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Preface

Wireless communication has led to an explosive technological advancement and
breakthrough in radio frequency microelectromechanical systems (RF MEMS) tech-
nology. The technology is seen to have the potential of replacing the mechanical,
wireless, and semiconductor technology in future communication systems as well
as communication satellites. In many cases, the RF MEMS technology does not only
offer devices with substantial reduction in size, weight, cost, and power consump-
tion but also promises more superior performance compared to those offered by the
conventional technology. By combining high RF performance, low cost, and low
power consumption, RF MEMS devices allow one to explore new architectures and
configurations which were not possible with the traditional technology and expand
its potential applications from defense-related products to personal communication
devices.

This book, RF MEMS Switches and Integrated Switching Circuits — Design,
Fabrication and Test, presents our latest accomplishments in RF MEMS switches
and integrated switching circuits. The state of the art of RF MEMS switches and
integrated switching circuits are described. Through this book, we wish to acquaint
readers with the basics of RF MEMS and knowledge of how to design practical RF
switches and switching circuits.

This book owes much to many.

I am grateful to all my PhD students Aibin, Min, and Faeyz for their excellent
research work and dedicated contributions. I am particularly indebted to Selin for
her help in coordinating the book project. Thanks also go to my excellent colleagues
Alphones, Geok Ing, Zhong Xiang, Yi Long, Aditya, Chao Lu, Radhakrishnan,
Hong Wang, and Joachim (KTH, Sweden) for their expert advice and friendly help.
I am also not forgetting my debts to Joseph Ting and Gim Pew from DSO National
Laboratories for directing me to the research field of RF MEMS while it was still in
its infancy. I would also like to acknowledge my debts to Steven Elliot, the Senior
Engineering Editor of Springer, who has been so persistent and supportive in giving
me his support to accomplish the writing of this book. Working with him is a plea-
sure, even when the pressure is on. My final particular thanks are to my research
group members, both past and present, for contributing their effort and full support
to me.
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Although I have made my best effort in writing this book, I have undoubtedly
made errors or omission and sincerely apologize for them. I welcome comments
and suggestions from readers about such errors and key concepts that may have
been omitted. Updates, corrections, and other information will be available at my
web site, http://nocweba.ntu.edu.sg/laq_mems.

Singapore Ai Qun Liu
March 18, 2010
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Chapter 1
Introduction

This book compiles the latest advancements in the field of radio frequency (RF)
microelectromechanical systems (MEMS) technology and devices, spanning a com-
prehensive range of RF MEMS topics. Highlights of contributions include areas
such as (1) lateral series switches, (2) capacitive shunt switches, (3) coplanar
waveguide transmission line switches, (4) multi-throw switches, (5) tunable elec-
tromagnetic bandstop and bandpass filters, (6) capacitive switching filters, and (7)
different types of switches and fabrication processes.

In the following sections, the background and literature necessary as foundations
for each of the subsequent chapters detailing the various technologies developed
are organized as follows: Section 1.1 gives the overview and literature background
of RF MEMS switches, especially for their relevance to lateral series switches as
will be presented in detail in Chapter 2. Section 1.2 provides the ground works for
research into areas of improvement for capacitive shunt switches — such as in reli-
ability, power handling and degradation — which will be presented in Chapter 3.
Section 1.3 gives the background on coplanar waveguide transmission lines before
Chapter 4 presents new designs, optimizations, and their results. Section 1.4 intro-
duces the single-pole-multi-throw switching RF circuits, so that works on SP3T
and SPAT switching circuits may be developed fully in Chapter 5. Sections 1.5 and
1.6 give the background for electromagnetic band gap (EBG) circuits, which is the
foundation of the technologies developed in Chapters 6 and 7, respectively, for both
tunable bandstop and bandpass filter circuits. Section 1.7 provides the introduction
to capacitive switching bandpass filters which research developments made will be
covered in Chapter 8. Finally, Sections 1.8 and 1.9 present the initiation for fabri-
cation technologies necessary to the realization of RF MEMS devices, in particular
by substrate transfer processes and surface planarization techniques. The intrica-
cies required of such technologies are then accordingly detailed in Chapters 9 and
Chapters 10.

Selin Teo Hwee Gee and Ai Qun Liu

A.Q. Liu, RF MEMS Switches and Integrated Switching Circuits, 1
MEMS Reference Shelf 5, DOI 10.1007/978-0-387-46262-2_1,
© Springer Science+Business Media, LLC 2010



2 1 Introduction
1.1 RF MEMS Switches

A radio frequency (RF) microelectromechanical switch is a switching device that is
fabricated using the micromachining technology, where the switching between the
on- and off-states is achieved via the mechanical displacement of a freely movable
structure. The displacement is induced by a microactuator. Various actuation mech-
anisms then exist, including electrostatic [1-3], electrothermal [4], magnetostatic
[5], and electromagnetic [6—-10] means. Most often, the RF MEMS switches rely on
electrostatic actuation, which is based on the attractively electrostatic force existing
between charges of opposite polarity. An electrostatic drive offers extremely low
power consumption since power is required only during switching. The other advan-
tages of using electrostatic actuation are its simple fabrication technology, compared
to electromagnetic excitation: the high degree of compatibility with a standard IC
process line and its ease of integration with planar and microstrip transmission lines.
For many applications, the main drawback is to overcome the high driving voltage.
When the available supply voltage is limited, for instance, within the range of 3-5 V
in mobile phones, on-chip high-voltage generators [11] may be incorporated either
monolithically or in a hybrid fashion [12].

The RF MEMS switches can be classified as vertical switches and
lateral switches based on the motion direction of the switching structure. The ver-
tical switches perform out of wafer plane displacement and surface contact. The
lateral switches perform in wafer plane displacement and sidewall contact. The
vertical RF MEMS switches are usually fabricated using surface micromachining
process and metal is used as its structural material. On the other hand, the lat-
eral RF MEMS switches are usually fabricated using bulk micromachining process,
using single-crystal silicon or polysilicon as its structural material. Most RF MEMS
switches developed in the last decades are vertical switches due to their excellent
RF performance. However, the lateral switches have shown some promising perfor-
mance in dynamics, together with fabrication processes which are simpler compared
to its vertical switching counterparts. As such, much recent research interest has
been geared toward the lateral switches.

The lateral switches have the benefit of co-fabrication. The movable switching
structure, the contacts, the transmission line, and the support structures can be fab-
ricated in a single lithographic step. Besides, the actuator design is more flexible.
It is easy to get a mechanical force in opposing directions even when electrostatic
designs are used. The lateral RF MEMS switches can use different elements as the
structural material, for instance, nickel, polysilicon, and single-crystal silicon. To
date, three main types of lateral switches have been reported. All of them are the
resistive series switches.

The first type of lateral switch is the comb-drive or cantilever beam-actuated
lateral switch which uses electroless plated nickel as its structure material [13—14].
The schematic illustration of a comb-drive-actuated lateral switch [13] is shown in
Fig. 1.1; in the plating process, the nickel height is restricted to 10-50 pwm and the
smallest possible width is limited to 5 wm. The actuation voltage is within the range
of 35-150 V. The contact resistance is 5-20 2.
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Fig. 1.1 The schematic illustration of a comb-drive-actuated lateral switch fabricated using nickel
surface micromachining process: (a) top view and (b) cross-sectional view [13]

The second type of the lateral switch is the electrothermally or electrostatically
actuated switch using polysilicon as the structural material [15-24]. The electrother-
mally actuated switch has demonstrated RF performance up to 50 GHz [22-24], as
shown in Fig. 1.2. The switch utilizes a parallel six-beam thermal actuator which
requires actuation voltage of 2.5-3.5 V. The mechanical structures are fabricated
using 2-pm polysilicon surface micromachining process and four masks. Silicon
nitride is used as a structural connection to isolate the RF signal and the DC bias.
Gold of thickness 0.3-0.5 wm is deposited on the polysilicon to form a transmis-
sion line and contact bumps. The switch has an isolation of —20 dB at 40 GHz.
The insertion loss is —0.1 dB at 50 GHz after de-embedding the substrate effect
and —1.0 dB before de-embedding the substrate effect. The switching “on” time
is 300 ps. Although this type of lateral switch exhibits high RF performance and

Signal Line

SiN
Isolation

Electrothermal
Actuator

(a) (b)

Fig. 1.2 The schematic illustration of a thermally actuated lateral switch: (a) 3D view and
(b) cross-sectional view [22]
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requires low actuation voltage, its drawbacks are the complicated fabrication pro-
cess, the high power consumption due to thermal actuation, slow switching speed,
and also a fragile switching structure.

The third type of the lateral switch is an electrostatically actuated switch using
single-crystal silicon as its structural material [25-27] and fabricated using a single-
mask bulk micromachining process. The electrostatic actuator can be either a comb-
drive or a cantilever beam. The switching structures are typically fabricated using
deep reactive ion etching (DRIE) process on silicon-on-insulator (SOI) wafer. The
metal contact is realized by depositing a thin layer of metal directly on the entire
surface of the switch structure, as shown in Fig. 1.3. Compared to other RF MEMS
switches, the fabrication process of this type of lateral switch is the simplest. Single-
crystal silicon has negligible biaxial stress and vertical stress gradient, and superior
thermal characteristics. Adapting a silicon process in fabricating the lateral switch
can reduce the deformation of the switch structure caused by either thermal effects
or stress gradients. As a result, the third type of lateral switch can provide better
mechanical characteristics. However, most of the time, such lateral switches can
only work at DC.

Device of impact

Au
Anchor
Fixed Si
Contact [ Jso,
electrode Si

Fixed Electrode

(a) (®)

Fig. 1.3 The schematic illustration of an electrostatically actuated lateral switch: (a) top view and
(b) cross-sectional view [25]

To investigate the possibility of such lateral switch being worked at high frequen-
cies, the literature survey was extended to the RF behavior of non-solid-metal-core
structures which consist of metal-coated structures with non-metal material as
the core. A metal-coated silicon-core high-aspect-ratio transmission line was first
developed in 1995 [28], followed by an improved version in 1998 [29, 30]. The
transmission line was fabricated by a single-crystal reactive etching and metalliza-
tion (SCREAM) process. It consists of pairs of parallel-plate waveguide formed
from two deep (150-pwm) suspended single-crystal silicon beams with 0.5-pm-
thick metal coating on the sidewalls. The attenuation was found to be less than
—0.18 dB/cm at 10-50 GHz. A step impedance filter and a continuous microac-
tuated phase shifter were realized using this transmission line [28-30]. High QO
(quality factor) inductors with polysilicon as the core material and copper as the
surface metal were demonstrated in [31]. The spiral structure of an inductor was
formed using polysilicon surface micromachining process and suspended over a
30-pwm-deep cavity in the silicon substrate beneath. Copper was electrolessly plated
onto the polysilicon spiral to achieve low resistance. High quality factors (Qs) over



1.2 Capacitive Shunt Switches 5

Table 1.1 Comparison of characteristics of lateral RF MEMS switches

References [13] [22] [25] [27] [28]
Actuation Electrostatic Thermal Electrostatic Magnetic+ Electrostatic
mechanism electrostatic
Structure material ~ Nickel Poly-Si Silicon Silicon Silicon
Power W 1899 mW pWw 11.3 nl/cycle W
consumption
Frequency (GHz)  DC DC to 40 DC DC DCto 25
Insertion loss (dB) — 0.1 - - 0.1-1.0
Return loss (dB) - - - - 22
Isolation (dB) - 20 - - 22
Switching voltage ~ 35-150 2.5-35 50-260 10 233
V)
Contact resistance ~ 5-20 0.1-0.3 1000 2-8 1-2
(€2)
Switching speed - 300 30 100 (close) 36
(ps) 20 (open)
Size (mm?) - 0.8 x034 >12x06 >2x2 0.8 x 0.4

30 and self-resonant frequencies higher than 10 GHz were achieved. It is expected
that the lateral switch using the metal-coated silicon-core structures may work at
high frequencies when the device is designed properly. Table 1.1 compares the
characteristics between different lateral switches.

1.2 Capacitive Shunt Switches

Capacitive switches are key elements in various applications such as tunable capac-
itors and tunable bandpass filter. Most of the capacitive switches are implemented
in shunt configuration. In this construction, when the metal bridge is at the up-state
position, the RF signal can go through from an input port to an output port, which is
called switch on-state; when the metal bridge is driven down, then most of the RF
signal is shorted to ground, which is called switch off-state, as shown in Fig. 1.4.

An important figure of merit of the RF MEMS capacitive switch is the ratio of
on-state capacitance to off-state capacitance, that is, R = Cy4 / Cy, where Cq is the
on-state capacitance with a typical value of several pico-farads and Cy, is the off-state
capacitance with a typical value of tens of femto-farads.

The larger the capacitance ratio, the smaller the off-state insertion loss and the
higher the on-state isolation, and therefore broader frequency band can be obtained.
In most cases, the RF capacitive switches are more suitable for high-frequency
(>10 GHz) applications because of its capacitive coupling nature. Especially, at
W-band, only the capacitive switches can be implemented because the DC-contact
switches have large contact resistance, which gives rise to high loss at W-band.
Therefore, to develop capacitive switches suitable for low-frequency (<10 GHz)
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Fig. 1.4 Schematic of shunt capacitive switch with its equivalent circuits: (a) the on-state of the
switch; (b) the on-state of the capacitance; (c) the off-state of the switch; and (d) the off-state
capacitance

applications, one method is to increase the capacitance ratio by using dielectric
material with high dielectric constant.

1.2.1 Reliability of Capacitive Switches

The reliability of MEMS switches is of major concern for long-term applications.
The reliability of the capacitive switch is mainly determined by stiction between
the dielectric layer and the metal layer, which is due to charge injection and charge
trapping in the dielectric layer [32]. There are two cases of failure in capacitive
switches [33]. The first one is that the metal bridge actuates and then returns to
the off-state position, irrespective of the polarity of the applied voltage; the second
failure mechanism is due to charge injection in the dielectric layer and results in
the metal bridge remaining in the down-state position when the actuation voltage
is removed (sticking) or the metal bridge does not actuate under an applied bias
voltage.

The dielectric charging problem can be minimized by (i) using silicon dioxide
as the dielectric layer. However, using silicon dioxide instead of silicon nitride as
the dielectric layer results in smaller on-state capacitance; (ii) another solution to
minimize the dielectric charging problem is to use a bipolar voltage when bias-
ing the capacitive switch; and (iii) finally, using side pull-down electrodes can also
minimize the dielectric charging problem.

1.2.2 Power Handling of Capacitive Switches

Power handling capabilities of RF MEMS switches are another major concern for
the application of RF MEMS switches. Compared with that of p-i-n diode and FET,
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RF MEMS switches can handle less RF power. The power handling capability of
an RF MEMS switch is determine by self-actuation, stiction in the on-state, and hot
switching [34].

Besides the DC driven of the switch, the RF signal can also lead to the pull-
down of the metal bridge and hence the failure of the switch. Decoupling the RF
and DC-actuation pads can substantially increase the power handling capability of
the MEMS switch.

1.2.3 Degradation of Down-State Capacitance

As mentioned, large down/up capacitance ratio is important for a capacitive switch
to achieve low insertion loss and high isolation. Unfortunately, because of the on-
state capacitance degradation problem, which means the actual on-state capacitance
is always smaller than the designed value, it is difficult to obtain the capacitance ratio
which is larger than 150 for conventional capacitive switches. The on-state capac-
itance degradation is mainly caused by nonplanarization of metal bridge, surface
roughness of capacitance area, etching hole in the metal bridge, etc. For the capac-
itive switch, it is believed that a flat metal bridge and small roughness of dielectric
layer are important to reduce the on-state capacitance degradation [35].

1.3 Coplanar Waveguide Transmission Lines

At RF and microwave frequencies, transmission lines are used to carry electrical
signal from one point to another. Transmission lines have to be impedance matched,
that is, all transmission lines in a circuit are designed to be 50 2 of characteristic
impedance to prevent unwanted reflections in high-frequency circuits. To do this,
the signal line and the ground lines are arranged in a certain configuration where
dielectric is in between. Coplanar waveguide (CPW) is a planar transmission line
which is compatible with microwave and millimeter wave-integrated circuit tech-
nology. CPW is relatively insensitive to variations in substrate thickness. It has low
radiation loss and allows circuit elements to be easily connected in shunt as well
as in series. These characteristics have made CPW an exceptional candidate for
high-frequency low-cost high-performance circuits.

In coplanar lines, the field is tightly concentrated in the apertures between con-
ductors, leading to current crowding for the conventional thin film techniques. When
the conductor thickness is larger, the current can be distributed and the loss can
be reduced. This makes it possible to work in high power applications due to the
increased conduction interface. A new type of CPW transmission line with Si-core
and metal overcoat is introduced in this book, in which the signal and ground lines’
thickness is 50-75 wm. The Si-core CPW transmission line demonstrates all advan-
tages that include balanced propagation and coplanar configuration. The Si-core
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CPW can be implemented using a silicon back-bone structure patterned in desired
shapes followed by a metal overcoat. The design and characterization of the Si-core
CPW transmission line will be discussed.

1.4 Single-Pole-Multi-Throw Switching Circuit (SPMT)

Integrating RF switches in a transmission line network forms an RF switching cir-
cuit, such as an SPMT switching circuit, a tunable filter, and a phase shifter. The
SPMT switching circuits are the key components in transmitting/receiving (T/R)
circuits, switchable filters, reconfigurable antennas, switching matrices, etc. In the
SPMT switching circuit, a total of m switches are incorporated in an (m + 1) port
junction device. When an SPMT switching circuit works, one switch is closed and
the remaining (m — 1) switches are open.

