12 (3)
L, =W.t3)/12 (4)

Where W is the width of the beam, t,the thickness of substrate and t, the thickness of the

piezoelectric layer.

The free piezoelectric strain, assuming the strain distribution on the piezoelectric layer is

dominated by the deflection pattern of the substrate, is given as

€= (V. ds1)/t, (5)

where V is the actuation voltage, ds; is the piezoelectric coefficient of the actuator layer

and t, is the thickness of the piezoelectric layer.

For piezoelectric cantilevers, shear and normal stresses at all interfaces except the film
edge are zero, and with constant internal cross section. Hence, piezoelectric actuation is
only represented by a line-distributed shear force and bending moment applied at the film
edges.

The distributed shear force is defined by the equation
_ 1 1 t7 t5 tpth
T = &/ (((ﬁ) + (m)) + ((4,5,,,4,,) + (4E,,A,,)> + <(—4E,,A,,) -
th (rtp—tp)
(4EbAb)> ' ( 1+1)tp )) (6)
Where r is given as

() ”
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E, and E, are the Young’s modulus of the piezoelectric layer and the substrate,

respectively.

The piezoelectric bending moment of the AIN unimorph cantilever RF MEMS switch is
defined by the equation:

= () () ®

1+r

Substituting T from equation 6 into equation 8,

M= () (422) T
() {(we (e (- (k) )

(9)
Hence, the static tip displacement of the AIN unimorph cantilever is derived as
. Ml?
Disp = (ﬂ) (10)

3.4 MATLAB simulations

The objective of this chapter is to gain an understanding of how geometric parameters
and some material properties of the single beam affect the overall performance of the RF
MEMS switch. To achieve this, parametric studies are carried out to investigate the effect
of the geometrical parameters on these factors. The parametric studies are implemented
using MATLAB simulation software, which allows for multiple geometry parameter
changes in a unique study. The thickness of the piezoelectric film, tp; substrate thickness,
t; width of the switch, W; length of beam, L; and the piezoelectric coefficient, ds1, on the
tip deflection, actuation voltage and contact force will be explicated. A range of variable
geometric parameters which can be applied in practice is considered for these simulations.
The geometry and material properties of the single beam cantilever switch system are
listed in Table 4. The results of these simulations will be used to obtain optimized switch
design parameters, to achieve high beam deflection at low actuation voltage and high

contact force.
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Table 3. Geometry and material properties of the proposed switch model

Parameter [units] Value
Young’s modulus of piezo, E,, [GPa] 308
Young’s modulus of substrate, E;, [GPa] 169
Piezoelectric coefficient, dz; [pm/V] -2.7
Beam Length, L [um] 2500
Beam Width, W [um] 500
Thickness of piezo, t,, [um] 0.5
Thickness of substrate, t;, [um] 50
Initial switch air gap G [nm] 500

3.4.1 Beam deflection analysis

associated parameter variations:

Table 4. Order of simulations for displacement analysis

Table 5 provides an overview of the six simulations which are considered and their

Parameter Simulation | Simulation | Simulation | Simulation | Simulation
1 2 3 4 5

Length v v v v v

Width v

Piezoelectric v

thickness

Substrate thickness v

Applied Voltage v

Piezoelectric v

coefficient (ds1)

3.4.2 Effect of piezoelectric thickness

27

The relationship between the beam deflection and the piezoelectric AIN thickness is
demonstrated in Figure 7. A set of beam length values ranging from 1000 pum to 2500
um and piezoelectric thickness ranging from 0.5 um to 2.5 um are the variables used in
this simulation. All other parameters are fixed. Although the mathematical formula
relating the tip displacement and the piezoelectric thickness is not straightforward, the

simulation using the MATLAB tool depicts this relationship in a clear manner.
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DISPLACEMENT VS BEAM LENGTH FOR VARIOUS PIEZO. THICKNESS
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Figure 7. Displacements versus beam length for varying piezoelectric thickness

Figure 7 compares the tip displacement of the single-beam RF MEMS switch for the
different piezoelectric thickness. Overall, it can be observed that the tip displacement
declines as the piezoelectric thickness increases. Hence, at the minimum t, value of 0.5
um, the highest displacement value of 6.8um was obtained at beam length of 2500um
However, a sharp decline in the displacement of about 50% is observed as tp increases
from 0.5 pm to 1pum. The overall decline in displacement in response to the increase in
piezoelectric thickness could be attributed to the decline in strain on the top surface as
the thickness of the piezoelectric layer increases. The decrease in strain causes the beam
stiffness to increase, which results in a reduced deflection. Although the change in
deflection in response to piezoelectric thickness is not dramatic, it is recommended that,

in obtaining an optimized switch geometry, the t, value should be as small as possible.