The major part of SPMT switching circuits is the single-pole-double-throw
(SP2T) switching circuit. So far, six types of RF MEMS SP2T switching circuits
have been developed. The first type is the most common one with two capacitive
shunt MEMS switches placed a quarter wavelength from the center of the T-junction
[36, 37], as shown in Fig. 1.5a. When one switch is actuated, the virtual RF short is
transformed to an open at the T-junction, thus blocking almost all the signals from
passing to that port. An insertion loss of 0.81 dB and an isolation of 20.3 dB at
X-band and an insertion loss of 0.43 dB and an isolation of 28.7 dB at K-band have
been demonstrated. A pull-in voltage of 9 V is achieved through changing the shape
of the beam. The second design is a monolithic SP2T MEMS switching circuit [38,
39], which places two MEMS resistive series switches at two output armatures to
operate in a 2.3-GHz diversity antenna, as shown in Fig. 1.5b. This switching cir-
cuit has an insertion loss of 0.2 dB and an isolation of 50 dB from DC to 4 GHz.
The pull-in voltage is 30 V and the switching time is 20 ps. The mechanical life
span is 10° switching cycles. The third design is a Ku-band SP2T switching cir-
cuit based on the toggle switch [40], as shown in Fig. 1.5c. Two toggle switches
are perpendicular to each other where both have fixed connections with a flexible
metal band to two output ports. When one toggle switch is on, the switch can be
connected to the input port and the signal is routed to the output port. This SP2T
switching circuit exhibits the insertion loss of 0.96 dB and the isolation of 30 dB
from 7 to 20 GHz. The switching voltages are 30 V to close and 35 V to open.
The fourth design is a double cantilever beam MEMS switching circuit developed
for wireless applications, as shown in Fig. 1.5d. Two beams are controlled by a
single actuation electrode. An RF performance with 50-dB isolation below 5 GHz
and <0.18-dB insertion loss up to 30 GHz was observed [41]. The fifth design is
a 35- to 60-GHz SP2T MEMS switching circuit [42] in which two resistive series
switches are placed at the end of each output line and a short-ended 50 2 line is
connected at the cross-junction, as shown in Fig. 1.5e. When one switch is actuated,
the open-ended line formed by the open state of the switch and the short-ended line
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A4 M4 E
oooooo oo
A ogoans EE
Capacitive bridge Capacitive oooooo oooooo
switch switch P1 P2
(a) (b)
Cantilever beam
P3
P2
Anchor
e \
S2 ) P3
Fixed electrode
P1 po

© (d)

s S1 S2

—

S1,ON S2, OFF Px /P3
|
P2 P3
P1 P1
©) ®

Fig. 1.5 Schematic of different types of SP2T switching circuits

comprises double resonance pair which transforms to be open at the cross-junction.
This circuit presents the insertion loss below 1 dB and the isolation higher than
19 dB from 35 to 60 GHz. The actuation voltage is 35 V. All SP2T switching cir-
cuits use vertical MEMS switches. Only one lateral SP2T MEMS switching circuit
was reported for satellite-based communications [43], as shown in Fig. 1.5 f. It
uses thermal-actuated lateral MEMS switch fabricated by silicon deep reactive ion
etching (DRIE) process. The microstrip transmission is fabricated on a glass wafer
separately. The two wafers are bonded together and the device is packaged using an
alumina cavity package, with DC and RF contacts on opposite sides. The isolation
of this SP2T switching circuit is better than 50 dB at 1-6 GHz. The insertion loss
is 1 dB at 2 GHz and 1.7 dB at 6 GHz. Table 1.2 compares the characteristics of
different types of RF MEMS SPDT switching circuits.

There is very limited work on other single-pole-multiple-throw switching cir-
cuits. A single-pole-three-throw (SP3T) switching circuit has been implemented in
hybrid form where three cantilever beams are micromachined separately and then



Introduction

1

[BULIDY) — WLIDY) $OT}BISOIO[d — SH

871

ge

€C
9C=¢9
£e—¢91
6'0-C0
02=S0°0
sq

¥9

0s

L1120
9-1
woy J,

3
9¢-61
Y0l

I-¢0
09-¢¢
sq

09

Sl
0s
0¢

81°0
0€010d
sq

VLI (puw) 9719
Ho/e1e
uo;/zs (sM) paads Surmyoims

6  (A)o3eioA Sumoymg

£'0¢ (dp) uonejosy

- (gp) ssof urmay
180 (gp) ssof uonasug
71-8 (zHD) Adouanbarg

sa WSTUBYOAUW UOTBNIOY

SHOA ST,

6]

8]

(L]

[1] SQOUAIJY

10

SN0 SUIYONMS 1,7dS SINHIA JURIOIP UddM)aq SONSLIaJoRIRYD Jo uosuedwo) 7° [qel,



1.5 Electromagnetic Band Gap (EBG) Structures for RF Circuits 11

integrated on an alumina substrate using flip-chip technology [44]. It exhibits the
insertion loss of 0.5 dB at 16 GHz and the isolation of 20 dB at 18 GH. An SP3T
switching circuit is proposed in [45], where the circuit consists of three resistive
series switches based on fixed—fixed beam architecture in a coplanar environment. A
single-pole-four-throw (SP4T) switching circuit using four series switches is devel-
oped in [46], which shows good match up to 20 GHz with an isolation of 50 dB at
10 GHz. A single-pole-eight-throw (SP8T) switching circuit using the rotary switch
is reported [47], which has an insertion loss of 2.16 dB and an isolation of 31 dB at
20 GHz.

1.5 Electromagnetic Band Gap (EBG) Structures for RF Circuits

Electromagnetic band gap (EBG) structures are periodic structures that have
attracted much attention in the microwave and millimeter-wave community due to
their filtering properties or inhibition of signal propagation in certain directions.
Electromagnetic crystal structures are invented for microwave and optical wave-
lengths [48-51]. Planar EBG structures offer tremendous application possibilities
for active and passive devices because these structures exhibit wide bandpass and
band rejection properties at microwave and millimeter wave frequencies [52-56].
For compact design, the passband of the EBG structures is used as a slow wave
medium. On the other hand, the stopband is used to suppress the surface waves,
leakage, and spurious transmission. EBG structures can have various design struc-
tures such as bumpy or corrugated surfaces, metal pads or high impedances surface,
and planar EBG structures. Generally, the ground plane is perturbed by EBG struc-
tures with different shape and different lattice structures. The shape may be uniform
or non-uniform circular, square, rectangular, triangular patterned and the structures
are named on the basis of the grid arrangement such as square, rectangular, triangu-
lar, and honey-comb. Different shapes and sizes of EBG structures provide different
S-parameter performances. Due to their unique properties, the EBG structures can
be used to design microwave components and devices for different applications such
as filters [57-60], mixers, antennas [61, 62], oscillator, power amplifiers [63, 64],
and phase array.

Tunable band gap and bandpass performances are desirable in many applications.
Semiconductor varactor diodes have been considered in tunable EBGs. Although
semiconductor varactors offer integration possibilities, EBG structures based on
such varactors suffer from high losses and small tunability at high microwave fre-
quencies, where integration is potentially possible due to the small wavelengths and
sizes. By incorporating RF MEMS switches and the EBG filters, a new paradigm
has been opened for the development of state-of-the-art tunable filters. These tun-
able filters are miniaturized with high Q, wider rejection level, low insertion loss
and enable the generation of tunable bandstop filters.
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1.6 Tunable EBG Bandpass Filters and Reconfigurable Circuits

The goal of many commercial and military systems is the ability to easily reconfig-
ure or switch the frequency of operation, the output power, and the input impedance
of the system [65—67]. Changing the frequency of operation means the resonant fre-
quency must be reconfigured, together with the bandpass filter central frequency, the
local oscillator frequency, and the matching networks for the low noise amplifiers
and power amplifiers. In satellite systems, the switching networks are used for coax-
ial switches, while in base station systems, they are implemented using PIN diodes
except after the power amplifiers. PIN diode switches are less expensive compared
to coaxial switches, but require input and output amplifiers to compensate for the
loss introduced by the switching networks. Coaxial switches result in outstanding
isolation, insertion loss and can handle high power, but they are heavy, bulky, and
expensive. RF MEMS switches can easily meet the isolation requirement of N x N
switching matrices making the system smaller and lighter which is essential for
satellite communications [68].

In many portable applications, the antenna input impedance is strongly depen-
dent on the position of the portable device, and low-loss reconfigurable matching
network at the input of the antenna would result in substantial performance improve-
ment. Reconfigurable MEMS switching circuits can be used to generate a large
range of impedance loci which are necessary for transistor and diode characteriza-
tion (gain, noise, conversion loss, etc.). Moreover, the RF MEMS devices generate
low intermodulation products which are essential when the reconfigurable circuit
comes before the low noise amplifier/mixer chain.

The filters are custom-machined, carefully assembled, tuned, and calibrated.
Typically tracking filters are mechanically tuned by adjusting the cavity dimensions
of the resonator or magnetically altering the resonant frequency of a ferromagnetic
YIG element, which have multioctave bandwidths and high quality factor (Q) res-
onators [69, 70]. They also consume considerable amount of DC power (0.75-3 W)
and their linearity is not high. Neither of these approaches can result in miniaturiza-
tion or produced in large volumes for wireless communication systems. Solid-state
varactors can provide a wide tuning range, but there are losses and linearity prob-
lems at microwave frequencies [71, 72]. The semiconductor-based varactors have
a quality factor (Q) as low as 2 or 3 which can be associated with fixed capacitors
in series in order to increase the Q of the resulting resonator, but in this case the
tuning range is decreasing. In general, losses can reduced by using a weak cou-
pling between the resonator and the varactor; higher O means lower tuning. In
contrast, employing MEMS technology enables the construction of miniaturized
tunable filters that exhibit low-loss, low power consumption, and excellent linearity.
The successful application of MEMS fabrication processes can reduce the overall
size, weight, and cost of RF-integrated systems and making them attractive for many
commercial and military applications [73, 74].

The RF MEMS switching circuits may also allow the development of low power
systems based on tunable antennas, low-noise tunable oscillators, tunable filters, and
tunable matching networks. The ultimate goal is to integrate the whole front-end
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system on a chip. The main bottleneck is represented not by the inductors or
switches but by the low-loss (high Q) filters, diplexers, and crystal reference. The
filters are currently being addressed using film bulk acoustic resonator (FBAR) tech-
nology and MEMS resonators. However, using the RF MEMS fabrication allows the
elimination of off-chip inductor in the oscillator circuit making the integration of the
tunable filter on a single chip possible. EBG structures and MEMS switches will be
used to design tunable bandpass and reconfigurable filters.

1.7 Capacitive Switching Bandpass Filters

When frequency spectrum gets crowded with a large number of communication
devices operating in a particular band, filter is becoming more and more criti-
cal. Tunable bandpass filters greatly simplify the design of transceiver and play a
major role, especially in the area of wideband and multimode transceivers. In signal
processing and communication systems, it is often desirable to reject unwanted fre-
quencies from a signal. However, it is undesirable to use multiple filters since large
surface area are occupied. Therefore, it is desirous to use a tunable filter to track
blocks for multi-band telecommunication systems, radiometers, and wideband radar
systems.

Many civil and military telecommunication and radar systems, such as electronic
warfare, software programmable RF front-end and digital receivers, require RF tun-
able bandpass filters to be as flexible as possible in terms of center frequencies
and bandwidth. The tunable bandpass filter which is tunable over a wide frequency
range also offers high rejection [75, 76]. Generally, the tunable bandpass filters can
be classified into three basic categories: mechanically tunable filters, magnetically
tunable filters, and electronically tunable filters [77-89]. However, none of these
satisfies the requirements of miniaturization and mass production.

In recent years, tunable bandpass filters based on MEMS technology which
brings much improvement in the trade-offs between the tuning range and the losses
in filter designs are widely studied. Capacitive switch and DC-contact switch can be
used to construct these MEMS tunable bandpass filters.

1.8 Substrate Transfer Process

High aspect ratio (HAR) is desired to provide sufficient lateral capacitance, to
increase the sensitivity of the sensor and to suppress the out-of-plane motion for
many MEMS devices and components, such as the comb-drive actuators, the inertial
sensors, and the variable capacitors. Different fabrication processes such as DRIE
for silicon-on-insulator (SOI)-based process and silicon-on-glass (SOG)-based
process are developed for high aspect ratio suspended silicon structures.

The high aspect ratio structures are etched in a silicon wafer using reactive ion
etching (RIE) technique, followed by the deposition of a thin layer of silicon dioxide
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(8i0,). After removal of SiO; at the trench bottom, MEMS structures are released
using a silicon isotropic dry etching. Finally, metal is deposited [90, 91]. Only a
normal silicon wafer and single mask are needed to form suspended structures with
thickness of 20 wm and aspect ratio greater than 10. However, this process has
two shortcomings. First, the etching depth varies with the trench width of the struc-
tures due to the aspect-ratio-depending-etching (ARDE) effect of the DRIE. Second,
the release process sacrifices some silicon of the structures and results in irregular
shape at the bottom of the silicon structures. The two problems lead to the deviation
of the mechanical performance of the device. SOI-based process can avoid those
problems well. In the SOI wafer, the device silicon layer with uniform thickness
is separated from the handle silicon layer by a buried oxide layer. After deposi-
tion and patterning of the hard mask, the device layer is etched using DRIE. Then,
the MEMS structures are released using wet etching of the buried oxide or DRIE
over-etching [92, 93]. A glass substrate is more favorable than a silicon substrate
for high-frequency applications because of its low-loss characteristic [94-96]. The
straightforward method to construct devices or circuits is to first build RF circuits on
a silicon wafer or a SOI wafer and then transfer them to a glass substrate [94]. Bulk
silicon dissolved wafer process is developed in such a way to fabricate 1- to 25-pm-
thick MEMS structures on a glass substrate, in which device structures are etched
on a silicon wafer and heavily boron doped, then the silicon wafer is anodically
bonded to a glass followed by the silicon dissolving to leave heavily boron-doped
devices attached to the glass substrate [97]. However, it is difficult to fabricate thick
MEMS structures using the silicon-dissolved wafer process due to the limitation of
the diffusion process. The typical diffusion time is 15-20 h for a diffusion depth of
15-20 pm. In order to supply thick device silicon layer (>30 pm) on the glass, the
conventional SOG process is widely used [98—100]. In the conventional SOG pro-
cess, some shallow trenches are etched in a glass wafer or the backside of a silicon
wafer first. After the silicon wafer is anodically bonded to a glass wafer, the silicon
wafer is thinned from the backside using either mechanically grinding or chemically
etching with KOH. Then, the MEMS structures are aligned to the shallow trenches
through a double-side alignment, followed by the formation of the high-aspect-ratio
structures by etching through the silicon layer using DRIE process. However, the
conventional SOG-based process has three shortcomings. First, the Si-glass stack
always bows or warps after anodic bonding due to residual stress of the bonding.
Therefore, double-side alignment and yield are restrained. Second, since the glass is
a poor thermal conductor, the substrate temperature ramps rapidly during the DRIE
process. Therefore, it worsens the DRIE etching quality of the high-aspect-ratio
structures. Third, since glass is an insulating material, the notching effect is hash.
Ionization of low frequencies (380 kHz) in the high-density inductively coupled
plasma (ICP) etch tool can reduce the notching effect by removing the accumu-
lated charges on the insulating surfaces. However, when the etching depth is large
(>100 pm) and over-etching lasts long time, notching effect damages structures. To
avoid the notching effect, a metal layer can be deposited and patterned on glass or
on silicon before anodic bonding [100].
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In Chapter 9, a new substrate transfer process is developed to fabricate high-
aspect-ratio silicon-suspended structures with large thickness (>30 pm) on a glass
substrate. This fabrication process is to first pattern the high-aspect-ratio silicon
structure in desired shapes using the DRIE process. Then, the silicon structure is
transferred to the glass substrate using a Si/thin film/glass anodic bonding pro-
cess followed by two silicon thinning processes. Finally, the suspended structure
is released by a self-aligned etching of the glass. This fabrication process voids all
the problems in the conventional SOG-based process. The design of the fabrica-
tion process is described in Section 9.1. The three key unit processes — silicon/thin
film/glass anodic bonding, silicon thinning using KOH etch, and metal deposition
using a shadow mask — are explored in Sections 9.2, 9.3, and 9.4, respectively. The
summary is drawn in Section 9.5.

1.9 Surface Planarization Process

MEMS fabrication processes can be divided into surface micromachining process
and bulk micromachining process. In this work, the surface micromachining process
is used for the fabrication of the capacitive switches and the switch circuits. The
planarization of the metal bridge plays a significant role in reducing the contact
area between the bridge and the dielectric layer. Specially, the surface planarization
processes are developed for a flat metal bridge and reduces the roughness of the
dielectric layer [101-104]. In this book, a new planarization process is proposed by
filling the CPW slot with photoresist that can effectively improve the flatness of the
bridge. Besides the surface planarization, surface roughness is another important
consideration to improve the intimate contact between the metal bridges and the
dielectric layer when the metal bridges are driven down. Therefore, all fabrication
issues related to the RF effects of the metal bridge flatness and the surface roughness
of the dielectric layer will be discussed in Chapter 10.
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Chapter 2
Lateral Series Switches

The objective of this chapter is to study the lateral RF MEMS series switch [1-14].
The switch consists of a silicon-core (Si-core) transmission line and a cantilever
beam. The switch connects or disconnects with the RF circuit by the in-plane motion
of the cantilever beam. The Si-core coplanar waveguide (CPW) transmission line is
used to configure the switch. The Si-core CPW has the same advantage as the normal
CPW, that is, it enables series and shunt elements connection without metal coating.
The main advantages of the lateral switch are reliable mechanical performance and
simple fabrication process.

This chapter is organized as follows. First, the RF design, circuit modeling and
simulation of the lateral RF MEMS switch are presented. The RF performance of
the switch can be improved by optimizing the electrical parameters of the switch.
Second, the mechanical design and optimization of the cantilever beam of the lateral
switch are discussed. The dynamic responses such as the switching time and the
release time of the switch are studied. Finally, the experimental results of the lateral
switch such as its insertion loss, return loss, isolation, threshold voltage, switching
speed are discussed. Comprehensive modeling and design of the lateral switch are
verified by extensive experiments for both electrical and mechanical characteristics.

2.1 Electrical Design and Simulation

In this section, the RF circuit design and the lumped-element modeling of the lateral
switch are discussed. The main purpose is to study the effect of the design param-
eters and to realize lateral switches with low insertion loss, high return loss, and
high isolation. Since the switch is a metal-contact series switch, the on-state and the
down-state of the switch and the off-state and the up-state of the switch are used
interchangeably.
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2.1.1 RF Circuit Design of the Lateral Switch

A lateral switch consists of a Si-core CPW and an electrostatic actuator, as shown
in Fig. 2.1a. A cantilever beam is fixed at one port. The free end of the cantilever
beam comes into contact with the contact bump at the other port upon turning on
the switch. The cantilever beam serves as the signal line alone. The ground lines
beside the cantilever beam are extended toward the cantilever beam to avoid drastic
increase in the characteristic impedance. The width of the gaps between the can-
tilever beam and the ground lines is 20-30 pm. The characteristic impedance of the
cantilever beam section, Zj, is about 78 €2 simulated by a 3D full-wave finite element
method (FEM) analysis tool — Ansoft’s high-frequency structure simulator (HFSS)
V8.0 [15]. At the free end of the cantilever beam, one ground line protrudes toward
the cantilever beam further to serve as a fixed electrode. Therefore, no additional
fixed electrode is required. When sufficient DC bias voltage is applied between the
cantilever beam and the ground line, the cantilever beam is pulled toward the fixed
electrode by electrostatic force until its free end hits the contact bump, resulting in
the on-state of the switch. When DC bias voltage is removed, the mechanical stress
of the beam overcomes the stiction forces and pulls the cantilever beam away, result-
ing in the off-state of the switch. Due to the asymmetrical layout of the two ports,
the S-parameters obtained from the two ports are not reciprocal. The return loss of
port 2 is better than that of port 1 at the off-state since the open stub at port 2 is
shorter than port 1. Hence, generally port 2 acts as the input port and port 1 acts as
the output port to block more RF signal at the off-state of the switch. Figure 2.1 (b)
shows the cross sectional view of the lateral switch. The switch is on a SOI wafer.

Port 1
I
|LRSi(35pm) \ n\‘ I ! ‘
Cantilever beam Cantilever beam
HRSi (500 pm)
Port 2
(a) (b)

Fig. 2.1 Schematics of a lateral switch: (a) top view and (b) cross-sectional view. Copyright/used
with permission of/courtesy of Institute of Physics and IOP Publishing Limited
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The substrate is 500-pm-thick high-resistivity silicon (HRSi). The device layer is
35-pwm-thick low-resistivity silicon (LRSi). The switch structures are made of LRSi.
A thin layer of metal is coated on the top and sidewalls of the switch structures to
propagate RF signal.

2.1.2 RF Circuit Model of the Lateral Switch

Figure 2.2 shows the equivalent circuit of the lateral switch. The model consists of a
characteristic impedance, Z, for the input and output sections of the Si-core CPW;
a line resistor, R}, of the cantilever beam; a line inductor, L, of the cantilever beam;
a switch series capacitor, Cs (off-state) or a contact resistor, R; (on-state); and a
shunt coupling capacitor, Cy. Except Zy, other parameters are allowed to vary to fit
the measurement results or the simulation results. The equivalent circuit is modeled
using the design tool of Agilent EESof’s Advanced Design System (ADS).

~\\\—e
f 1 |
LA VAVAY {— -
% R L c. 2

Y
/
o

Fig. 2.2 The equivalent circuit of the lateral switch. Copyright/used with permission of/courtesy
of Institute of Physics and IOP Publishing Limited

According to the T-equivalent circuit model, S»; of the circuit can be given
by [16]

2

oo (2.1a)
24+ 2o+ 21+ 22)/ 75 + (21 7t Z'z—fz)/zo
where
Zy =R +joL (2.1b)
2= R it
5= Jw%g (2.1d)

w is the angular frequency (w = 2xf, fis the signal frequency).
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At the off-state of the switch, the switch capacitance, Cs, is an important factor
that affects the isolation of the switch. When

2 G R Ce
S21 << —=10dB and wCiZp |2 — 0 °Col + —= + [ 1+ = ) | << 1
Cs 7y Cs

the isolation of switch can be approximately expressed as

S$21 ~ J2wCsZy 2.2)

Therefore, the series capacitance, Cs, of the off-state switch can be extracted
from the simulated or measured isolation of the switch using Eq. (2.2). Figure 2.3
shows the simulated isolation of an off-state switch with various series capaci-
tances of Cs. The isolation of the off-state switch increases with the decrease in
C;. The equivalent series capacitance Cg of our practical lateral switches is 3—-10
fF. Up to 25 GHz, the isolation is higher than 25 dB for Cg = 3 fF and 15 dB for
Cs =10fF

Isolation (dB)

60/

e Cy=100 F

o
0 5 10 15 20 25
Frequency (GHz)

Fig. 2.3 Simulation results of S-parameters with various capacitances Cs at the off-state of the
lateral switch (R; =1 , L = 148 pH, Cy; = 30 fF)

At the on-state of the switch, the insertion loss and the return loss can be
expressed as

2
Sop = - 2.3a
T2 K K 3

Ki+j-K3

Si=g—F—7—
2+ K +j-Kz

(2.3b)
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where
Ry + Rc 2 Rc
K| = —wC L1+ — 2.3
1 ZO @ Lg ( + Z()) ( C)
RIR; L
Ky =w|Cg | Ri+Rc +2Zp + + = (2.3d)
Zy VA
RIR; L
Ki=w|Cg|RI— R —Zp+ + = (2.3e)
Zy Zy

At low frequencies, when 2+K; >> 0 and K < 24 (R) + R.) /Zo, the insertion loss
and the return loss of the switch can be simplified as

Sy ~2/[2+ (R +R)/Z) (2.42)

Si1 & (Ri + Re) [12Z0 4+ (R + Re)] (2.4b)

Figure 2.4 shows the simulated results of the insertion loss and the return loss of
the switch at the on-state with various (R + R.). The RF performances of the switch
at the on-state deteriorate with the increase in (R} + R.). When R} + R. < 2 €2, the
insertion loss is less than 0.2 dB up to 10 GHz. When (R} + R.) increases to 10 €2,
the insertion loss is larger than 0.8 dB at 10 GHz. The return loss decrease with
(R1 + R.) Therefore, the resistance sum (R] + R.) should be as small as possible to
achieve low insertion loss and high return loss.

T S = o1
p g
2 3
2 iy
oy Q
3 weee B+ R,=0.2Q o
£ 20+ -~ —-40
72 e N R R+R,=06Q
‘ ‘ ——R+R.=1.0Q
254/ - e s R+R.,=20Q |- —50
- R +R,=10.0Q
-3.0 . : . ; . : . ; . -60
0 5 10 15 20 25
Frequency (GHz)

Fig. 2.4 Simulation results of S-parameters with various resistance sum at the on-state of the
lateral switch (L = 148 pH, Cy = 30 {F)
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The resistance sum (R; + R.) of the switch at the on-state can also be extracted
from the simulated or measured insertion loss of the switch using Egs. (2.4a) and
(2.4b). It is found that the measured resistance sum (R} + R.) decreases with the
increase in the metal thickness of the coating layer since the cantilever beam resis-
tance, Ry, is determined by the thickness of the coating metal layer and the contact
resistance, R, is largely affected by it too. The effect of the metal thickness on the
beam resistance, Ry, is discussed. Due to the skin effect of the metal layer at high
frequencies, the fields decay by an amount of 1/e in a depth of one skin depth. The
skin depth, &, of metal is given by [16]

2

WROo

0s =

2.5)

where 110 is the permeability of the vacuum (o = 47 x 107’H/m) and o is the
conductivity of the metal layer. The conductivity and the skin depth of the metal
layer used in our experiments are listed in Table 2.1. The skin depth of aluminum
(Al) is 0.83 pm at 10 GHz and 0.53 wm at 25 GHz. The surface resistivity, Ry, of
the metal layer is given by

Rszil/was) (1= 38 26
1/(ct) (t <)

where ¢ is the metal thickness. Then, the resistance of a cantilever beam, Rj, can be
expressed as

l.
R = R, Z ; (2.7
i 1

where /; and w; are the length and the width of different sections of the cantilever
beam. Therefore, the resistance of the cantilever beam increases with frequency
due to the skin effect. For instance, for a cantilever beam with [ = 460 pm, w =
33 wm, ty = 1.2 pum, and ¢, = 1.2 wm, the calculated resistance of the beam R
keeps constant of 3 Q from DC to 4.6 GHz, then increases with frequency after
4.6 GHz. The resistance is 7.1 2 at 25 GHz. When the thickness and the conduc-
tivity of the metal layer are larger, the beam resistance is smaller. The RF power

Table 2.1 Electrical properties of different metal materials

Skin depth, d (um)

Material Conductivity, o (S/m) 10 GHz 25 GHz 40 GHz
Al 3.80x 107 0.82 0.52 0.4
Au 4.55%107 0.75 0.47 0.37

Cu 5.88x107 0.66 0.42 0.33
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dissipation decreases and the insertion loss of the switch is lower. Therefore, the
metal layer with high conductivity has to be coated as thickly as possible to achieve
good RF performance.

The series inductance L can be calculated by [16]

2Bl Zl e
L= AP AlVeer 2.8)
C

w

where Z; is the impedance of the cantilever beam, [ is the whole length of the can-
tilever beam, S is the phase constant, gt is the relative effective permittivity, and ¢
is the speed of the light in vacuum (¢ = 3.0 x 10% m/s). In this design, [ = 400-500
pm, geff & 1.66, Z) = 50-78 2, and the equivalent series inductance is 86—167 pH.
In Fig. 2.5, the simulated results show that the RF performances of the switch at the
on-state become better when the inductance increases from 10 to 100 pH. However,
the insertion loss and the return loss begin to deteriorate when the inductance L
increases further, especially at a high-frequency range.

Insertion loss (dB)
(gp) sso| uinjey

087 T Retumn loss. 1 B
-0.9 T T T T T T T T T —45
0 5 10 15 20 25
Frequency (GHz)

Fig. 2.5 Simulation results of S-parameters with various inductances L at the on-state of the lateral
switch (R} =1W, R. = 1.8 W, C; = 30 {F). Copyright/used with permission of/courtesy of Institute
of Physics and IOP Publishing Limited

C, is the shunt coupling capacitance between the cantilever beam and the fixed
electrode, which can be estimated as

golhh
Co= 22 4G 2.9)
80—y
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0 T R T T 0.0
10 e _Insertion l:,oss, -
Return loss ___.—-—=~"""
g 204 b wmnn 55T 1.0
Y
i)
® 30 )
2 30 5
o
8 p
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Fig. 2.6 Simulation results of S-parameters with various capacitances C, when the switch is at
the on-state of the switch (R =1 W, R. = 1.8 W, L = 148 pH). Copyright/used with permission
of/courtesy of Institute of Physics and IOP Publishing Limited

where & is the permittivity of the air (8.854 x 10712 F/m), I, is the length of the
fixed electrode, / is the height of the cantilever beam, g is the original gap distance
between two electrodes, y is the displacement of the electrode part of the cantilever
beam, and Ct is the fringing field capacitance which is 20-60% of Cg [17]. This
coupling capacitance is fairly large (Cy > Cs) and affects the loss mechanism at
the on-state of the switch. Figure 2.6 shows that the RF performances, including the
insertion loss and the return loss of the switch at the on-state, are improved when
Cy increases from 10 to 60 fF, whereas the RF performances begin to deteriorate
when Cg increases further to 125 fF. It is noted that when the switch is actuated,
the gap between the two electrodes, g(= go — y), decreases. Hence, the coupling
capacitance at the on-state, Cy ¢, is slightly larger than the one at the off-state, Cg o.
On the other hand, the structure design of the cantilever beam and the distance
between the cantilever beam and the fixed electrode also determine the mechanical
performance of the switch in terms of the threshold voltage and the switching speed.
Therefore, it is important to select the proper values of I, and g for the switch design
to compromise between electrical and mechanical performances.

2.1.3 Double-Beam Lateral Switch

A double-beam lateral switch is designed and shown in Fig. 2.7 to achieve low
insertion loss and high power handling. Two cantilever beams are used in the sig-
nal route together to propagate RF signal. Both fixed connections of two cantilever
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Fig. 2.7 The schematic of Port 1
the top view of a Ground

double-beam lateral switch.
Copyright/used with
permission of/courtesy of
Institute of Physics and IOP
Publishing Limited

Contact
bump

Port 2

beams are on port 1 and two contact bumps are on port 2. At the free end of two can-
tilever beams, both ground lines extend toward the nearby cantilever beams to serve
as their fixed electrodes, respectively. Therefore, when sufficient DC bias voltage is
applied between the signal line and two ground lines at port 1, both cantilever beams
are pulled by the electrostatic force and move toward two ground lines, respectively,
until they hit two contact bumps at port 2. Generally, port 2 acts as the input port
and port 1 acts as the output port for better signal isolation from the source at the
off-state of the switch. Similar to the single-beam switch, the two-port S-parameters
of the double-beam switch are not reciprocal due to the asymmetrical layout.

Figure 2.8 is the equivalent circuit of the double-beam lateral switch. For the
double-beam switch, the resistor R| = Rjo/2, the inductor L = Ly/2, the series
capacitor of the switch at the off-state C; = 2Cy, the contact resistor of the switch at
the on-state R. = Rco/2, and the shunt coupling capacitor Cg = 2Cy0, assuming that
two cantilever beams are identical. Hence, the electrical model of the single-beam
switch can also be used for the double-beam switch.

R

<0
Ry Ly |—| Cy
.
— T bl
0 0 AN\

c,o’ll|j‘c,o Ao
Fig. 2.8 The equivalent circuit of the double-beam lateral switch. Copyright/used with permission
of/courtesy of Institute of Physics and IOP Publishing Limited
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2.2 Mechanical Design and Simulation

The lateral switch is based on an electrostatic actuator as shown in Fig. 2.9. The
actuator consists of four components: a suspended cantilever beam serving as a
movable electrode, an anchor on the substrate to support the cantilever beam, a
fixed electrode opposite to the cantilever beam, and a contact bump.

Anchor I
1

g

n r
% Fixed electrode Contact ba

Fig. 2.9 The schematic of the top view of an electrostatic actuator. Copyright/used with
permission of/courtesy of Institute of Physics and IOP Publishing Limited

The cantilever beam OC is a beam mass structure as shown in Fig 2.9. For the part
of the beam OA, the width is w; and the length is /1. For the part of the mass AC, the
width is wy and the length is (/2+/3) in which /, is the length of the electrode section
AB and /3 is the length of the remaining part BC. The mass width, w», is designed
to be relatively wider than the beam width, wy, so that low threshold voltage can be
maintained and greater deformation of the electrode section may be avoided. Hence,
no separate stop bumpers or landing pads are required to avoid short circuit between
the two electrodes.

The original distance between the two electrodes is go and the distance between
the contact bump and the mass part is dy. dy is relatively smaller than gg so that the
cantilever beam can touch the contact bump when the switch is actuated. In Fig 2.9,
the X- and Z-axes are oriented parallel to the length and the depth of the cantilever
beam respectively, while the Y-axis is directed toward the fixed electrode.

For the design of the lateral switch in static behavior, low threshold voltage is
always desired. The threshold voltage is determined by two forces — the electrostatic
force, Fe, and the restoring force, F; — which will be discussed.

2.2.1 Static Electrostatic Force

When a DC bias voltage, V, is applied between two electrodes, the electrostatic
force, F., causes the mass to move toward the fixed electrode and the beam is bent.
The bending of the mass part is negligible because it has much higher flexure rigidity
than the beam. The displacement of the mass increases with voltage until pull-in
occurs. If the displacement of the beam OA and mass AC from its original position
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are designated as y; |, and y>|y, respectively, the electrostatic force, Fe, on the mass
can be derived as

L+
sohV?dx eohl, V2
Fe = 5 = (2.10a)
; 2(go — ¥2) 2(go — o — 0h)(go — o)
1
where
wii=a+0x—10), L<x<h+bh (2.10b)
a = y2lx=t; = Y1lr=1 (2.10c)
0 = yylx = Ylx=t, (2.10d)

where () denotes the derivative with respect to position x. When the electrostatic
force is not uniform, the bending moment, My, caused by the electrostatic force can
be calculated as

L+ 5 )
eohV< (x — 1) dx gohV go— o —0h 0l
My = = In +
2(go — o + 01 — 6x)? 262 g —«o go— o —06h

I
(2.11a)
For small 8, M( can be approximated as

eohV?B3 1 1
Mo = - (2.11b)
2(go—a) \go—a —06l 2go—a)

The equation for the displacement of the beam y1 |, is determined by [18]
Eily"[y =Mo+Fe(lh —x), 0<x< (2.12)

where E; is Young’s modulus of the beam and /; is the moment of inertia of the
cross-sectional area of the beam. At x = 0, the boundary conditions are

Yilx=o = lx=o =0 (2.13)

By solving Egs. (2.10c), (2.10d), (2.12), and (2.13), o and 6 can be obtained as

_ 3Mol} + 2Fel;

2.14
6E1 14 ( 2)

_ Mol + F.3

2.14b
2E11; ( )
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Therefore, at a specific applied DC bias voltage V, F., and My are determined
by « and 6 from Eqgs. (2.10a), and (2.11a) and (2.11b), whereas « and 6 are deter-
mined by My and F. from Egs. (2.14a) and (2.14b). Thus, F, My, o and 6 can be
found through numerical iterations. For a voltage equal to or larger than a specific
value, the iteration results become divergent. This specific voltage is called thresh-
old voltage. For the threshold voltage, once « and 6 are known, the displacement of
the mass is found by Eq. (2.10b). For an actuator with /; = 275 pm, [ = 165 pum,
I3 =10 pm, wi= 2.4 pm, wp = 5 um, wa; = 0.45 pm, go = 4.8 um, dp=2.8 pm,
the threshold voltage is calculated to be 23.7 V. The maximum stable displacement
of the mass center is 1.37 pm, which is a little smaller than 1/3g.