3.4.3 Effect of substrate thickness

Secondly, the influence of substrate thickness t; on beam displacement is examined. This
parametric study utilizes a set of beam length values and a range of values from 50 um to
100pm as substrate thickness, while all other parameters remain fixed. Mechanically, it
Is expected that, as the substrate thickness increases, the position of the neutral axis will
shift away from the piezoelectric layer and move into the substrate layer. Consequently,
the axial stress along the beam will increase, causing the beam stiffness to reduce. The
beam deflection is expected to decrease as a result of this. Figure 8, obtained from the
MATLAB simulation, demonstrates beam displacement behaviour in response to changes

in substrate thickness.
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DISPLACEMENT VS BEAM LENGTH FOR VARYNG SUBSTRATE THICKNESS
=@=Substrate Thickness = 50um

(-]

~

=@=Substrate Thickness = 60um

(-2

Substrate Thickness = 70um

o

=0=Substrate Thickness = 80um

=@=Substrate Thickness = 90um

w

=@=Substrate Thickness = 100um

DISPLACEMENT (pum)
N >

-

o

1000 1500 2000 2500
BEAM LENGTH (um)

Figure 8. Displacement versus beam length for varying substrate thickness

The displacement is observed to continuously decrease as the substrate thickness
increases. Hence, the lowest t;,value of 50 um produces the highest deflection of 6.8 pm
at beam length of 2500 um. It is recommended that the substrate thickness should be kept
as small as possible in the optimized beam geometry. However, the substrate thickness

should not be so small as to make the beam fragile and difficult to handle.

3.4.4 Effect of beam width

Next, the effect of beam width is briefly examined using the simulation result presented
in Figure 9. In this switch model, the substrate has the same width as the piezoelectric
layer. The simulation utilizes a set of beam length values and four different values for
beam width, while keeping all other parameters unchanged. The beam width range used

for this simulation is 100 um to 500 pm.

DISPLACEMENT VS BEAM LENGTH FOR VARYNG WIDTH

5.0
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Was
E 2.0
]
Q15
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0.0

1000 1500 2000 2500
BEAM LENGTH (um)

Figure 9. Displacement versus beam length for varying beam width
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Figure 9 shows that the displacement trend remains unchanged as we vary the beam
width. This result indicates that, in the case when the width of the top layer is the same
as the bottom layer, then change in width produces the same displacement trend

regardless of the beam length.

3.4.5 Effect of actuation voltage

Figure 10 shows the outcome of simulation 4, illustrating the voltage response of the
piezoelectric cantilever switch. This simulation uses a set of beam length values and low

actuation voltage values of the range 1V to 9V, while all other parameters remain fixed.

DISPLACEMENT VS BEAM LENGTH FOR VARYNG ACTUATION VOLTAGE

14
12 =o= Actuation voltage= 1V
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<
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v 4
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Figure 10. Displacement versus beam length for varying actuation voltage
From the graph, it is seen that displacement is an increasing function of actuation voltage.
In the next session, factors that affect actuation voltage of the switch are discussed and

some simulations conducted are evaluated.

3.5 Mathematical modelling of actuation voltage

Recalling that one major research goal is to obtain low actuation voltage for the operation
of RF-MEM switches, the mathematical equation relating applied voltage to switch

geometry and material properties is shown as equation 11.

_ 2EplpG
V= Pl (11)
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Where k is the proportionality factor and is calculated;

tp
2tp

k = 1 tpUpttp) . 1 (12)

EpAp ) 4Eplp 'EpAp

These two straightforward equations imply that, in order to obtain a required and optimum
deflection at low voltage, three methods can be explored. The first method is to use a
small initial gap size between the switch and the suspended RF signal line. According to
equation 11, if the air gap is reduced, then the actuation voltage required by the RF MEMS
switch also decreases. However, the reduced air gap will result in a compromise on the
isolation and lead to high insertion losses, due to the up-state capacitance introduced,
especially for the capacitive-type RF MEMS switch. These limitations can, however, be
mitigated by adding T-type and Pi-matching circuits to counter the effects of parasitic
capacitance, or by designing the switch with a comb structure which is actuated laterally
[39].