2.2.2 Static Restoring Force

When the mass part is displaced, an elastic restoring force by the beam tends to pull
the mass back toward its original position. At the end of the electrode part AB of
the mass, the restoring force, F;, can be written as

Fr = _ky2|x=11+12+l3 = —kla+6(L + 13)] (2.15)

where k is the equivalent stiffness of the cantilever beam. Suppose that the mass
is subject to a concentrated force at the midpoint of the electrode section, the
equivalent stiffness, k can be expressed as

‘ 12E\ 1\ Exl
Ex[48 + 9831 + 6(B313 + 113 + 11 b13)] + E11 (55 + 61313) /4

(2.16)

where E> is Young’s modulus of the mass and I, is the moments of inertia of the
cross-sectional area of the mass. Before the metal coating, the beam is merely made
up of single-crystal silicon. E1, E», I1, and I are given by

E; = FEy = Es;i (2.17a)
[

= wih (2.17b)
1 3

= wih (2.17¢)

where Ejg; is Young’s modulus of the single-crystal silicon. After the metal coating,
the beam is made of single-crystal silicon covered by metal on the top and sidewalls.
Therefore, E1, E, I, and I can be expressed as

_ Esiwi + 2Epwn

E,
w1 + 2w

(2.18a)
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- Esiwy 4+ 2Eqmwn

E 2.18b

2 T Y ( )
1

=50+ 2wm)® h (2.18¢)
1

b= (n+ 2wm) h (2.184d)

where Ey, is Young’s modulus of the metal, wy, is the thickness of the metal coated
at sidewalls of the silicon beam. The material properties of the lateral switches are
given in Table 2.2. Typically, w; = 2.5-3 pm, wp = 5-15 pm, wyp, < 1 pm. Since
Esiw1 > SEqnwn, the equivalent stiffness is dominated by silicon structures. After
the metal coating, the initial gap distance between two electrodes, go, and the initial
gap distance between the beam end and the contact bump, dy, are expressed as

80 = 8Si — 2Wm (2.19a)
dy = dsi — 2w (2.19b)

where gsi and dg; are the initial gap distance between the two silicon electrodes
and the initial gap distance between the silicon beam and the silicon contact bump
before metal coating, respectively.

Table 2.2 Material properties of the lateral switches

Material Density (kg/m?) Young’s modulus (GPa) Poisson’s ratio

Si 2330 162 0.27
Al 2700 70 0.35
Au 19,280 80 0.44
Cu 8960 128 0.36

2.2.3 Static Threshold Voltage
The balanced position of the cantilever beam can be found as the force is balanced
F=F.+F=0 (2.20)

The curves of normalized F, and |F;| as functions of the normalized displacement
y/go are shown in Fig. 2.10. For a specific mechanical structure, k is a constant.
Therefore, the curve for the restoring force, Fy, is a straight line starting from the
origin of the coordinates. The curve for the electrostatic force, Fe, is a hyperbola.
When the applied bias voltage, V, is less than a specific voltage Vi, the two curves
have two intersections. Equation (2.20) has two solutions. When the bias voltage V
increases, F, increases and the two intersections move closer. When V = Vy,, the
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Fig. 2.10 Normalized electrostatic force and restoring force on the movable cantilever beam with
various applied bias voltages

intersections coincide. When V > Vy,, the two curves do not intersect since Fo =
—F; at all displacements, that is, the mass part always collapses to touch the con-
tact bump. Vy, is the threshold voltage, which can be calculated using the iteration
method, as discussed in Section 2.2.1.

Figure 2.11 shows the shape of a cantilever beam (/{ = 275 wm, [, = 165 pm,
[3 = 10 wm, wi= 2.4 um, wp = 5 pm, wa; = 0.45 pm, go = 4.8 pm, dp= 2.8
pm) with various bias voltages, which is simulated by commercial 3D simulation
software — LS DYNA. The deformation of the beam OA of the cantilever beam
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rrrrr 20V
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Fig. 2.11 The shape of cantilever beam with various applied bias voltages. Copyright/used with
permission of/courtesy of Institute of Physics and IOP Publishing Limited
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increases with the bias voltage, whereas the mass part AC of the cantilever beam
moves almost without deformation. The simulated threshold voltage is 24 V, which
is close to the calculated result, 23.7 V, using the iteration method.

The threshold voltage, Vi, is determined by the cantilever beam structure and
the original gap between two electrodes, go. Figure 2.12 shows that the thresh-
old voltage, Vi, decreases when the original gap between the two electrodes gg
decreases or the length sum(/; + /) increases. When the cantilever beam length
ratio, I /(I1 + [3), is within the range of 30 — 75 %, Vi, only changes within 10%
of the minimum value of Vy,, which is referred to as [Vin]min. The corresponding
length ratio [/2/(11 + [2)]min tO [Vih]min 18 50% when wi = 2.4 pum, wo = 5 pm, and
wal = 0. It also shows that [/2/(I1 + [2)]min is almost independent of the initial gap,
g0, and the length sum (/1 + b).
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Fig.2.12 Calculated threshold voltage Vi, with various lengths (/1 + 12), [>/(I1+ [2) ratio, and initial
gap distance go (/3 = 10 pm, w; = 2.4 pm, wp = 5 pum, wy, = 0, gsi = 6 wm). Copyright/used
with permission of/courtesy of Institute of Physics and IOP Publishing Limited

Figure 2.13 shows that Vi, is more dependent on the beam width, wy, than the
mass width, wy. The effect of the mass width, w», is negligible. Vy, increases with
beam width, w;. The mass structure can be designed as a hole mass structure as
shown in Fig. 2.21. The hole mass has three advantages compared to the solid mass.
First, the solid-mass with the width of more than 5 pwm is not easy for release due to
the constriction in the fabrication process. This problem can be solved by hole mass.
Second, the etched holes reduce the effective mass of the mass structure and increase
the flexibility of the whole cantilever beam structure. Third, the lateral switch with
the hole mass structure can provide better RF performance than that with the solid
mass structure. Section 2.4 provides a more detailed discussion on the cantilever
beam effect on the RF performance of the lateral switch.

The effect of the metal thickness, wy,, of sidewalls on the threshold voltage is
more complicated. For further elaboration, aluminum is used as a coating metal. The
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Fig. 2.13 Calculated threshold voltage Vi, with various cantilever beam widths (w1, w2) (I} =275
pm, lp = 165 pm, /3 = 10 pwm, gs; = 6 wm, wy, = 0). Copyright/used with permission of/courtesy
of Elsevier B.V

effect of the aluminum (Al) thickness, waj, is shown in Fig. 2.14. Initially when wa
increases from zero, the threshold voltage, Vi, increases slightly. However, after the
threshold voltage, Vi, gets to its maximum value, it decreases with increase in wa.
This observation can be explained by two effects that arise from the metal coating
at sidewalls. On the one hand, the metal increases the stiffness of the cantilever
beam which tends to increase the restoring force, Fy, and the threshold voltage,
Vin. On the other hand, the metal coating reduces the original gap between the two
electrodes from gg;i to (gsi—2wm), which tends to increase the electrostatic force,
F., and reduce the threshold voltage, Vi,. When wy is small, the increase in F;
dominates the increase in F.. As a result, Vi, increases. However, once wp; exceeds
a specific value, the increase in F, dominates the increase in F;. Therefore, Vi, falls.
In general, the change of the threshold voltage, Vi, due to the metal coating is less
than 5 V since wy is less than 1 wm. The effect of the beam parameters of wy, wa,
and wp on the threshold voltage, Vi, is summarized in Table 2.3 when [/} = 275
pm, = 165 pm, I3= 10 um, and gs; = 6 wm.

2.2.4 Dynamic Frequency Response

The frequency response of the cantilever beam is useful to determine the switching
time and the mechanical bandwidth of the lateral switch. The frequency response
can be determined by d’ Alembert’s principle as [19]
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Fig. 2.14 Calculated Viy, versus thicknesses of Al coated at sidewalls wa; (I; =275 pwm, L= 165
pm, /3= 10 pm, gsi = 6 wm, wp = 5 pm)

Table 2.3 The effect of the cantilever beam parameters on the threshold voltage, Vi

Mass width, wy (jum)

Al thickness at sidewalls,

(wa1 =0) wal (wm) (wy =5 pm)
Beam width,
wi (um) 2.5 5 15 0.2 0.6 1.0
2.0 17.25 17.25 17.25 19.45 22.15 22.45
2.4 22.65 22.65 22.65 24.7 26.8 26.35
3.0 31.65 31.65 31.65 33.25 34.35 32.6
3.5 39.9 39.9 39.9 41.05 41.05 38.1

my” + by/ + ky = fext (2.21)

where (') denotes the derivative with respect to time 7, y is the lateral displacement
of the cantilever beam relative to the origin of the fixed electrode, m is the effective
mass, k and b are the effective stiffness and the damping coefficient of the simplified
system, and fex((?) is the electrostatic force. The electrostatic force, fex((7), between

the two electrodes generated by a bias voltage, V, can be simplified as

fext(t) = )

eohly V2
(80 —

(2.22)
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Based on the Laplace transforms, the frequency response of the cantilever beam
with small vibration amplitude can be expressed as

Y(jw) 1/k
Fjo) 1 — (0/wp)? + jo/ (Qwp)

(2.23)

where w is the working angular frequency, wy is the natural resonant angular fre-
quency, and Q is the quality factor of the cantilever beam. wg and Q are expressed as

wo = v/ k/m (2.24)
Q = k/ (wob) (2.25)

The quality factor Q of the cantilever beam is determined by several different
variables, such as the pressure, the temperature, and the intrinsic material dissipa-
tion. The quality factor is also an important component for the switching time. For
example, a cantilever beam (/3 = 10 pm, w; = 2.4 pm, wp = 5 pm, wy = 0,
gsi = 6 wm) has the frequency response of f = 15 kHz and k = 0.94. The variation
in response amplitude of the cantilever beam is simulated with different quality fac-
tors. Figure 2.15 shows that the response amplitude at 15 kHz is increased when the
quality factor ranges from 0.2 to 2.0. When Q < 0.5, it has a slow switching time;
when Q > 2, it has a long settling time. In practice, it is beneficial for the switching
time that the quality factor of the cantilever beam is designed by 0.5 < Q < 2.

1Y (jw)/F (jw)! (dB)

1000

Frequency (KHz)

Fig. 2.15 Frequency response of a cantilever beam with resonant frequency f = 15 kHz and
k=0.94
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2.2.5 Dynamic Effective Mass

It is noted that the effective mass of the cantilever beam is not equal to the actual
mass of the cantilever beam since only the end portion of the cantilever beam is
moving. The effective mass, m, can be estimated by Rayleigh’s energy method [19].
Assume the cantilever beam is subject to a concentrated load, P, at the center of
the electrode section of the cantilever beam. Referring to Fig. 2.9, we can consider
the displacement y, and kinetic energy Ey of the cantilever beam at three portions,
respectively.
The first part is the beam (0 < x < [;). Its kinetic energy Ey; is given by

1 h
Exi = —(psiw1 + 2,0me)h/ ¥ 2dx
0

2
2.26a
1 P \* -4l + 2585 + 10815 (2260
— 2"\ 261 30
where
Px? Plzx2 Px?
= 3l — = 31y + 31, — 2.26b
M= L O T e T e O TR0 (2.26b)
my = (psiw1 + 2pmwm)l1h (2.26¢)

The second part is from the beginning of the electrode to the center of the elec-
trode of the cantilever beam (/;<x<I[;+I»/2). The kinetic energy Ey, is given by

1 h+h/2 s
Ex = E(PSiWZ + 2pmWm)h / Yy dx
l

1 [( 2 )21% (h + b)? P2 LB +b) ( P )249124}
= 5nm2 + +

Em E L 8 E\LE>] 24 Ep 5760

(2.27a)
where
PB  PLE P 4+2Lb)x—1) Plx—0L)3h—(x—1
3y = i 2[4 (7 + 2L D) (x —11) (x = 1) [BL — (x = 11)] (2.27b)
3E1,  2E1L 2E. 1 6E> 1>
my = (psiw2 + 2pmwm)bh (2.27¢)

The third part is from the center of the electrode to the end of the cantilever beam
(I1 + /2 < x < l1 + I + [3). The kinetic energy Ey3 is given by
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3= 12E114 2E 14 6E, 1> 2E>1

Therefore, the total kinetic energy Ex are given by

1
Ey = Ex) + Ex + Ex3 = 5 y;n2ax

where the velocity y;,, at the end of the cantilever beam is

P+ Lbk)  P3
2E 14 SEL I

/ /
Ymax = Y3 |x=l1+hL+1l3 =

(2.280)

b

2) (2.28b)
(2.292)
(2.29b)

The effective mass, m, can be obtained by solving Eq. (2.29a). Figure 2.16 shows
the portion mass m, my and the effective mass, m, of a cantilever beam changes
with the ratio of (lp/(l;+[)) when [{ + [ = 440pm and /3 = 10m. It shows
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Fig. 2.16 Effective mass and part mass of the cantilever beam versus the ratio of lp /(I1+2) (w1 =

2.4 pm, wy =5 wm, wa; = 0.6 wm, [1+lp = 440 um, I3 = 10 wm, and & = 35 pm)
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that the effective mass, m, is mainly determined by the mass of the electrode part,
my. The effective mass, m, is 5—-85% of the actual total mass of the cantilever beam
[m1 + mo(1 4 [3/1)] when the ratio of [[/(l1+]>)] is within the range of 30-75%.

Figure 2.17 shows that the natural resonant frequency of the cantilever beam
changes with the ratio of (/>/(I;+1)) and the sum of (/;+/»). It shows that the natural
resonant frequency of the cantilever beam changes slightly when l»/(/1+1>) is within
the range of 30-75%. For example, when (/1+/)= 440 pm and /3 = 10 um, the
resonant frequency is 15 4+ 0.5 kHz as l»/(l1+/») is within the range of 0.3-0.75.
The natural resonant frequency of the cantilever beam decreases with the increase
of (I1+/[») due to the increase of the effective mass and the decrease of the stiffness
of the cantilever beam.

2.2.6 Dynamic Switching Time

The switching time is obtained using Eq. (2.21) when y = go. Substituting
Egs. (2.22), (2.24), and (2.25) into Eq. (2.21), the dynamic response equation is
obtained as

2
, WO, 5 eohlbV
Vi+—yY+tojgy=—"—77— (2.30)
0 077 2(g0 — y)2m
The equation governs the simple 1D nonlinear model and can be solved with a
nonlinear simultaneous differential equation solver — Mathematica [20].
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Table 2.4 Parameters of the cantilever beam for the dynamics simulations

Parameters Values Parameters Values

Iy (m) 275 psi (kg/m?) 2330

I (um) 165 pau (kg/m?) 19,320

I3 (jum) 10 pai(kg/m?) 2700

w1 (lm) 2.5 Es;i (GPa) 162

wa (Lm) 5.0 Ea1 (GPa) 70

W (um) 0.6 Eay (GPa) 80

gsi (um) 6.0 Mass, m(ng) 107 (Al); 264 (Au)
dsi (um) 4.0 Stiffness k(N/m) 0.86 (Al); 0.88 (Au)
h (um) 35 Frequency wq (kHz) 14.3 (Al); 9.2 (Au)

Assume that the cantilever beam has parameter values as shown in Table 2.4.
Figure 2.18 presents the time-domain response for the cantilever beam coated with
gold (Au) and aluminum (Al) for different Q factors. The applied voltage is 40 V.
There is a substantial improvement from Q = 0.5 to 2, but little improvement when
Q is above 2. The beam coated with Al responds faster than coated with Au since
mass of the Al is smaller than the mass of the Au. Figure 2.19 shows the switching
time depends significantly on the applied voltage. The calculated switching time is
23 s when the applied voltage is 40 V and 43 s when the applied voltage is 30 V
as O = 1 and the coating metal is Al. The corresponding contact force values are
77.6, 106, and 139 wN for 30, 35, and 40 V, respectively.
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Fig. 2.18 Time domain response of a cantilever beam with different metal coatings and Q-factors
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Fig. 2.19 Time domain response for the cantilever beam with different applied voltages (Q = 1)

2.2.7 Dynamic Release Time

The nonlinear dynamic analysis equation can also be used to model the release
mechanism of the switch whenfex(f) = 0. The restoring force (= kgo) is 3.8-4.6 uN
and parameter values of the switch are shown in Table 2.4. Figure 2.20 presents the
release response for the cantilever beam coated with Al and Q = 0.5, 1, 2, and 4,
respectively. When Q = 2 and 4, the beam oscillates and takes a longer time to
stabilize. When Q = 0.5 and 1, the beam takes a shorter time to stabilize.
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Fig. 2.20 Simulation results of release time for different Q-factors
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2.3 Device Fabrication Processes

The lateral switches are fabricated using silicon-on-insulator (SOI) wafers, which
include a 35-pwm-thick low-resistivity silicon (LRSi) device layer, a 2-pum-thick sil-
icon dioxide (SiO3) layer and a 500-pwm-thick high-resistivity silicon (HRSi1) handle
layer (>4000 €2 cm). The fabrication process begins with the deposition and pattern-
ing of SiO; on the device layer. Then, the switch structures are etched in the device
layer until the buried oxide using deep reactive ion etching (DRIE) technique. Next,
the cantilever beam is released by removing the buried oxide using buffered oxide
etchant (BOE). Finally, a thin layer of aluminum is coated on the top and sidewalls
of the switch structures using E-beam evaporation [21].

For a typical lateral switch, the signal line width, S, the ground line width, G,
and the space between the signal line and the ground line, W, of the Si-core CPW
port are 66, 100-300, and 67 pm, respectively. Therefore, the port can accommo-
date 150 wm-pitch ground-signal-ground coplanar probes; at the same time, the
characteristic impedance of the Si-core CPW is 50 2. The design dimensions of the
electrostatic actuator are /; = 210-275 wm, I = 165-220 wm, /3 = 10-30 pm, wi=
2-3 pwm, wy = 5-15 pm, gsi = 4-6 wm, and dsj= 3—4 pm. There are four main
concerns in selecting these dimensions for the switch design. First, to keep a small
device area, generally <1 mm?, a short cantilever beam is required. Second, good
RF performance needs a short and wide cantilever beam and a large gap distance
between the cantilever beam and the fixed electrode. Third, to obtain low actuation
voltage and fast switching speed, a long and narrow cantilever beam and a small gap
distance are necessary. Fourth, wy, wy, gsi, and ds; should be large enough for easy
fabrication. The cantilever beam has a length of 450-500 pm. The entire device
including the two ports has a length of 700 wm. The length ratio [l>/(I1+12)]min 1S
30-75% for low threshold voltage and low insertion loss.

Cantilever be
W h hole-mass

288 188,m

Fig.2.21 SEM image of a lateral switch with the hole mass (G: ground, S: signal). Copyright/used
with permission of/courtesy of Institute of Physics and IOP Publishing Limited
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M

Fig. 2.22 AFM micrograph showing the surface roughness of the sidewall of a cantilever beam
coated with Al. Roughness = 250 A. Copyright/used with permission of/courtesy of Institute of
Physics and IOP Publishing Limited

Figure 2.21 shows the SEM image of a lateral switch. The switch has a size of
400 pm x 700 pwm in area. The actuator dimensions are /1 = 275 pm, [ = 165 pm,
I3 =10 pm, wi= 2.4 pm, wy = 15 pm, gs; = 6 um, and ds;= 4 pm. A hole mass
structure is employed in the cantilever beam of the switch with the width of 15 pm.
Every hole is 10-pwm wide and 30-pm long. Figure 2.22 is an AFM micrograph
showing the surface roughness of a cantilever beam with Al coating. The surface
roughness is 250 A, which is much smaller than Al skin depth up to 100 GHz.
Therefore, only a small percent of the total current sees this roughness. The power

Contact Point

1pem WD 4.0mm

Fig. 2.23 SEM image of the contact point on the cantilever beam. Copyright/used with permission
of/courtesy of Institute of Physics and IOPPublishingLimited
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loss due to this roughness is negligible [22]. Figure 2.23 shows the zoomed view of
the contact part of the cantilever beam after tens of switching cycles. The small point
contact is at the top of the cantilever beam sidewall, instead of the whole depth. That
is because the cantilever beam is not absolutely straight due to the limitation of the
fabrication process. The metal deposited at the upper side of the cantilever beam is
slightly thicker than that at the bottom. Therefore, the gap between the cantilever
beam and the contact bump on the upper part is slightly narrower than the bottom.
The contact point is about 1 um x 0.7 wm in area. It is easy to realize effective
contact since the contact force focuses on this small contact area.

2.4 Lateral Switch Characterization

The RF responses of lateral switches are measured using HP 8510C Vector
Network Analyzer (VNA) with tungsten — tip 150 wm — pitch Cascade Microtech
ground-signal-ground coplanar probes. The system is calibrated using short-open-
load-through (SOLT) on-wafer calibration technique. All tests are performed in the
standard room environment without any device package. Before RF testing, each
switch is actuated tens of cycles to make the contact surfaces adapt to each other
and to make a constant contact resistance. Table 2.5 lists the actuator dimensions
and fitted circuit parameters of all switches discussed in this section. gsi = 6 pm,
dsi = 4 pm. Except switches H and I, the other switches (switches A—G) are coated
with 1.2-pm-thick Al. The second column is the key parameter to differentiate each
switch. R is the total resistance (R = R+ R.).

2.4.1 The Single-Beam Switch and the Double-Beam Switch

Figure 2.24 shows measured and fitted S-parameters of a single-beam lateral switch
(switch A). The design dimensions of the cantilever beam of the lateral switch are
[y =275 wm, I, = 165 pm, I3 = 10 pum, wi= 2.4 pm, wp = 5 pm (solid mass),
gsi = 6 um, and dsi= 4 pm. About 1.2-wm-thick Al is deposited. The insertion
loss of the switch is 0.37 dB, the return loss is 23 dB, and the isolation is 27
dB at 10 GHz. The equivalent circuit model values are fitted using the measured
S-parameters in ADS. Table 2.6 shows the comparison between the fitted and cal-
culated values of the equivalent circuit models of switch A. The fitted inductance,
L, is close to the calculated value. The fitted parasitic capacitance, Cyc, at the on-
state and Cy, at the off-state are 28 and 20 fF, respectively, which are a little larger
than the calculated values 22.9 and 15.6 fF due to the fringing field capacitance.
Therefore, the fringing field capacitance is about 5.1 fF at the on-state and 4.4 fF at
the off-state. The calculated DC resistance of the cantilever beam, Ry, is 0.4 €2, while
the fitted total resistance, R, is 2.6 2. Therefore, the contact resistance is about 2.2
Q. The fitted total resistance increases with frequency, as shown in Fig. 2.25. The
resistance is 2.6 €2 at DC and 4.2 © at 10 GHz. The contact resistance may also
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Fig. 2.24 Comparison between measured and fitted S-parameters of the single-beam switch
(switch A)

Table 2.6 Comparison between fitted and calculated circuit values of switch A

Ri+R. @ R +R. @
DC (2) 10 GHz (R2) L(pH) Cyc(fF) Cqo,(fF) Cs (fF)

Fitted value 2.6 4.2 148 28 20 6.7
Calculated value 0.5 1.0 150 22.9 15.6 -
10
S8
IO
+
T g
@
o
C
g /
.% 4
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° /
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£ 2
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Frequency (GHz)

Fig. 2.25 Plot of the fitted resistance, Rj+ R, of switch A with frequency



2.4 Lateral Switch Characterization 49

increase with frequency. Third, the potential of the two ground lines is not same at
the high frequency due to the asymmetrical structure of the switch, which results in
more loss at high frequency. In this section, if without specific clarification, the total
resistance of the switches is set to increase with frequency in the equivalent circuit
model.

Figure 2.26 shows the SEM image of a double-beam switch. The switch has a
size of 800 wm x 700 wm. A solid mass structure is employed in the cantilever
beam. The actuator design dimensions and fitted circuit elements at 10 GHz are
listed in Table 2.5 (switch B). Figure 2.27 shows the comparison between the mea-
sured and the fitted S-parameters of the double-beam switch. The fitted S-parameters
agree with the measured results well. Figure 2.28 compares measured S-parameters
between the single-beam switch (switch A) and the double-beam switch. The
double-beam switch has a lower insertion loss than the single-beam switch by 0.1
dB from 0.05 to 25 GHz. The return loss of the double-beam switch is larger than
the single-beam switch from 0.05 to 17 GHz and lower than the latter when the fre-
quency is above 17 GHz. The isolation loss of two switches is close to each other.
The fitted total resistance, R, of the double-beam switch is 2.4 2 at 10 GHz, which
is close to half of the single-beam switch. The fitted inductance, L, of the double-
beam switch is 60.4 nH, which is also close to half of the single-beam switch. Lower
inductance results in lower insertion loss at high frequencies for the double-beam
switch. The parasitic capacitance at the on-state, Cqc, and at the open state, Cg,, Of
the double beam switch is nearly two times of the single-beam switch, which results
in higher return loss at low frequencies for the double-beam switch. The open capac-
itance, Cs, of the double-beam switch is slightly larger than the single-beam switch.
Therefore, the equivalent circuit model of the double-beam switch, as shown in
Fig. 2.8, is verified to be valid. The double-beam switch can provide lower insertion

Cantilever beam
with rigid-mass

Fig. 2.26 SEM image of a double-beam lateral switch with the solid mass. Copyright/used with
permission of/courtesy of Institute of Physics and IOP Publishing Limited
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Fig. 2.27 Comparison between measured and fitted S-parameters of the double-beam switch
(switch B)
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Fig. 2.28 Comparison of measured S-parameters between the single-beam switch (switch A) and
the double-beam switch (switch B). Copyright/used with permission of/courtesy of Institute of
Physics and IOP Publishing Limited

loss than the single-beam switch. However, when two beams in the double-beam
switch are not symmetrical, the double-beam switch performances may deteriorate
and become worse than the single-beam switch.
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2.4.2 Cantilever Beam Design Effect

The cantilever beam is the main part of the signal line in the lateral switch.
Therefore, the design parameters (beam width, mass shape, and length) of the can-
tilever beam have a significant role in determining the RF performance of the lateral
switch.

Figures 2.29, 2.30, and 2.31 show the comparison between the measured and
fitted S-parameters of switches C, D, and E, respectively. In switch C, w; = 2.0
pwm, wp = 5 wm; in switch D, wi = 2.4 um, wy = 5 wm; and in switch E, w; =
2.4 pm, wy = 15 pum. Other structure parameters are the same. In these switches,
fixed electrode is separated from the ground line, as shown in Fig. 2.38. All switches
have insertion loss below 0.8 dB, return loss of above 15 dB, and isolation of above
17 dB up to 20 GHz. The fitted S-parameters agree well with the measured results.
Table 2.5 shows that both the total resistance, R, and the inductance, L, decrease with
the beam width, either wy or wy. The parasitic capacitance at the on-state, Cygc, and
at the off-state, Cg,, of these three switches are the same. The open capacitance, Cs,
increases slightly with the beam width. Therefore, the beam width mainly affects
the beam resistance and the inductance, as predicted in Section 2.1.2.

0.0 ) I ' I I |
— - -
| e <=l e **‘*"’—‘M
| - P -"\‘*\o“_\_\“\- 10

Isolation ——

Return loss
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b
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10 15 20 25
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Fig. 2.29 Comparison between measured and fitted S-parameters of a single-beam switch with
the solid mass (switch C, w; = 2.0 pm, wp, = 5 pm)

Figure 2.32 shows the comparison of the measured results between switch C
(wp = 2.0 um) and switch D (w; = 2.4 wm). It is found that the switch with wy
= 2.4 pm has slightly lower insertion loss and higher return loss than the switch
with wi = 2.0 wm. This is because narrower cantilever beam results in larger beam
resistance, R;, and inductance, L, than the wider cantilever beam. The isolations loss
of the two switches change marginally.
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Fig. 2.30 Comparison between measured and fitted S-parameters of a single-beam switch with
the solid mass (switch D, wi = 2.4 wm, wp = 5 um)
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Fig. 2.31 Comparison between measured and fitted S-parameters of a single-beam switch with
the hole mass (switch E, w; = 2.4 pm, wy = 15 um)

Figure 2.33 shows the comparison of the measured S-parameters of switch D
(solid mass, wp = 5 wm) and switch E (hole mass, wp = 15 pm). The insertion
loss of the hole mass switch is lower than the solid mass switch by 0.1 dB. The
return loss of the hole mass switch is higher than the solid mass switch by 2.5 dB.



2.4 Lateral Switch Characterization

53

0.0 — . . . 0
-05 T
-1.0
m 15 — —-15
X
(2]
o 2.0 —20
©
g -2.5 % -25
g N
& —3.0 e / -30
-3.5 / ——w,=24m -35
4.0 } ””” wy=2.0m —40
-4.5 ; ; ; . ; —-45
0 5 10 15 20 25
Frequency (GHz)
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Fig. 2.33 Comparison of measured S-parameters between switch D (solid-mass, wo = 5 pm) and
switch E (hole-mass, wo = 15 pm). Copyright/used with permission of/courtesy of Institute of

Physics and IOP Publishing Limited

This is because the hole mass offers lower beam resistance Rjand inductance L
compared to the solid mass. The isolation of the hole mass switch is slightly lower
than the solid mass switch since wider mass structure result in slightly larger open

capacitances, Cs.
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Fig. 2.34 Comparison between measured and fitted S-parameters of switch F ([ = 235 pm)

When sum (/;+l») and I3 are constant, a change in the length of the fixed
electrode, I, affects the RF performance due to the effect of the shunt coupling
capacitance, Cy. Figures 2.34 and 2.35 shows the comparison between the measured
and the fitted S-parameters of switch F ([ = 235 pm) and switch G (/; = 350 wm),
respectively. For both switches, sum (/1+/7) and /3 are 422 and 25 pm, respectively.
Figure 2.36 compares measured S-parameters between switch F and switch G. At
10 GHz, the insertion loss increases from 0.37 to 0.41 dB when [/, increases from
235 to 350 pm, whereas the return loss increases from 21 to 22.7 dB. The isolations
of two switches change marginally. Theoretically, the resistance, R, should decrease
with /. However, the resistance of switch G is 4.3 Q at 10 GHz, which is larger
than switch F of 3.8 €2. That is because of larger contact resistance of switch G. The
threshold voltage of switch G (I = 350 wm) is 30 V and that of switch F ([, =
235 pm) is 23 V. Therefore, when 40 V bias voltage is applied, the contact force of
switch G is smaller than that of switch F, which results in higher contact resistance
of switch G. The parasitic capacitance at the on-state, Cq, increases from 70 to 77 fF
when /5 increases from 235 to 350 pwm. The inductance decreases slightly with /.

2.4.3 Metal Coating Effect

The thickness of the metal coating affects the RF performance of lateral switches
since it determines the switch resistance. Figure 2.37a, b compares the measured
S-parameters of a single-beam switch with various thicknesses of Al coating at the
on-state and off-state, respectively. The Al thickness is 0.8 pwm for switch H, 1.2 pum
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for switch A, and 1.5 wm for switch I. At 10 GHz, the insertion loss decreases from
0.62 to 0.2 dB when the Al thickness increases from 0.8 to 1.5 wm. The main reason
is the reduction in the total resistance from 5 to 1.8 Q2 due to thicker metal coating.
It is noted that the return loss of switch H with 0.8-pm-thick Al coating is larger
than the other two switches with thicker metal coating. This is in contrast to the fact
that the return loss increases when the metal coating increases from 1.2 to 1.5 pwm.
It is found that a shunt conductance G (3.5 x 10~ S) is needed to add in the circuit
model of switch H to fit the measured S-parameters, but is unnecessary for the other
two switches. This indicates that when 0.8-pwm-thick Al is coated, the metal on
sidewalls is too thin to isolate the silicon core effect. The device silicon layer works
as the substrate of the top metal strips, which causes larger parasitic capacitance
Cgc and more dielectric loss. Hence, the metal coating should be larger than 0.8 wm
for low loss. The insertion loss of the switch is decreasing with the metal thickness
significantly implying that the switch loss is dominated by the conductor loss. The
switch RF performance can be improved further by coating a thicker metal layer.

2.4.4 The Lateral Switch with a Separate Fixed Electrode

For the lateral switch design, the fixed electrode can be designed either as part of the
ground line (combined electrode) or as a separate part of the ground line (separate
electrode), as shown in Fig. 2.38. Figure 2.39 compares the measured S-parameters
between switch A (combined electrode) and switch D (separate electrode). It shows
that the switch with the separate electrode also works at high frequencies. Both
switches have an insertion loss of less than 1 dB and a return loss of more than 15
dB up to 25 GHz. However, the isolation of switch D is 14 dB at 25 GHz, whereas
the isolation of switch A is 21 dB at 25 GHz. The isolation of switch D is lower
than switch A by about 7 dB from 0.05 to 25 GHz. This is because switch D has
larger open capacitance, Cs, as shown in Table 2.5. The open capacitance of switch
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Ground

Fig. 2.38 SEM images of a lateral switch with separate fixed electrode. Copyright/used with
permission of/courtesy of Springer
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Fig. 2.39 Comparison of measured S-parameters between switch D (separate electrode) and
switch A (combined electrode)

D is 13.2 fF, whereas the open capacitance of switch A is 6.5 fF. From Fig. 2.38,
it is found that except the end of the cantilever beam, part of the signal line also
faces the input port in switch D, which increases the open capacitance. Therefore,
the isolation of switch D can be improved by using the cantilever beam alone as the
signal line of the switch. It is noted that the parasitic capacitance, Cgc, of switch D
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of 22.6 fF is less than switch A of 28 fF, although switch D has longer electrode
than switch A. This is because the parasitic capacitance of switch D is contributed
by two capacitors in series. One is between the cantilever beam and the separate
electrode. The other is between the separate electrode and the ground line.

2.5 Mechanical Measurements

2.5.1 Static behavior

Since the pull-in of the cantilever beam is sharp and sudden, the measurement of the
pull-in voltage can be easily performed at wafer level using the standard electrical
test equipment with a microscope.

Figure 2.40 shows the comparison of the measured and calculated threshold
voltages, Vi, of the switch with various original gap distances, gg, where /| =
220 pm, Ip = 210 pm, I3 = 10 pm, wi= 2.4 pm, wp = 5 pum, and wp; =
0 pm. The threshold voltage increases with go. A 0.5-pum increase in go will increase
the threshold voltage by about 2.5 V. The effect of (I2/ (/1 + [3)) ratio on the threshold
voltage, Vi, is shown in Fig. 2.41. The threshold voltage, Vi, is 20 = 1 V when the
(L/(l1 + Ip)) ratio is within the range of 30—75% before metal coating. Figure 2.41
also shows effects of metal coating on the threshold voltage. When a 0.63-pm-thick
Al is coated on the sidewalls of the lateral switch, the threshold voltage of the switch
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Fig. 2.40 Comparison of measured and calculated threshold voltage Vy, of the lateral switch with
various go (I = 220 pm, [, = 210 pm, I3 = 10 pum, wi= 2.4 um, wp = 5 pm, wa] = 0 pm).
Copyright/used with permission of/courtesy of Institute of Physics and IOP Publishing Limited
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Fig. 2.41 Measured and calculated Vi, with various (/2/(/; + »)) ratio with and without (w/o0) Al
coating (/1 + b =430 pm, [z = 10 pm, wi= 2.4 pm, wp = 5 pm, gs; = 6 pm). Copyright/used
with permission of/courtesy of Institute of Physics and IOP Publishing Limited

increases by about 5 V. However, the measured results of the switch with 0.63-pum-
thick Al on the sidewalls do not fit so well to the calculation results compared to
the switch without Al coating. This may be because residual stress is introduced by
evaporated Al.

Figure 2.42 shows the comparison between the measured, calculated, and simu-
lated displacement results of the free end of a switch with 0.63-pum Al coated on the
sidewalls. The measurement procedures of the displacement of the free end of the
cantilever beam are as follows: First, the lateral switch is fixed on a probe station,
which has a microscope above it. A camera is connected to the microscope. Then,
two micro-probes connected to an external power source are put on the two elec-
trodes. After a bias voltage is applied, the camera takes a photo of the contact part
once the cantilever beam becomes stable. By comparing the photo at some specified
voltage with the photo at 0 V, the displacement of the free end of the cantilever beam
is calculated. It can be noted that the displacement of the free end of the cantilever
beam increases with the applied bias voltage. When the bias voltage increases to
23.3 V, the cantilever beam is attracted to touch the contact tip rapidly. Therefore,
the threshold voltage of this switch is 23.3 V. The measurement result is consistent
with the calculated and the simulated results.