The second method is by increasing the effective area of the piezoelectric actuator. The
effective cross-sectional area can be increased by increasing the length or width or both.
By increasing the cross-sectional area of the switch, the proportionality factor k is
reduced, which in turn reduces the actuation voltage. However, in implementing this
method, it is necessary to impose limits to the miniaturization as much as possible. The
third method of reducing the voltage is by reducing the spring constant of the cantilever
by using folded beams, serpentine beams and hollow triangular beams. The third methods
can also be achieved by increasing the width of the beam. Figure 11 shows the simulation

result for displacement vs actuation voltage for varying length.
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DISPLACEMENT VS ACTUATION VOLTAGE FOR VARYING BEAM LENGTH
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Figure 11. Displacements vs actuation voltage for varying beam length

It can be observed from the result above that, as the beam length increases, the required
actuation voltage to attain any displacement reduces considerably. Furthermore, the
material properties of the beam also play a significant role in achieving large
displacements at low voltages. For instance, the simulation plot of displacement vs
actuation voltage for varying piezoelectric coefficient dsy, illustrated in Figure 11., shows
that, the higher the ds1 value, the lower the voltage required to achieve required
displacement. It has been found in research that the ds1 value of AIN material can be

increased using c-axis orientation in the fabrication of the piezoelectric film [3].

DISPLACEMENT VS BEAM LENGTH FOR VARYING PIEZOELECTRIC COEFFICIENT
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Figure 12 Displacements versus beam length for varying piezoelectric coefficient
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3.6 Mathematical modelling of contact force

Ensuring adequate contact force at the contact region of the switch is important for the
overall performance of the switch. This is because, at the appropriate contact force,
adhesion at the surface of the contacts is sufficiently large to prevent the opening of the
contact at the on-state. On the other hand, when the contact force is insufficient, only a
few sections of the contact surface remain in contact. If this separation at the contact
continues, then little or no RF signal will be transmitted through the interface [40]. Figure
13 illustrates the beam deflecting and establishing contact at the contact surfaces, by
closing the initial switch gap, G.

]
—e-——"_—_-_-\

_

Figure 13. Contact force acting at switch contact region [41]

Contact force is dependent on the initial switch gap, contact geometry and switch
geometry. The mathematical equations below represent the relationship between these

factors.

The contact force equation is derived as

_( Me 2 ~\3(EDe
Fe = (Z(EI)eL G) L3 (13)

Where M, is the equivalent actuation bending moment due to the dynamic behaviour of
the single beam, G denotes the initial switch Gap, L denotes the length of the beam, and

(ET). denotes the equivalent flexural rigidity.

The equivalent bending moment is derived in terms of the piezoelectric bending

moment M, as

_ (EDeMs

M, = E (14)

Where the equivalent flexural rigidity (E1,) is given as
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WtjtpEpEp
12(Eptp+Eptp)

(ED), = r6Zra() + 2@y (2R)) (15)

Eptp

3.7 MATLAB simulations

Using mathematical equation 13, derived from equations 14 and 15, the optimum
geometry parameters relating to contact force are simulated in MATLAB software. In six
simulations, the effect of the switch gap, beam length actuation voltage, and material

property (piezoelectric coefficient) are examined in the order listed in Table 6.

Table 5. Order of simulations for contact force analysis

Parameter Simulation 1 Simulation 2 | Simulation 3 Simulation 4
Length v
Width v

Piezoelectric

thickness

Substrate thickness v v v

Applied Voltage v
Switch Gap v

3.7.1 Effect of switch gap

Figure 14 illustrates the effect of the switch gap on the contact force. This simulation uses
a set of substrate thickness values in the range of 50pum to 100um and four different values
for the initial switch gap (500nm, 1um, 2um, 3um, 4um), while all other parameters

remain the same as in Table 4.
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CONTACT FORCE VS SUBTRATE THICKNESS FOR VARYING SWITCH GAP
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Figure 14. Contact force versus beam length for varying switch gap

From the graph, it is seen that the contact force is a decreasing function of the initial gap.
The graph also illustrates that at a certain beam thickness the contact force begins to be
reduced. The switch gap also affects the electrical properties of the switch, such as
insertion losses. For instance, reducing the switch gap, caused the insertion losses to

increase.

3.7.2 Effect of beam length and width

Next, the effect of beam length on contact force is analysed in Figure 15. The width and
thickness of the microcantilever piezoelectric layer are fixed at 500 um and 0.5 pum,
respectively, while the length of the beam is varied from 500-2500 um over a variable
substrate thickness. Next, the effect of the beam width on displacement is observed in
Figure 16. The length and thickness of the microcantilever piezoelectric layer are fixed at
2500 pm and 0.5 um, respectively, while the width is varied over a substrate thickness

range of 50-100 um.
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CONTACT FORCE VS SUBSTRATE THICKNESS FOR VARYING LENGTH
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Figure 15. Contact force versus substrate thickness for varying length.
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Figure 16 Contact force versus substrate thickness for varying beam width

From Figure 15, it is observed that the contact force is inversely proportional to the length
of the cantilever. As well, from Figure 15, a dramatic decrease in contact force is observed
as the length is increased from 500 pm to 1000 pm. The decline in contact force as the
length increases can be attributed to the reduction in stiffness, since stiffness is inversely
proportional to the cube of length, and directly proportional to the contact force. Contrary
to the effect of the beam length, the contact force continuously increases as the beam
width is increased, as depicted in Figurel6. A plausible explanation for this behaviour is
that the increase in width increases the moment of inertia of the beam. Consequently, the
stiffness of the beam is increased, resulting in the increase in contact force. As previously
mentioned, increasing the width of the beam increases its cross-sectional area. Hence, this
method of achieving high contact force should be implemented in such a way as not to

exceed the limits imposed by miniaturization.
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3.7.3 Effect of piezoelectric thickness

Next,the effect of piezoelectric thickness on contact force is examined using Figure 17.
The width and thickness of the length of microcantilever are fixed at 500 um and 2500
um, respectively, while the piezoelectric thickness is varied from 0.5 um to 5 um over a

variable substrate thickness.

CONTACT FORCE VS SUBSTRATE THICKNESS FOR VARIOUS PIEZO. THICKNESS
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Figure 17. Contact force versus substrate thickness for varying piezoelectric thickness
It is observed from Figure 17 that the contact force decreases slightly as the piezoelectric

thickness is increased.

3.7.4 Effect of actuation voltage

The aim of this work is to achieve a low actuation voltage and high contact force. The
relationship between these two factors is simulated and examined. Contact force as a

function of low actuation voltages in the range of 1-9V is shown in Figure 18.
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Figure 18. Contact force versus actuation voltage
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Clearly, the graph illustrates that contact force increases linearly as the actuation voltage
increases. As the purpose of the work is to obtain low actuation voltage and adequate high
contact force, there is a need to optimize the beam geometrical parameters. Hence
optimization analysis for both actuation voltage and contact force will be carried out in

later sessions.
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4 Finite element modelling of RF MEM switches

The use of the finite element software in solid modelling facilitates the implementation
of material properties that are obtained from the analytical simulations. Results obtained
from FEM simulation for parametric analysis are compared to mathematical simulation
results. The flowchart in Figure 19 briefly describes the steps involved in carrying out the
parametric analysis using the COMSOL Multiphysics tool. These steps will be explained
in the following sections. These steps will be explained in the following sections.

Define Physics and Parameters

Y

Construct Cantilever Geometry

Y

Select Materials from MEMS Library

|

Set user Defined Material Properties

Y

Define Structure Meshing

\i

Compute Studies

A

Analyse Results

Figure 19. Modelling process steps for RF MEMS switch in COMSOL

4.1 RF MEMS switch structures used in COMSOL

In addition to the cross-sectional dimensions of the microcantilever, the geometrical
structure (shape and make-up) plays an important role in the RF performance of the

switch. FEM analysis is simulated involving four different cantilever designs. A
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comparison of results obtained from simulations using these various designs will be

analysed and discussed.

The first structure, as shown in Figure 20(a), is a single beam consisting of 3 layers, viz.
poly-silicon as substrate layer, Silicon dioxide (SiO2) as insulation/buffer material,
Aluminium Nitride (AIN) as the piezoelectric material. Silicon dioxide (SiO2) blocks the
DC control signal from shorting out during switch activation. One end of the structure is
clamped to provide support for the beam and increase its bending. The second structure,
as shown in figure 20(b), is a double beam consisting of two single beams facing each
other and meant to deflect in opposite directions. The third structure is similar to the
second structure; the only difference is that the third structure has gold (Au) metal contact
on top of one of the beams, as shown in figure 20(c). Gold was chosen as the contact
material because of its low contact resistance, low force and its excellent surface inertness
[41]. The fourth structure, as shown in Figure 20(d), is built on the third structure, with
the only difference being that the fourth structure has holes (twelve holes each of 0.2 pm
diameter) perforated on the gold contact edge. Generally, creating holes in beams reduces
the stiffness on deflection [42]. Double beam designs have been included in the FEM
analysis, because research carried on the double beam recently indicates that a double
beam shows lower resistance for a given voltage compared to a single beam. The lower
contact resistance in double beam results in the increase in force per unit applied voltage
[32]. Therefore, these structural differences have an impact on the required actuation

voltage and contact force for optimum performance.
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Figure 20. Proposed cantilever designs used in FEM analysis

4.2 Material properties

The properties of these materials relevant to COMSOL simulations, as well as the initial
geometry dimensions, are listed in Table 7. The material properties considered for AIN

COMSOL models are anisotropic.