2.5.2 Dynamic Behavior

A lateral switch with /1 = 275 pm, I = 165 pum, /3 = 10 pm, wi= 2.4 pum,
wy =5 pum, wa] = 0.63 wm, gs;i = 6 wm, and ds; = 4 wm is tested and the results
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Fig. 2.42 Comparison of measured, calculated, and simulated displacement of the free end of the
cantilever beam with 0.63-pum-thick Al on sidewalls ([ = 275 wm, [, = 165 pwm, I3 = 10 pum,
wi= 24 pum, wo = 5 pum, wa; = 0.63 um, go = 4.8 wm, dp = 2.8 wm). Copyright/used with
permission of/courtesy of Institute of Physics and IOP Publishing Limited

are illustrated in Fig. 2.43. The driving voltage is 35 V. The upper waveform in
Fig. 2.43a, b is the square-wave driving signal while the lower waveform is the
responding waveform of the current through the switch on the series resistor. The
switching time is 35 s and the release time is 36 jus.

2.5.3 Reliability of the Lateral Switch

Resistive switches usually fail due to an excessive increase in electrical contact
resistance. Generally failure occurs when the contact resistance is greater than 5 €2,
even though the cantilever beam remains deflecting and making contact. The study
includes both cold and hot switching lifetimes. The cold switching refers to open-
ing and closing the switch with zero RF signal level through the contact. The hot
switching refers to opening and closing the switch with a specified RF signal level
through the contact [23]. It is known that the lifetime of hot switching is shorter
compared to the lifetime of cold switching due to larger heat dissipation. The test-
ing results show that the cold switching lifetime of the lateral switch exceeds million
switching cycles as shown in Fig. 2.44. The insertion loss and the return loss of a
double-beam switch deteriorate by 0.1 and 1.5 dB at 10 GHz, respectively, after 1
million cold switching cycles. The isolation changes marginally. The hot switch-
ing lifetimes of these switches are quite poor. Generally, after tens of hot switching
cycles, the switch fails due to stiction of the cantilever beam to the contact bump.



2.5

Mechanical Measurements

61

BN as N LA S <
' A : ;
i 'S
Chi oV 1 2 L e L T T o
(a) the on-state of the switch.
e
1
“—>
' 36 us: : : : : «
2 L
Mo
Thi 10V EEE 10V M 25us ChZ

(b) the on-state of the switch.

Fig. 2.43 The experimental results of switching time of a lateral switch: (a) the on-state of the
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This is because the spring constant of these cantilever beam is too low (~1 N/m). To
solve this problem, the spring constant of the cantilever beam should be designed to
be >10 N/m [16].

2.6 Summary

Different types of lateral switches from 50 MHz to 25 GHz are presented in this
chapter. These include single-beam and double-beam switches, switches with part
of the ground line as a fixed electrode, and switches with separate fixed electrode.
All lateral switches are designed using Si-core CPW and an electrostatic cantilever
actuator. A high aspect ratio cantilever beam with beam mass structure is employed
as the actuation part of the lateral switch. The electronic design, the mechanical
design, and the circuit modeling of the lateral switch are presented. Comprehensive
modeling and design of the lateral switches are verified. The measurements show
that the optimized lateral switches have low insertion loss (<1 dB), high return loss,
and isolation (>20 dB) at 50 MHz to 25 GHz. The threshold voltage is less than
25 V. The switching speed is 35 ps. The RF lifetime is more than 1 million cold
switching cycles.
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Chapter 3
Capacitive Shunt Switches

The focus of this chapter is capacitive shunt switches. The reliability of the capac-
itive switch is mainly determined by stiction between the dielectric layer and the
metal layer, which is due to charge injection and charge trapping in the dielectric
layer. Power handling is another important concern for the applications of the capac-
itive switch. For the capacitive shunt switch, it is easier to handle less than 1 W RF
power for billions of cycles. A novel DC-contact capacitive shunt switch with large
down/up-state capacitance ratio and broadband is developed to avoid the down-state
capacitance degradation problem.

3.1 Broadband DC-Contact Capacitive Switch

3.1.1 Electromagnetic Design and Modeling

Figure 3.1 shows the schematic diagram of the DC-contact capacitive switch. In this
design, the dielectric layer is fabricated on the CPW ground planes instead of the
CPW center conductor. The metal bridge, the dielectric layers, and the CPW ground
planes consist of two metal—insulator-metal (MIM) capacitors in shunt connection.
This newly designed switch is referred to as dielectric-on-ground (DOG) switch.
It not only is innovative in terms of its unique design but also helps in solving the
capacitance degradation problem. The conventional capacitive switch is referred to
as dielectric-on-center conductor (DOC) switch.

Figure 3.2 shows the equivalent circuit of the switch. In the up-state position,
the switch capacitance CEOG is dominated by the parallel plate capacitance Cp,
between the metal bridge and the CPW center conductor; it is expressed as

DOG ~ €A1 €Al
O =Cpy= —— = 3.1
g +ta/er 8
Aibin Yu and Ai Qun Liu
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Center Dielectic —
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Fig. 3.1 Schematic diagram of the DOG capacitive switch

I

O

Fig. 3.2 Equivalent circuit of DOG switch

where A1 is the overlap area between the metal bridge and the CPW center conductor
and A = wW, where w is the width of the metal bridge and W is the width of the
CPW center conductor.

In the down-state position, the DC contact between the metal bridge and the CPW
center conductor results in an Ry model in series with MIM capacitors. Therefore,
the down-state capacitance of the switch CdDOG is dominated by the capacitance of
the MIM capacitor Cyv and is expressed as

£0&rAn
€% = = = (3.2)

where Ay = 2wWy is the total area of the MIM capacitor and Wy is the width of the
MIM capacitor.

Therefore, the capacitance ratio of this DOG switch is

r__CgOG_%.&_R& (3.3)

C 1]1) 0G ta  Ag Al '
where R = (e:g) /4 is the ideal capacitance ratio of the DOC switch.

According to Eq. (3.3), high capacitance ratio of the DOG switch can be obtained
by increasing A / A, which gives a new degree of freedom to optimize the switch
design. As the down-state capacitance is determined by the MIM capacitor, the
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deformation of the metal bridge and the surface roughness do not affect on the
down-state capacitance value. As a result, the down-state capacitance degradation
problem is avoided [1-4]. This is one of the significant advantages of this DOG
switch.

Based on the circuit model as shown in Fig. 3.2, assuming that the transmission
line loss and the inductance of the switch are negligible, the insertion loss of the
switch is expressed as

27y

= 3.4
27 + Zo G4

821

where Z, is the impedance of the metal bridge. When the inductance of the metal
bridge is ignored, Zy, is

Zo = Ry + -2 (3.5)
wCy
Substituting Eq. (3.5) into Eq. (3.4), we get
4 (R + 1/(wCy)?
|S211* = (&, o)) (3.6)

2Ry + Z0)* + 4/ (wCy)?

where Ry, is the resistance of the metal bridge, w is the angular frequency, and Cy is
the up-state capacitance of the switch which can be expressed as

A
C £0

= —F—+Ct 3.7
b go + td/gr

where C is the fringing field capacitance which is approximately 30% of the parallel
plate capacitance between the metal bridge and the CPW center conductor. The item
tq/¢r is ignored since it is much smaller than gg.

The capacitive switch is shown in Fig. 3.1 with design dimensions listed in
Table 3.1, normally R, < 10 2 and C, < 100 fF, then 1/ wCy >> Ry, till 100 GHz.

Table 3.1 Design parameters of the DOG capacitive switch

Design parameters Values
Width of the metal bridge, w (jum) 100
Length of the metal bridge, / (jum) 400
Area of MIM capacitor, A (wm?) 200 x 200
Width of the center conductor of CPW, S (jum) 200
Slot width of CPW, W (jum) 100
Initial height of the metal bridge, go (Lm) 2
Thickness of the metal bridge, 7, (jLm) 0.6
Space between bridge anchor and lower DC pad, /; (jum) 10
Width of the lower DC pad, d (um) 80
Thickness of the dielectric layer, #q ()um) 0.15

Dielectric constant of SiN 7
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Fig. 3.3 Insertion loss changes with up-state capacitance and resistance (a) 5 GHz; (b) 20 GHz;
and (¢) 40 GHz

Figure 3.3 shows how the insertion loss S»; (in dB) changes with Ry, and C, at 5, 20,
and 40 GHz. It is observed that the insertion loss increases with C, and Ry. When
the impedance of the metal bridge in the up-state is 10 times lower than Ry, the S
is no longer sensitive to the variation in Ry, and can be kept smaller than 0.2 dB.

In the down-state position of the switch, the RF performance can also be analyzed
in the same way as that of the DOC switch. However, it should be noted that in the
DOG switch, as the contact between the metal bridge and the CPW center conductor
becomes DC contact, the down-state resistance R, includes both the metal bridge
resistance and the contact resistance, which value is around 0.5-2 2 for most of the
design and limits the highest isolation to 22-34 dB. The contact resistance depends
on the size of the contact area, the mechanical force applied, and the quality of the
metal-to-metal contact.

The impedance of the metal bridge at the down-state Zj, is expressed as

. 1
Zy =R+ (a)L - W 3.8)

Figure 3.4a shows that the isolation changes with the down-state resistance Rq
and the frequency. The down-state capacitance and inductance are assumed to be 31
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Fig. 3.4 Variation of down-state isolation: (a) frequency versus resistance and (b) frequency

versus down-state inductance [5]. Copyright/used with permission of/courtesy of Elsevier B.V

The peak of the isolation can be seen clearly at the LC

pF and 5 pH, respectively.
resonant frequency fo

expressed as

< 0.5 Q. The highest isolation can be

= 12.4 GHz when Ry

(3.9)

2R,
-

S$21

the isolation changes a little with frequency f> 10 GHz and its

value is mainly determined by the inductance of the switch.

When Ry > 0.8 @

Figure 3.4b shows the isolation changes with the inductance L and the frequency

/- The down-state capacitance and the resistance are assumed to be 31 pF and 1 €2,
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respectively. The isolation increases quickly when the inductance is larger than 5
pH and the frequency is higher than 10 GHz.

Combining (a) and (b) of Fig. 3.4, it is noted that to achieve at least 20 dB iso-
lation until 40 GHz, the inductance should be lower than 10 pH and the resistance
should be lower than 2 2. Smaller inductance is also helpful to increase the isolation
in high frequency range.

Figure 3.5 shows the simulated current distribution of the switch in the down-
state using high-frequency structure simulator (HFSS) software from Ansoft. When
the metal bridge is in the down-state, the front edges of the metal bridge that are over
the CPW slot act as short paths from the center conductor to the ground. Therefore,
the current in the metal bridge is mainly concentrated on the front edges of the metal
bridge that are over the CPW slot. This is the same as that in the DOC shunt switch.
This implies that for the DOG shunt switch, the down-state inductance is also mainly
determined by the portion of the metal bridge over the CPW slots. Therefore, when
the dimensions of the CPW slot are reduced, the inductance of the switch can also
be reduced.

J(A/m]-
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A |

[T R T Y 4 s 8 e¥0000

R R R S @ ® @800 000

- TS S S &0 ooa

Fig. 3.5 Simulated current distribution of the DOG switch at the down-state: width of bridge
w = 100 pm; width of CPW = 100/200/100 pm

3.1.2 Mechanical Design

Figure 3.1 shows the schematic cross section of the DOG switch. The lower DC
pads are positioned under the two edges of the metal bridge. The effective spring
constant of the metal bridge can be expressed as

kett = k' + K’ (3.10)



3.1 Broadband DC-Contact Capacitive Switch 71

where K’ is the stiffness of the bridge which accounts for the material characteristics,
such as Young’s modulus E and the moment of inertia 1. ¥’ is the stiffness of the
bridge which is due to the residual stress o within the metal bridge [6].

Suppose that £ is the force per unit length, the displacement y of point P can be
thought as the total deflection caused by a number of small concentrate force & - ds
on a small portion of the beam, where ds is a small portion of the beam which is
with distance s from the support. As the structure is symmetrical, only half of the
force effect is calculated and the entire deflection y is twice as large. Therefore, as

EIY — My + Rux, x<s

o
XZO, yl :0 (311)
d
x=0%L=0

and

2
EIL2 = My + Rax — Eds(x — s), x>a

dxr
.X':l, y2:0 (312)
d
x=1%2=0

and with the continuous condition
yi(s) = ya(s) i3
dyi(s) _ dy(s) 3.13)
dx T dx
where [ is the length of the metal bridge, M4 (N m) and R4 (N) are the reaction
moment and the vertical reaction at the left end, respectively. I = wr’/ 12 is the
moment of inertia for a rectangular cross section, where w and ¢ are the width and
thickness of the metal bridge, respectively; the deflection function can be expressed
as

Max?  Rux°

Y= +@’ x<s (3.14)
v = AZ‘; + IZATXIS, x<s (3.15)
My = —gézdss(z—s)2 (3.17)
Ri= B 92t (3.18)

B
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Fig. 3.6 Fixed—fixed beam with distributed load at the ends of the beam

For the deflection of the center part of the beam, the deflection of the beam at
the center is used to determine the spring constant. Combining Egs. (3.14), (3.15),
(3.16), (3.17), and (3.18), when the load is distributed across the width of the elec-
trode as shown in Fig. 3.6, the deflection at the center point of the beam (x = /2)
can be derived as

l+d
y=2 f y2(1/2)
I

+d

[
2% <4s3 - 3ls2> (3.19)
== RANL 2

T El 48
I

&d
= 24E1 [(2“ +d) [ +d)* + 51— +d*+1 (L +d) + z%]}

The spring constant &’ at the center can be found to be

26d 3 1
— o — 4Ewr
y N +d)?+1, (4 +d)+B1— Qh+d) [(h +d)? + P
(3.20)

K =

The part of the spring constant which is caused by the biaxial residual stress
within the beam is derived from modeling the beam as a stretched wire. It is noted
that this model only applies for tensile stress. The force associated with biaxial
residual stress, o, can be expressed as

S = oo(1 — v)tw (3.21)

where v is Poisson’s ratio.
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Fig. 3.7 Deflection of the fixed—fixed beam

For the load on the beam as shown in Fig. 3.7, the deflection that results from the
residual stress at x can be expressed as

E-ds(l—ys)
= —x’
Si

_ba-ds
y2 = S

Y1 <s (3.22)

(=%, x>=s (3.23)

Therefore, the total deflection for the distributed load that caused by the residual
stress at the center point of the beam can be expressed as

l]+d

d
y=2 / (l/2) = %(211 +4d) (3.24)
I8

From Eq. (3.24), the spring constant k¥’ that due to the residual stress can be
expressed as

, 2&d 45

K'=—"—= =4op(1 — v)wt (3.25)

y 20 +d 2l +d

When [} = %l andd = 11, from Egs. (3.20) and (3.25), then
K = 32Ew (5)3 z (3.26)
B 17\ 49 '
"o _ f §
K" = 8ao(1 — v)w (l) (5) (3.27)
As a result, the force equation of the metal bridge can be written as
gow(2d)

V2 — ket = kpy’ = 0 (3.28)

2(g0 — y)?
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where kp is the stretching stiffness. Based on the strain stiffening effect, kp can be
expressed as

74 Ewt

kp = L
b= g

(3.29)

Figure 3.8 shows the variation of k', k”, and kegr with /;. It can be seen that the
longer the length /1, the smaller the stiffness. This is because when /; increases,
the load is closer to the center of the metal bridge. As a result, it needs smaller
electrostatic force to drive down the metal bridge.

30
25 1)
20

15

10

Stiffness (N/m)

0 20 40 60 80 100 120
L (m)

Fig. 3.8 Variation of stiffness versus different edge distances /1

Figure 3.9 shows the calculated metal bridge height versus the applied voltage
for different /1s. As expected, the pull-down voltage decreases when /i increases.
When /; = 10 pm, the pull-down voltage is 19.2 V with 27 MPa stress in the metal
bridge.

3.1.3 Experimental Results and Discussions

The DOG switch is fabricated using the surface micromachining process.
Figure 3.10 shows the SEM image of the fabricated DOG switch. In this design, the
driven-down DC pad is separated with the grounds, which can reduce the possibility
of stiction when the metal bridge is driven down. It also reduces the breakdown of
the dielectric layer.

Figure 3.11a shows the measurement results for the DOG switch. In the up-
state position of the bridge, the extracted up-state capacitance Cl?eOGis 90 fF at
10 GHz while the calculated up-state capacitance CHDOG is 80 fF. The reason for the



3.1 Broadband DC-Contact Capacitive Switch 75

2.0
kﬁ\\\
s ]
16} < 1
E
212f .
5
5 — =10m ]
g 08} - h=20m
S -- l=40m ']
oal ly=80m .
1 — h=120m
0 == - ;
0 5 10 15 20

Driven voltage (V)

Fig. 3.9 Metal bridge displacement versus applied voltage
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Fig. 3.10 SEM image of DOG switch on high-resistivity silicon substrate

difference between Cye and Cyq is due to the fringing field effect. The insertion loss
is 0.9 dB at 20 GHz and 2 dB at 40 dB. According to Eq. (3.6) and Fig. 3.3, when
the up-state capacitance is 90 fF, insertion loss is 0.7 and 1.9 dB at 20 and 40 GHz,
respectively.

Figure 3.12b shows the down-state RF performance. In the down-state position,
the isolation is higher than 10 dB from 2 to 40 GHz and the highest isolation is 28 dB
at 6.5 GHz. The extracted down-state capacitance C(?eOG is 30 pF and the calculated
down-state capacitance C(?OG is 33 pF. The small difference between the extracted
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Fig. 3.11 Measurement and curve-fitted results of DOG switch using high-resistivity silicon

substrate

value and the calculated value can be attributed to the fabrication and measure-
ment error. Therefore, the down-state capacitance degradation can be avoided for
the DOG switch. The experimental capacitance ratio is 330, which is much larger
than that of the DOC switch. This is the highest capacitance ratio obtained so far

Fig. 3.12 Schematic diagram
of the DOG capacitive

switch: (a) 3D view; (b) top
view; and (c) cross section
[5]. Copyright/used with
permission of/courtesy of
Elsevier B.V
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except the one using very high dielectric constant materials for the dielectric layer.
The inductance can be extracted from the down-state capacitance and the resonant
frequency as 28 pH. The series resistance can be extracted from the isolation at the
resonant frequency as 1.2 Q.

3.2 DOG Switch on Low-Resistivity Silicon Substrate

Another problem reported in most capacitance shunt switches is that these switches
are fabricated on low loss substrates, such as high-resistivity silicon wafer, glass,
or quartz wafers, or to use wafer transfer technique to reduce substrate loss. The
shortcoming of the high-resistivity silicon, glass, or quartz wafers is high cost. The
use of wafer transfer technique adds complexity to the fabrication process.

It is interesting to note that since the MIM capacitor is defined on the ground
planes of the CPW transmission line, the width of the CPW slots can be reduced to
20 wm or narrower while the characteristic impedance Z of the CPW transmission
line can still be maintained at 50 €2 by properly selecting the width of the center con-
ductor. The narrow slots and the center conductor do not have problem in obtaining
large down-state capacitance since the MIM capacitor is fabricated on the ground
planes. Therefore, the switch can be fabricated on a low-resistivity silicon substrate.
This is another advantage of the DOG switch [5, 7].

When a low-resistivity silicon substrate is used, a thick isolation layer (silicon
dioxide or polyimide) is coated on the surface of low-resistivity silicon substrate
to reduce the substrate loss. When the slot width of the CPW transmission line is
narrower than the thickness of the isolation layer, the insertion loss of the CPW
transmission line is comparable to that of the CPW transmission line fabricated on
high-resistivity silicon substrate [8]. With this strategy, the slot width of the CPW
line is designed to be smaller than 20 pm.

Consequently, the center conductor of the CPW is approximately 50-pm wide in
order to obtain 50-Q2 characteristic impedance. For a typical capacitive switch, the
down-state capacitance is limited by the width of the center conductor. However,
when the dielectric layer is shifted onto the ground planes of CPW line, this
limitation vanishes.

Figure 3.12 shows schematic drawing of the DOG switch fabricated on a low-
resistivity silicon substrate. The dimples are used to avoid the stiction between the
metal bridge and the low DC pad. All the design parameters are listed in Table 3.2.
Most of the dimensions are similar to the DOG switch fabricated on high-resistivity
silicon substrate, as listed in Table 3.1.

When a thick layer of SiO, or polyimide is coated on the silicon sub-
strate, a 50-Q2 CPW transmission line can be designed based on the following
equations [9]:

(3.30)
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Table 3.2 Design parameters of DOG capacitive switch on low-resistivity silicon substrate

Design parameters Values
Width of the metal bridge, w (jum) 150

Area of MIM capacitor, A, (uwm?) 150 x 250
Width of the center conductor of CPW, § (wm) 50

Slot width of CPW, W (ium) 10

Initial height of the metal bridge, go (L m) 2
Thickness of the metal bridge, #, (jLm) 1.2

Height between the bridge and CPW ground, Wy (um) 165
Thickness of the dielectric layer, #q (Lm) 0.15
Dielectric constant of SiN 7

where

e — 1 Kk) K (k(/)) e — & K (ko) K (k(,))

=1 3.31
elt 2 K (k) K (ko) 2 K (k) K (ko) 63D
S
ko = STaW (3.32a)
k= — sinh[7S/4(t1 + )] (3.32b)
sinh {[7 (S + 2 W)] /4(t1 + 1)}
sinh(S/4t7) (3.32¢)

ky = —
sinh {[7 (S + 2 W)] /41,}

K =J1-k, n=0,12 (3.32d)

where K is the first kind complete elliptic integrates, e.ft is the effective dielectric
constant, Zy is the characteristic impedance, &, is the dielectric constant of silicon
and is equal to 11.9, and & is the dielectric constant of SiO; and is equal to 4.1.
t1 and 1, are the thickness of the silicon substrate and SiO», respectively.

Figure 3.13a, b is the calculated characteristic impedance and the effective dielec-
tric constant of the CPW transmission line fabricated on the low-resistivity silicon
substrate with an 18-pm-thick SiO; isolation layer. The dielectric constants of the
silicon and SiO; are 11.9 and 4.6, respectively.

Based on Egs. (3.30), (3.31), and (3.32) and Fig. 3.13, the dimensions of the
CPW transmission line are W/S/W = 10/50/10 pm. An 18-pm-thick SiO; layer is
deposited on the substrate as an isolation layer.

The deposition is processed using NOVELLUS PECVD machine and the depo-
sition parameters are listed in Table 3.3. The residual stress is controlled to be below
40 MPa. The SEM image of the DOG switch is shown in Fig. 3.14.

Figure 3.15 shows the simulated current distribution of the switch in the down-
state using the HFSS software from Ansoft Co. The current is mainly concentrated
on the front edge of the metal bridge portion that is over the CPW slots in the down
state. This implies that the down-state inductance is also mainly determined by the
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Fig. 3.13 Calculated €¢r and Z o of a CPW on low-resistivity silicon. (The thickness of SiO» layer
is 18 pm)

Table 3.3 USG deposition

parameters Parameters Value
N;O gas (sccm) 300
SiH4 gas (sccm) 9500
Carrier gas Nj (sccm) 50
RF power (W) 800
Pressure (Torr) 2.2
Temperature (°C) 400
Deposition time (min) 36

Dimples

Fig. 3.14 SEM image of DOG switch on low-resistivity silicon substrate [5]. Copyright/used with
permission of/courtesy of Elsevier B.V



80 3 Capacitive Shunt Switches

Center  Ground
colnductor

Fig. 3.15 Simulated current distribution of the DOG switch at the down state on low-resistivity
silicon substrate (width of bridge w = 100 wm; CPW W/S/W = 10/50/10 pm)
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Fig. 3.16 Measurement and curve-fitted results: (a) up state and (b) down state. Copyright/used
with permission of/courtesy of Elsevier B.V

portion of the metal bridge over the CPW slots. Therefore, when the dimensions of
the CPW slot are reduced, the inductance of the switch can also be reduced.

Figure 3.16 a shows the measured and the curve-fitted results of the switch in the
up state. The extracted up-state capacitance is 30 fF and the insertion loss is lower
than 1.2 dB up to 40 GHz. Figure 3.17 shows the measured insertion loss of the
CPW transmission lines (with 700-pm long). It is observed that the loss varies from
0.15 to 0.3 dB when the frequency is lower than 40 GHz. Therefore, the insertion
loss of the DOG switch on the low-resistivity silicon wafer is the same as that of the
DOG switch on high-resistivity silicon wafer.

When comparing the insertion losses of the two DOG switches, the DOG switch
on low-resistivity silicon wafer has smaller insertion loss, because its up-state capac-
itance is smaller compared to that of the DOG switch on high-resistivity silicon
wafer.

Figure 3.16b shows the measured and the curve-fitted results in the down-state
position. It is observed that the isolation is 13 dB at 1 GHz, 26 dB at 20 GHz,
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Fig. 3.17 Insertion loss of 0.0
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and 27 dB at 40 GHz. The extracted down-state capacitance is 30 pF at 1 GHz.
The designed down-state capacitance is 31 pF. The small difference between the
extracted value and the calculated value can be attributed to the fabrication and
measurement error. Therefore, it can be concluded that the down-state capacitance
degradation can be avoided in the design of the DOG switch. In addition, based on
the experimental results, the capacitance ratio of the DOG switch is 1000, which is
much larger than that of the DOC switch of 150 at most. The extracted down-state
resistance and inductance are 1.3 €2 and 2 pH, respectively. The RF performances
and the extracted RLC values for this DOG switch are listed in Table 3.4.

Table 3.4 RF characteristics of the DOG switch on low-resistivity silicon wafer

Up state Down state

1GHz 20GHz 40GHz 1GHz 20GHz 40GHz

S11(dB) 30 29 19 1.2 0.9 0.8
S$>1 (dB) 0.2 0.5 1.2 13 26 27

3.3 Summary

In this chapter, design of the CPW transmission line and the DC-contact capacitive
switches are presented. For the DC-contact capacitive switch, the dielectric layer is
patterned on the ground planes of the CPW transmission line. Therefore, the down-
state capacitance of this switch is not related to the overlap area between the metal
bridge and the center conductor. The issue of the down-state capacitance degra-
dation is solved and the down-state capacitance of 30 pF is obtained. As a result,
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the isolation of the DC-contact capacitive switch is higher than 15 dB from 2 to
40 GHz. The switch can be fabricated on the low-resistivity silicon wafer where the
width of the CPW slot is only 18 pm. Therefore, using the low-resistivity silicon
wafer reduces not only the cost of the substrate but also the inductance of the switch,
which provides higher isolation in the frequency band above 10 GHz. The capaci-
tance ratio of the switch is 1000 and small inductance implies that the isolation of
the DOG switch can be kept higher than 20 dB till 40 GHz.
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Chapter 4
Coplanar Waveguide Transmission Line

The objective of this chapter is to investigate silicon-core (Si-core) metal-coated
coplanar waveguide transmission (CPW) line [1]. The Si-core CPW is designed,
fabricated, and experimented. Then, attenuation related to different substrate materi-
als, core materials, and fabrication processes are analyzed. The experimental results
show that the Si-core CPW supports quasi-TEM mode propagation up to 25 GHz
with attenuation less than 4 dB/cm.

4.1 Design of the Si-Core CPW

The geometry of the Si-core CPW is similar to the conventional thin film CPW as
shown in Fig. 4.1. It consists of three parallel plate waveguides. In this structure,
each waveguide of the Si-core CPW is formed from a single-crystal silicon plate
with thickness of 35-75 pm which is coated with a thin layer of metal on the top
and sidewalls. RF signal can then propagate along the metal on the top surface and
also along sidewalls of the transmission line. The core material can either be low-
resistivity silicon (p < 10 € cm) or high-resistivity silicon (p > 1000 €2 cm). The
substrate can be either Si on glass (SiOG) or high-resistivity silicon in silicon on
insulator (SOI). The recesses formed in the substrate under waveguides serve three
purposes: (1) to help the release of movable structures in the RF MEMS circuits; (2)
to avoid metal connection to short circuit after metal coating; and (3) to reduce the
dielectric loss of the transmission line.

The characteristic impedance of CPW depends significantly on its geometrical
parameters, including the center conductor width, S, the ground width, G, and the
conductor separation, W, and the substrate material properties, such as the substrate
thickness, H, and the relative permittivity, &;. In the Si-core CPW, other process
parameters also affect the characteristic impedance. These include the thickness, 7,
and the resistivity, p, of the core material, the depth of the recesses, Ay, the undercut
width, wy, the thickness of the metal on the top, #, and at sidewalls, .
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Fig. 4.1 Schematic Metal
cross-sectional view of the Substrate, =,
CPW. Copyright/used with
permission of/courtesy of
Institute of Physics and IOP
Publishing Limited

(a) Conventional CPW

Metal 1 d
Core T

Substrate, ¢,

(b) Si-core CPW

The design of the Si-core CPW involves three steps. First, based on the process
requirements, some parameter values are determined such that the thickness of the
glass substrate H = 500 pm, the permittivity of the glass substrate &, = 4.6, the
thickness of the silicon core 7= 50-80 pwm, and the recess parameters wy = 1.6k,
to 1.8h;. To accommodate 150-pwm-pitch ground-signal-ground coplanar probes,
the distance between the two ground lines (S + 2W) is 200 wm and the ground
line width, G, falls within the range of 100400 pm. Second, the characteristic
impedance, Zy, for the normal finite CPW [2] can be expressed as

407 K (k
7y = 207 K@) (4.1a)
Eeit K (k)

where

_ e—1 K(K)K (k1) T Kki) T Kki) T Kki)
ear= 1+ SRS [+ RG] + RGeS [ Ras] @

B S+2W+2G\/ (S+2W)* —

. 4.1c

TUse2w V52w 267 -8 e

2= sinh [M] sinh [W] — sinh (”—S> e
+2 IH 4

ky=\1-ki, n=12 (4.1e)

where K is the complete elliptic integrals of the first kind and e is the effective
relative permittivity. The center conductor width, S, and the conductor separation,
W, can be used to determine the required characteristic impedance. The dimension
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values of the center conductor width, S, the ground width, G, and the conductor sep-
aration, W, can be determined using three-dimensional (3D) finite-element method
(FEM) simulation.

Figure 4.2a shows the electric field (E-field) distribution of the Si-core CPW
at 20 GHz. The electric field radiates from the center signal conductor to the two
ground conductors. The dominant mode of the transmission line is quasi-transverse
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Fig. 4.2 (a) Vector E-field distribution and (b) characteristic impedance of the Si-core CPW
(S/WIG = 110/45/300 pm, hy = 12 pm, wy = 20 wm). Copyright/used with permission of/courtesy
of Institute of Physics and IOP Publishing Limited
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electromagnetic (TEM) mode, which is similar to the conventional thin film CPW
transmission line. It is found that there is strong penetration of the E-field into the
substrate and the silicon core. Therefore, the material properties of the substrate
and the core have significant effects on the performance of the Si-core CPW. The
simulated characteristic impedance versus frequency of a Si-core CPW is shown in
Fig. 4.2b. The characteristic impedance of this Si-core CPW is 51.3-52 ©Q when
the dimension values of CPW S/W/G are equal to 110/45/300 pm, A, = 12 pm,
wr =20 wm, T = 50 pm, H = 500 pm, & = 4.6, ty, = 1 pum, and t;, = 0.5 um,
respectively. The characteristic impedance decreases with frequency slowly.

4.2 Losses of the Si-Core CPW

The attenuation, «, is an important characteristic indicating the efficiency of the
coplanar lines’ transmit power. The attenuation of the Si-core CPW consists of three
losses, namely conductor loss, «., dielectric loss, oy, and radiation loss, o.

4.2.1 Conductor Loss

The conductor loss, «, resulting from the finite conductivity of the metal, in Np/cm
is given by

R

=3 4.2)

Q¢

where R is the unit resistance of the transmission line. Therefore, the conductor
loss is determined by the line unit resistance and the characteristic impedance.
Decreasing the line unit resistance or increasing the line characteristic impedance
can reduce the conductor loss. Figure 4.3 shows the conductor loss, ¢, as a function
of the transmission line unit resistance, R, under different characteristic impedances,
Zo. When Zy = 50 Q and R = 40 Q/cm, the conductor loss is 3.5 dB/cm. When Z
decreases to 42 €2, the conductor loss increases to 4.1 dB/cm.

In the Si-core CPW, the transmission line unit resistance, R, is determined by the
metal resistance of the signal line, Ry 1, and ground lines, Ry . They are expressed
as

1 ,

Rsde = zonT405) (if Rs(f) < Rsac)

Rom = (4.3a)
1 .

R = sara—emmrsaeim] (R > Ry ac)

1 .
Rede = zoiTT00) (if Re(f) < Rg.ac)
Rgm = (4.3b)
1 .
R(f) = mra—emmyron e (fRe() > Reac)
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Fig. 4.3 Conductor loss with respect to different line unit series resistances and characteristic
impedances

where T and S are the thickness and the width of the signal line; #; and f, are the metal
thickness on the top and sidewalls of the transmission line, as shown in Fig. 4.1b; o
is the conductivity of the metal and §; is the skin depth, which is determined by Eq.
(2.5). At low-frequency range, the resistance is determined by the DC resistance,
Rs,qc and Rg,qc. However, when the frequency increases, the current is crowded
outside the surface of the conductor. The line resistance is determined by the R(f)
and Ry(f) at high-frequency range.

4.2.2 Dielectric Loss

The dielectric loss, «g, is due to the displacement current in the guiding medium of
the transmission line. The dielectric loss, g, in Np/cm is given by [3]

1 JIL0E0Er tan § 1
ag = ~GZy = @y Hofoertano - (4.42)
2 2 100

where tan § is the loss tangent of the guiding medium. The loss tangent specifies the
lossy nature of the dielectric material and is defined as

o4
WEQEr

tand =

(4.4b)

where o4 is the electrical conductivity of the dielectric material. Table 4.1 provides
the material properties of four dielectric materials used in this study and their dielec-
tric loss at 20 GHz. The dielectric loss is air, glass, high-resistivity silicon (HRS1),
and low-resistivity silicon (LRSi).



88 4 Coplanar Waveguide Transmission Line

Table 4.1 Dielectric properties of the fabrication materials

Material &r tan & o4 (S/m) aq (dB/cm)
Glass 4.6 0.003 - 0.12
HRSi 11.9 - 0.05 0.24
LRSi 11.9 - 100 474.30
Air 1.0 0 - 0
Fig. 4.4 Conductor loss with 8 T T T T T
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Figure 4.4 shows the dielectric loss, g, as a function of the unit shunt conduc-
tance, G, with the characteristic impedance, Zy, as a parameter. The dielectric loss
increases with the unit conductance and the characteristic impedance. When Zy =
50  and G = 0.005 S/cm, the dielectric loss is 1.08 dB/cm. When G increases to
0.02 S/cm, the dielectric loss increases to 4.34 dB/cm.

4.2.3 Radiation Loss

In addition to the conductor loss and the dielectric loss, radiation from unwanted
parasitic modes and coupling of power to surface waves contribute to radiation loss,
ar. The parasitic mode in the CPW is the odd mode with anti-phase voltages in the
two slots, which is excited at the discontinuities. Radiation from this mode can be
minimized by maintaining the symmetrical structure of the circuits and avoiding
its excitation by using air bridges or bond wires at periodic intervals. For the CPW
with a finite substrate thickness, the surface wave modes of the substrate are also
responsible for the leakage. Surface waves are the guided modes of a dielectric slab
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with finite thickness. Excitation of surface modes depends on the polarizations and
symmetries of the transmission line.

Figure 4.5 shows the radiation loss, «, as a function of frequency, f, with the sub-
strate permittivity, &, as a parameter. In this scenario, H = 500 pm, S = 110 pm,
W =45 pm, and G = 300 pwm. It shows that the radiation loss is substantially
affected by the permittivity of the substrate at high-frequency range. The higher the
permittivity, the faster the increase of radiation loss with frequency. For instance,
when &, = 4.6 (glass) at 40 GHz, the radiation loss of the substrate is 0.006 dB/cm.
When &, = 11.9, the radiation loss of the substrate increases to 0.046 dB/cm.
However, compared with the conductor loss and the dielectric loss, the radiation
loss is negligible when frequency is below 40 GHz. The radiation losses dominate
for frequencies over 200 GHz for coplanar lines with dimensions of the order of a
few tens of microns, as demonstrated in the experiments [4].
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Fig. 4.5 Radiation loss curves with respect to different frequencies and substrate permittivities

4.3 Effect of Material Properties and Fabrication Processes
Factors affecting the RF properties of the Si-core CPW are studied in this section.