Table 6. Material properties and dimensions

Parameter [units] AIN Si SiO; Au
Young’s modulus [GPa] 308 169 70 79
Poisson ratio, v 0.22 0.3 0.17 0.44
Piezoelectric coefficient, ds; [pm/V] -2.7 - -
Density, p [kg/m3] 3260 2330 2200 19300
Beam Length, L [um] 2500 2500 2500 0.7
Beam Width, W [um] 500 500 500 500
Thickness of layer, t [um] 0.5 50 1 0.5
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4.3 Simulation setup

Simulations were performed on each of the four cantilever designs. The COMSOL
models used are a structural mechanics module and a piezoelectric devices module. The
structural model is used to simulate the mechanical behaviour, while the piezoelectric
devices module is used to simulate the piezoelectric properties of the AIN layer. To carry
out these parametric studies, first, the cross-sectional dimensions of the geometry under
consideration are defined. Next, the materials are defined, and the user-defined
parameters of these materials are entered. One end of the cantilever is assigned a fixed
boundary constraint, while the other end is given a free boundary condition. For the single
beam, a constant DC voltage is applied by keeping the bottom of the beam as ground and
setting the top surface of the piezoelectric layer at a floating potential condition. For the
three double beam designs, voltages of opposite polarity are applied to the beams.
Because we want to operate the switch in a low voltage regime, an actuation voltage of

5V is applied in all four different cantilever designs.

4.4 3D Model results obtained

A 3D model of the simulation results obtained is shown in Figure 21. Figure 21 (a-h)
depicts the results related to the displacement and stress generated and for the various
geometries simulated at a constant voltage of 5 V. Parametric analysis will determine the
best suited geometrical design and dimensions of the cantilever-type switch for low
voltage and high contact force. Fig. 21(a-d). illustrates the 3D z-direction displacement
distribution, while Fig. 21(e-h) demonstrate the von Mises stress distribution of the
membrane and beams, when the actuation voltage of 5V is applied. The Mises stress
distribution is used to check whether the design is sustainable at given constraints and
loading conditions [42]. The stress distribution values recorded for all switch structures
are 0.01MN/m?,
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Beaml(5)=2500 um Surface: solid.disp (um)
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holes)

Figure 21. 3D model for displacement field and stress distribution.

4.5 Deflection analysis

The results of the various parametric studies carried out are analysed and discussed. First,
a comparison is made between mathematical modelling results from MATLAB and FEM
simulation for a single beam. It is important to mention that, in the switch mathematical
model, the thin SiO buffer layer and cantilever anchor are not included. However, the
absence of these is not expected to cause significant variations in results relative to
COMSOL results.

4.5.1 Comparative analysis for varying beam length

The effect of beam length on displacement for the various geometries is analysed in this
section. For the COMSOL simulation, the beam width of 500 um, substrate thickness of
50 pum, the piezoelectric thickness of 0.5 um, and constant applied voltage of 5 V are
maintained. The beam length is varied from 500 pm to 2500 um, at an interval of 500
um. Results obtained are used for the comparative studies illustrated in Figures 22 and
23.
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Figure 22. Displacement versus beam length plot for single beam
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Figure 23. Displacement versus beam length for the four geometries

Figure 22 compares the results obtained from MATLAB to results obtained in COMSOL
for single beam design. From Figure 22, it can be observed that the FEM simulation result
agrees with the mathematical modelling result, that displacement is an increasing function
of beam Length, although there is a slight variation in the results obtained in these two
methods. Figure 23. compares displacement trends of the four different geometries under
consideration. It is observed in Figure 23. that, as the beam length changes, the dual beams
generate greater displacements compared to the single beam. The dual beam without
contact generates as much as twice the displacement in single beam, whiles the dual beam
with gold contact demonstrated a fairly constant displacement of about 10 um across the

beam lengths.
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4.5.2 Comparative analysis for varying beam width

The relationship between beam displacement and beam width is examined. The width is
swept from 100pum to 500um, while all other parameter values remain the same as in

Table 5 above. Results obtained for the various beam structures are illustrated in Figures

24 and 25.
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Figure 24. Displacement versus beam width for single beam
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Figure 25. Displacement versus beam width plot for the four geometries

From Figure 24, it is observed that, while the beam displacement obtained in the
mathematical model remains flat irrespective of the beam width, the displacement is seen
to decrease slightly as the beam width increases in results obtained for FEM analysis.
Hence it can be inferred that, when the width is equal for the substrate layer and

piezoelectric layer, the displacement slightly changes as the beam width is increased. This
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trend is exhibited by all four structures as demonstrated in Figure 25. In addition, Figure
25 demonstrates that the dual beam without gold contact generate almost twice as much

displacement as the single beam, followed by the dual beam with perforated gold contact.

4.5.3 Comparative analysis for varying piezoelectric thickness

In this session, the effect of the piezoelectric layer thickness on beam displacement
demonstrated by the four different structures for t,,values between 0.2 um and 2.5 um are
observed and discussed. All other parameters remain the same as the list in table 2.5.
Hence, a beam width of 500 um, a substrate thickness of 50 pm, beam length of 0.5 um,
and a constant applied voltage of 5V are maintained. The results of this simulation are

depicted in Figures 26 and 27.

DISPLACEMENT VS PIEZOELECTRIC THICKNESS FOR SINGLE BEAM
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DISPLACEMENT {um)
F=Y

0.5 1 1.5 2 2.5
PIEZOELECTRIC THICKNESS (um)

Figure 26. Displacement versus beam piezoelectric thickness for single beam
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Figure 27. Displacement versus beam piezoelectric thickness for the four geometries

It is observed from Figure 26, that the result from MATLAB agrees with that obtained
with COMSOL. Also, it is observed in Figure 27 that the displacements generated by the
dual beam structures far exceeds that generated from single beam and were constant as

the piezoelectric thickness is varied.

4.5.4 Comparative analysis for varying substrate thickness

Similarly, the effect of varying the substrate thickness on beam displacement for the
various geometries is presented and analysed. For this simulation, parameter values used
for single beam MATLAB simulations are observed. Hence, beam width of 500 pum,
piezoelectric thickness of 0.5 pm, beam length of 0.5 um, and constant applied voltage
of 5V are maintained, while t, values between 50 pm and 100 um are used. Results from
MATLAB and COMSOL are compared for a single beam in Figure 28 and results
obtained for the four geometries are compared in Figure 29.
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Figure 28. Displacement versus beam substrate thickness for single beam
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Figure 29. Displacement versus beam substrate thickness plot for the four geometries

From Figure 28, a declining displacement in response to an increase in substrate thickness
IS observed for a single beam and dual beam without contact. Dual beams with contact
exhibit fairly constant displacement as the substrate thickness is increased in Figure 29.

Based on the parametric analysis results above, a summary of the performance of the
different geometries in terms of deflection is listed in Table 8. This is done to facilitate
the finalization of the optimized geometry which maximizes the deflection for a constant
applied voltage to the RF MEMs switch.
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Table 7. Comparison of displacement for different geometry at 5V.

Parameter(unit) Geometry 1 | Geometry 2 | Geometry 3 Geometry 4
(Single (Dual beam | (Dual  beam | (Dual beam
beam) without with solid Gold | with

contact) contact) perforated
gold contact)

Length Low High Highest Medium

(500um-2500pm)

Width Medium Highest High Low

(100pm-500pm)

Piezoelectric thickness Low High High Medium

(0.5um-2.5um)

Substrate thickness Low Medium Highest High

(50pm-100pum)

4.6 Contact force analysis

As previously mentioned, the contact force directly impacts the reliability of the switch.
The FEM analysis is conducted to determine the dimension of the switch which provides
adequate contact force. Hence a switch geometrical model which provides low actuation

voltage while exerting enough contact force is what this analysis seeks to determine.

In COMSOL contact force analysis, the contact surfaces are characterized by 3 main

factors:

1. The contact surfaces only touch but do not interpenetrate.

2. They are free to move, separate and move away.

3. They can transmit comprehensive forces.

Similar to the voltage analysis carried out in the previous session, the model of three
different geometries are considered to analyse contact force results in COMSOL Figures

30(a-c), illustrate the 3D mode shape results obtained.
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Fig. 30a.Contact pressure for single beam Fig. 30b.Contact pressure for dual

beam with solid gold contact

Surface: Principal stress direction 2, z component Contour: Contact pressure (N!mz‘}’

Fig. 30b.Contact pressure for dual beam with gold contact with holes

Figure 30. 3D for contact figure pressure
Figures 30(a-c). represent the 3 D contact pressure plots for the designs under
consideration. It can be observed that contact is establish at the contact region in each
structure. The optimization results for contact force analysis based on these simulations
are presented in the next chapter.

4.7 Eigenfrequency analysis

Resonance frequency analysis is carried out in this session. Operating an RF MEMS
switch at resonance frequency improves the overall performance of the switch. The
natural or resonance frequency depends on many parameters of the switch, particularly
the geometry, Young’s modulus, and mass of the switch. 3D results obtained from
COMSOL modelling are shown in Figures 31(a,b)
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Figure 31. 3D for eigenfrequency mode shapes

The effect of beam length, width, piezoelectric thickness, substrate thickness, and
actuation voltage on the resonance frequency of the four geometries under consideration
were studied. By keeping all other variables constant while varying the parameter of
interest, the relationship between each parameter and resonance frequency is established.

4.7.1 Comparative analysis for varying beam length

Firstly, the effect of beam length on resonance frequency is examined from Figure 32. It
is observed that by increasing the beam length, the resonance frequency reduces. Further
is s observed that eigenfrequency in dual beams is about half the eigenfrequency observed
in the single beam. All three dual beams exhibit almost equal values of eigenfrequencies

across the beam lengths.

EIGEN FREQUENCY VS BEAM LENGTH FOR GEOMETRICAL DESIGNS
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1.00
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0.00

500 1000 1500 2000 2500
BEAM LENGTH (um)

Figure 32. Eigenfrequency versus beam length for the four geometries

52

C2 General



C2 General

4.7.2 Comparative analysis for varying beam width

Next, the effect of beam width on resonance frequency is examined from Figure 33., cause
From the graph, it can be observed that the resonance frequency of dual beams remains
constant from width values 100 um to 300 um, and increases slightly at 400 um and 500
um. Resonance frequency of single beam increases steadily across the width except at
200 pm where it dips slightly. Overall, it can be inferred from Figure 33. that the effect

of changing width on resonance frequency is minimal.

Further is observed that eigenfrequency in dual beams is less than half the eigenfrequency
observed in the single beam. All three dual beams exhibit almost equal values of

eigenfrequencies across the beam widths.
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Figure 33. Eigenfrequency versus beam width for the four geometries

4.7.3 Comparative analysis for varying substrate thickness

The influence of substrate thickness of beam length is illustrated in Figure 34. In
summary, the eigenfrequency of single beam increases linearly as the substrate thickness
is increased, while the dual beams have resonance frequencies that remain almost constant
irrespective of the substrate value. Here as well, eigenfrequency in dual beams is less than
half the eigenfrequency observed in the single beam. All three dual beams exhibit almost

equal values of eigenfrequencies across the beam substrate thickness.
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Figure 34. Eigenfrequency versus substrate thickness for the four geometries

4.7.4 Comparative analysis for varying piezoelectric thickness

Similarly, the effect of piezoelectric thickness on eigenfrequency is examined from

Figure 35. From this figure, it can be observed the eigenfrequency remains unchanged as

the piezoelectric thickness increases. Again, it is observed that eigenfrequency in dual

beams is less than half the eigenfrequency observed in the single beam. All three dual

beams exhibit almost equal values of eigenfrequencies across the beam piezoelectric

thickness.
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Figure 35. Eigenfrequency versus piezoelectric thickness for the four geometries

4.7.5 Comparative analysis for varying applied voltage

The effect of the applied voltage on eigenfrequency is obtained in Figure 36. The

eigenfrequency remans flat as the applied voltage is increased for both single and dual

beams. Further the dual beams produce half the eigenfrequency in single beam. In
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summary, increasing the thickness, and reducing the length of the beam results in the

reduction of the resonance frequency.
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Figure 36. Eigenfrequency versus applied voltage for the four geometries

In summary, the eigenfrequency also depends on the geometry parameter. As such, after
concluding in the optimized parameters, the eigenfrequency at which these switch operate

will be identified.
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5 Optimisation

The switch design optimization steps will involve first optimizing one parameter, and
then using this parameter as an input for further optimization, to finally obtain all

optimized geometry parameters. The desired characteristics of the switch include:

1. Displacement of 10 um or more at low actuation voltage of 3-5V, for easy integration
with CMQOS circuitry

2. Linear responds to input voltage.

3. All geometric parameters conform with the fabrication requirements for RF MEMS

switches.

First, the length of the beam is optimized. From the parametric studies, the length of the
beam is proportional to the beam’s displacement. In addition, the actuation voltage
required to obtain a desirable displacement decreases as the length increases. Further, the
impact of increasing beam length is analysed in Figure 10. From 1000 um to 2000 pum,
the displacement increases by over 100%; from 1500 pm to 2000 pum, the displacement
increases by about 70%; from 2000 um to 2500 um, the displacement increases by about
50%. Hence, although increasing the length increases the displacement, the impact of this
action gradually dwindles. In considering, the negative impact of a relatively long beam
on contact force, it is appropriate to select a beam length of 2500 um as the optimized
switch length, and not to exceed this value. This way, limitations imposed by
miniaturization, conformity to real-life fabrication requirements, and ability to still obtain
high contact force while lowering the actuation voltage can be balanced. It can be
observed that, for a single beam, given that all other parameters remain constant, the
desirable displacement of 10 um is achieved at a length of 2500 pm when the actuation
voltage of 7V is applied in a single beam, and at a voltage of 5V in 3 all three dual beam

geometries.

Next, the substrate thickness is optimised. As opposed to the beam’s response to
increasing length, the displacement of the beam is observed to be inversely proportional
to the thickness of the substrate. Furthermore, a slight modification of the beam thickness
plays a key role in the displacement generated, and hence in the actuation voltage
required. For instance, a 10% increase in substrate thickness, results in a corresponding

17% average decline in displacement as illustrated in Figure 8. Hence, it would be
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recommended to make the substrate as thin as possible. Hence, the optimised substrate

thickness selected is 50 pm.

Third, the piezoelectric thickness is optimised. From Figure 7, it is seen that displacement
is a decreasing function of t,. In addition, the contact force is also a decreasing function
of the piezoelectric thickness as shown in Figure 17. Although overall, the impact of
decreasing piezoelectric thickness on actuation voltage and contact force, is not as
dramatic as for substrate thickness, the impact of increasing the piezoelectric thickness
from 0.5 um to 1 pm on displacement is dramatic. it is beneficial to design the switch
with as thin a piezoelectric film as possible, in order to achieve the minimum actuation
voltage and maximised contact force. For these reasons, the optimised piezoelectric

thickness value is 0.5 pm.

Next, the width of the beam is optimised. As previously mentioned, the piezoelectric layer
has the same width as the substrate layer. In both FEM and MATLAB simulations, it is
observed in Figure 9. that the impact of the width on displacement and actuation voltage
is rather minimal. However, it is observed in Figure 16. that increasing the width
considerably increases the contact force. It should also be mentioned that the width of the
RF MEMS switch may also be constrained by electrical parameters, such as isolation and
insertion loss. Since this scope of work does not include analysis of losses, the optimised

width that provides the lowest voltage with a high contact force is 500 pm.

The initial switch gap is also optimized. The switch gap is inversely proportional to the
contact force and the actuation voltage. Hence. the minimum practical switch gap value

of 500nm is selected.

Finally, in recent times, owing to C-axis orientation, AIN materials can be fabricated with

improved piezoelectric coefficient values as high as -2.8pm/V.

The cross-sectional dimensions of the optimized design are: Length 2000 pm, Width 500
um, Substrate thickness 50 um, piezoelectric thickness 0.5 um, switch gap 500nm, and
AIN piezoelectric coefficient of -2.8pm/V. Using these parameters for the switch design,
actuation voltage of 7V for a single beam and 5V for the dual beams as shown in Figure
37 and Figure 38.
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Figure 37. Displacement versus voltage for optimized geometry (Single Beam)
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Figure 38. Displacement versus voltage for optimized geometry (All four geometries)

From Figure 36. It is observed that, at 7V, displacement of 10 um is achieved for single
beam. Figure 37 shows that, at any given voltage, the displacements attained by dual
beams are greater compared to single beam. Whiles dual beams with gold contacts (sold
contact and perforated-edge contact) generate the same displacements across the varying

voltages, the maximum displacement values are observed in dual beam with gold contact.

Using the optimized geometry parameters, contact force of 0.0015uN and 0.2uN are
obtained at constant voltage of 5V. Figures 39 and 40, show how the contact force of the

optimized geometry changes with increase in voltage.
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Figure 39. Contact force vs actuation voltage for single beam
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Figure 40. Contact force vs actuation voltage for dual beams with contact

Finally, using the optimised geometrical parameters, the single beam and dual beam RF
MEMS switches show resonance frequencies are 3.5MHz and 1.32MHz respectively.
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6 Summary

In this work, four geometrical structures were designed. Piezoelectric actuation
mechanism was employed for obtaining low actuation voltage and high contact force.
Parametric analysis involving geometry cross-sectional dimensions and material
properties were undertaken to achieve optimized designs. The optimized switch design
dimensions obtained are length 2500 um, width 500 pum, Substrate thickness 50 um,
piezoelectric thickness 0.5 um, switch gap 500nm, and AIN piezoelectric coefficient of -
2.8pm/V. Using the optimized parameters, the single beam and dual beams provide
actuation voltage of 7V and 5V respectively. Consequently, at any given constant voltage,
the dual beam generated almost twice the displacement of the single beam. From the
optimization analysis, contact force of 0.009uN in the single beam and 0.9uN in dual
beam are achieved. Furthermore, the single beam and dual beam RF MEMS switches

show resonance frequencies are 3.5MHz and 1.32MHz respectively.
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