These factors include the substrate material, the core material, and the fabrication
process.

4.3.1 Effect of Different Substrate Materials

Figure 4.6 shows the simulation results of the Si-core CPW on glass and on high-
resistivity silicon substrate. The core material is the low-resistivity silicon with
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Fig. 4.6 Comparison of simulation results between the Si-core CPW on glass and HRSi substrate
(S/WIG = 110/45/300 wm, iy = 12 wm, and w; = 20 pm, LRSI core): (a) attenuation and (b) shunt
conductance G

o = 1 Qcm . The attenuation, «, and the shunt conductance, G, are determined by
S-parameters, since the substrate is the main contributory factor to the dielectric loss
through the shunt conductance, G. Figure 4.6a shows that a 50-Q2 Si-core CPW on
the glass substrate has lower attenuation. According to the analysis in Section 4.2.2,
the conductance, G, of the high-resistivity silicon is larger than the glass. When
the frequency increases, the shunt conductance, G, on the HRSi substrate increases
faster than the glass substrate as shown in Fig. 4.6b.

4.3.2 Effect of Different Core Materials

The effect of the core material is shown in Fig. 4.7. In the simulation models, the
substrate is 500-pm-thick glass. S/W/G are 110/45/300 pm. A, wy, and T are 12, 20,
and 50 pm, respectively. The characteristic impedance, Zy, increases slightly from
48 to 50 2 when the core material changes from the low-resistivity silicon to the
high-resistivity silicon. The LRSi-core CPW has higher attenuation than the HRSi-
core CPW. This difference becomes larger when the frequency increases.

The RLGC parameters of the Si-core CPW transmission lines have been extracted
and compared in Fig. 4.8. Figure 4.8a shows that when the core resistivity of the
Si-core CPW increases, the unit inductance, L, increases by only a small amount
and the unit capacitance, C, decreases by only a small amount. Therefore, the char-
acteristic impedance which is determined by /L/C at high frequencies (>5 GHz)
increases. The unit resistance, R, of the LRSi-core CPW is slightly lower than the
HRSi-core CPW when the frequency is below 3 GHz as shown in Fig. 4.8b. The
shunt conductance, G, of the LRSi-core CPW is significantly larger than that of the
HRSi-core CPW, especially at high frequencies. This results in higher dielectric loss
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Fig. 4.7 Comparison of the RF properties of Si-core CPW with different core resistivities
(S/WIG = 110/45/300 pwm, hy = 12 pm, and w; = 20 pm). Copyright/used with permission
of/courtesy of Institute of Physics and IOP Publishing Limited

for LRSi-core CPW than HRSi-core CPW. Therefore, the attenuation of LRSi-core
CPW is larger than the HRSi-core CPW.

4.3.3 Effect of Different Fabrication Processes

Besides the geometrical dimensions, the types of the substrate material, and the core
material, the RF properties of the Si-core CPW are also affected by the variation
in fabrication process. These include the thickness of the transmission line, 7, the
etching depth of the glass recesses, &y, and the undercut width, wy, as shown in
Fig. 4.9.

The characteristic impedance, Zy, of the Si-core CPW is reduced from 55 to
44 Q when the transmission line thickness, T, increases from 50 to 80 pm, as
shown in Fig. 4.10a. This is because when the line unit capacitance, C, increases the
characteristic impedance reduces. Figure 4.10b shows that the attenuation slightly
decreases with an increase in the conductor thickness. This is because the sur-
face current is distributed in the larger area, which leads to the lower conductor
loss.

Figure 4.11a, b shows that when the substrate is etched more, with larger w;
and Ay, the characteristic impedance of the Si-core CPW increases from 47.6 to
51.4 €2, and the attenuation decreases slightly. This is because when the connec-
tion of the conductor to the substrate is smaller, there is smaller wave penetration
into the substrate, which leads to smaller unit capacitance and smaller dielectric
loss.
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Fig. 4.9 Schematic of cross-sectional view of the Si-core CPW transmission line
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Fig. 4.10 Simulation results of HRSi-core CPWs with various conductor thicknesses, T (S/W/G =
110/45/300 pm)

The characteristic impedance of the Si-core CPW is significantly affected
by the variation in the fabrication process. Therefore, the process control is
important for the RF properties of the Si-core CPW, in particular the char-
acteristic impedance, which determines the impedance matching of the RF
circuits.
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Fig. 4.11 Simulation results of HRSi-core CPWs with various undercut dimensions (S/W/G =
110/45/300 pm). Copyright/used with permission of/courtesy of Institute of Physics and IOP
Publishing Limited

4.4 Experimental Results and Discussions

The RF responses of the Si-core CPW are measured using the HP 8510C Vector
Network Analyzer with tungsten-tip 150-pm-pitch Cascade Microtech ground—
signal-ground coplanar probes. The system is calibrated using the standard short-
open-load-through (SOLT) on-wafer calibration technique. A 5-mm plastic plate is
placed between the probe chuck and the sample to remove higher order modes of
propagation. All experiments are performed in the room environment without any
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Fig. 4.12 SEM image of a
1-mm-long Si-core CPW
transmission line

packaging. A SEM image of a Si-core CPW coated with 1-pm-thick gold (Au) is
shown in Fig. 4.12. The thickness of the transmission line, 7, is 62 pwm and the
length, L, is 1 mm.

4.4.1 Comparison Between Simulation Results
and Measurement Results

Figure 4.13 shows the measurement results with the post-simulation results of a
1-mm-long HRSi-core CPW on glass. The S/W/G are 110/45/400 pm, respectively.
The thickness of the transmission line is 62 pm. The glass cavity parameters, 4, and
wr, are about 6 and 10 wm, respectively. In the post-simulation model of HFSS, all
geometrical parameters are set based on the experimental values. For example, the
metal layer spread on glass has a thickness of 1 wm on the top and 0.3 wm on the
sidewalls. Figure 4.13 shows that the simulation results are in good agreement with
the measurement results. The characteristic impedance of the glass substrate, HRSi-
core CPW is about 47 Q2 when the frequency is above 10 GHz. The attenuation
increases with frequency, which is 4 dB/cm at 25 GHz.

The unit RLGC parameters of simulation results and measurement results are
compared in Fig. 4.14. The measured unit RLGC values match well with the simu-
lated results. The unit inductance, L, and the unit capacitance, C, are kept constant
from 10 to 25 GHz, which are 2.85 nH/cm and 1.3 pF/cm, respectively, as shown in
Fig. 4.14a. The resistance, R, and shunt conductance, G, increase with the frequency,
as shown in Fig. 4.14b. Table 4.2 compares simulated and measured attenuation due
to the unit resistance, R, and the shunt conductance, G, of the HRSi-core CPW on
glass at 20 GHz. The measured conductance, G, is 0.0017 S/cm, resulting in the
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Fig.4.14 Comparison of the measured and the simulated RLGC parameters of an HRSi-core CPW
on a glass substrate: (a) L and C, and (b) R and G. Copyright/used with permission of/courtesy of
Institute of Physics and IOP Publishing Limited

dielectric loss, ag, of 0.34 dB/cm. The measured resistance, R, of 37.6 Q/cm con-
tributes to the conductor loss, a., of 3.48 dB/cm. The conductor loss is nine times
higher than the dielectric loss. Therefore, the large unit resistance, R, is the dominant
factor of the attenuation of the Si-core CPW.

By investigating the fabrication process in Chapter 5, the large unit resistance is
due to low-quality metal deposition. The metal is deposited using E-beam evap-
oration. Generally, the E-beam evaporation has poor step coverage. The metal
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Table 4.2 Comparison of the simulated and measured attenuation contributed by the unit
resistance and the conductance of the glass-based HRSi-core CPW at 20 GHz

Zp R G (4 oq o

() (2/cm) (S/cm) (dB/cm) (dB/cm) (dB/cm)
Measurement 47.0 37.6 0.0017 348 0.34 3.82
Simulation 46.8 35.2 0.002 3.27 0.4 3.67

coated on sidewalls is found to be only 1/3 of the metal coated on the top surface.
Therefore, only 3000-4000 A gold can be coated on sidewalls when 1-pwm-thick
gold is deposited on the top of silicon structures. On the other hand, the surface
current of the proposed Si-core CPW is mainly concentrated on sidewalls of the
apertures, as shown in Fig. 4.2a. Therefore, more loss is caused by the thin metal
coating of sidewalls. The increase of the shunt conductance, G, caused by the metal
spreading on the substrate during E-beam evaporation is very small. Compared to
the conductor loss, the dielectric loss is negligible.

4.4.2 Effect of Geometrical Parameters

The performance of the Si-core CPW depends on the geometrical parameters sig-
nificantly, including the signal width, S, the ground width, G, and the conductor
separation, W. Four 1-mm-long LRSi-core CPW with various S/W/G are fabricated
on glass and measured. Their S/W/G parameters are summarized in Table 4.3. Note
that S+2W and G are the same for designs A, B, and C. Design D is optimized
using Ansoft HFSS, whose simulated characteristic impedance is 50 €2. The other
parameters are 7~ 50 wm, s & 6 wm, and wy & 10 pm.

Table 4.3 Geometrical parameters of four 1-mm-long Si-core CPWs

Signal, S Space, W Ground, G Sum, S +2W
Design no. (pom) (pm) (m) (pm)
A 680 10 150 700
B 300 200 150 700
C 60 320 150 700
D 110 45 400 200

The characteristic impedance, Zy, and the attenuation, «, extracted from mea-
sured S-parameters are shown in Fig. 4.15a, b. The variation of the characteristic
impedance of the Si-core CPW is larger when the frequency is below 5 GHz, indicat-
ing slow-wave mode propagation. However, when the frequency rises above 5 GHz,
the characteristic impedance, Z, reduces gradually for all structures, indicating that
the quasi-TEM mode propagation is supported above 5 GHz. In the quasi-TEM
mode propagation, the characteristic impedance of the transmission line is inversely
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Fig. 4.15 Measured results of 1-mm-long LRSi-core CPWs on glass with different dimensions:
(a) characteristic impedance and (b) attenuation

proportional to the square root of the line capacitance. When the space between the
signal line and the ground line, W, is smaller, the unit inductance, L, is less and the
unit capacitance, C, is larger, which lead to smaller characteristic impedance. This
tendency can be observed in designs A, B, and C. At high frequency, impedance
matching is important to minimize signal oscillations that are caused by the reflec-
tion of the electromagnetic wave at the impedance discontinuity. Therefore, it is
most desirable to design the transmission line with the characteristic impedance
of 50 Q. The characteristic impedance of design D is about 50 € at 5-25 GHz.
Figure 4.15b shows that the attenuation of the Si-core CPW increases with the
signal line width, S. When (S+2W) is a constant, the Si-core CPW with wider
signal line shows larger attenuation. That is because more electromagnetic field
leaks into the substrate, e.g., dielectric loss is larger. However, design D (S/W/G =
110/45/400 pwm) has lower attenuation than design C (S/W/G = 60/320/150 pm).
That is because the sum (S+2W) of design C is larger than the glass substrate thick-
ness of 500 pwm, whereas the sum (S+2W) of design D is less than 500 wm. This
leads to larger frequency dispersion and radiation loss in design C as compared
to design D. Therefore, geometrical parameters of the Si-core CPW can be opti-
mized to obtain the desired characteristic impedance and, simultaneously, suppress
the unwanted radiation loss and the frequency dispersion when designing the Si-core
CPW.

4.4.3 Effect of Material Properties

Both the substrate material and the core material affect the RF performance of the
Si-core CPW. The effect of the substrate material is illustrated in Figs. 4.16 and 4.17.
For the SOI-based LRSi-core CPW, the parameters of the CPW transmission line
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Fig. 416 Comparison of attenuation of LRSi-core CPW on SOI and glass substrate
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Fig. 4.17 Comparison of resistance and conductance of LRSi-core CPW on SOI and glass
substrate

SIWIG are 66/67/100 pm. The substrate is high-resistivity silicon with the thickness
of 500 wm. The core material is low-resistivity silicon with the thickness of 35
pm. Between the substrate and the device, silicon layer is a 2-pm-thick thermal
oxide; 1.2-pwm-thick Al is coated. For the glass-based LRSi-core CPW, S/W/G are
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110/45/400 pm, respectively. The substrate is 500-pm-thick glass. The core mate-
rial is 60-pm-thick low-resistivity silicon. sy &~ 6 pm, w; & 10 pm; 1-pm-thick gold
is coated. The measured unit RLGC parameters, the characteristic impedance, and
the attenuation are extracted from measured S-parameters. The fitted unit RLGC
parameters are fitted from the measured RLGC parameters. The fitted attenuation
and the fitted characteristic impedance are calculated from the fitted RLGC parame-
ters, which agree well with the measured results. As in Section 4.3.1, the SOI-based
CPW has larger shunt conductance than the glass-based CPW, especially at high-
frequency range. Therefore, the SOI-based CPW has higher dielectric loss than the
glass-based CPW, as shown in Fig. 4.17. For any frequency below 13 GHz, the resis-
tance of the SOI-based CPW is less than the glass-based CPW due to thicker metal
coating. However, when the frequency is above 13 GHz, both the resistance and the
conductance of the SOI-based CPW arise abruptly, resulting in larger attenuation
than the glass-based CPW, as shown in Fig. 4.16.

The effect of the core material of the Si-core CPW is illustrated in Figs. 4.18
and 4.19. The parameters of the transmission line S/W/G are 110/45/400 pm. The
substrate is 500-pm-thick glass. s, &~ 6 wm, wy =~ 10 wm, and 1-pwm-thick Au is
deposited. The thickness of waveguides of Si-core CPWs is about 60 pum. The unit
capacitance of the LRSi-core CPW is 1.33 pF/cm, which is slightly larger than the
HRSi-core CPW of 1.30 pF/cm. However, as in Section 4.3.2, the inductance of the
HRSi-core CPW is larger than the LRSi-core CPW. They are 2.85 and 2.26 nH/cm,
respectively. As a result, the characteristic impedance of the HRSi-core CPW of
47 Q is larger than that of the LRSi-core CPW of 41.2 €2, as shown in Fig. 4.18.
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Fig. 4.18 Comparison of characteristic impedance and attenuation between the HRSi-core CPW
and the LRSi-core CPW on glass. Copyright/used with permission of/courtesy of Institute of
Physics and IOP Publishing Limited
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Fig. 4.19 Comparison of resistance and conductance between the HRSi-core CPW and the LRSi-
core CPW on glass

The HRSi-core CPW has lower attenuation than the LRSi-core CPW, as shown in
Fig. 4.19. That is because the unit shunt conductance, G, of the HRSi-core CPW is
less than the LRSi-core CPW, resulting in lower dielectric loss. The unit resistance,
R, of the HRSi-core CPW is significantly lower than the LRSi-core CPW, resulting
in lower conductor loss.

Table 4.4 shows the comparison between the measured and fitted RLGC parame-
ters, the characteristic impedance, the attenuation between the SOI-based LRSi-core
CPW, the glass-based LRSi-core CPW, and the glass-based HRSi-core CPW at
20 GHz. The glass-based HRSi-core CPW has the lowest resistance, conductance,
and attenuation. The conductor loss is the dominant factor of the attenuation.
Thicker metal should be coated to reduce the attenuation of the Si-core CPW.

Table 4.4 Comparison of measured and fitted RLGC values and attenuations of Si-core CPW with
different substrates and core materials at 20 GHz

SOI-based Glass-based Glass-based

LRSi core LRSi core HRSi core
CPW
parameters Measured  Fitted Measured  Fitted Measured  Fitted
R (Q2/cm) 69.7 65.1 53 53 37.6 37.4
L (nH/cm) 4.1 4.1 2.26 2.29 2.85 2.83
G (S/cm) 0.012 0.011 0.007 0.006 0.0017 0.0014
C (pF/cm) 1.95 1.95 1.33 1.33 1.30 1.30
Zp (R2) 459 46.2 412 41.5 47 46.7
a¢ (dB/cm) 6.59 6.11 5.58 5.55 3.48 3.48
ag (dB/cm) 2.39 2.37 1.25 1.08 0.34 0.28

o (dB/cm) 10.04 8.48 6.88 6.63 3.82 3.76
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Based on this study, the following guidelines are recommended to achieve low-
loss Si-core CPW: (i) depositing sufficiently thick metal and improving the step
coverage of the metal deposition; (ii) using low-loss substrate, such as glass; and
(iii) using high-resistivity silicon as the core material.

4.5 Surface-Micromachined CPW Transmission Line

A coplanar waveguide (CPW) consists of a center strip conductor with semi-infinite
ground planes on either side as shown in Fig. 4.20. The dimensions of the center
strip, the gap, the thickness, and permittivity of the dielectric substrate are deter-
mined by the effective dielectric constant eeff, the characteristic impedance Z,
and the attenuation, «, of the transmission line. This CPW structure supports a
quasi-TEM mode of propagation. The CPW offers several advantages over the con-
ventional microstrip line [5-12] as (1) it simplifies fabrication, (2) easy shunt as
well as series surface mounting of active and passive devices, (3) it eliminates the
need for wraparound and via holes, and (4) it reduces radiation loss.

Metal layer

G I_l_

Substrate,e

Fig. 4.20 Schematic of the coplanar waveguide (CPW) structure

4.5.1 Characteristic Impedance and Effective Dielectric Constant

The cross-sectional view of CPW is shown in Fig. 4.20. The CPW center strip con-
ductor width S is equal to 2a and the distance of separation between the two ground
planes is 2b. Consequently, the slot width W is equal to b — a. The CPW conductors
and the dielectric substrates are assumed to have perfect conductivity and relative
permittivity, respectively. Hence, the structure is considered to be low loss and the
dielectric substrate materials are considered to be isotropic.

In this section, the mathematical derivations of e.fr and Zy using the conformal
mapping techniques are presented. Two assumptions are made. First, the conductor
thickness ¢ is zero and, second, the magnetic walls are present along all the dielectric
boundaries including the CPW slots. The CPW is then divided into several partial
regions and the electric field is considered to exist successively only in the partial
region. In this manner, the capacitance of each partial region is determined sepa-
rately. The total capacitance is the sum of the partial capacitances [13]. The total
capacitance Ccpw can be expressed as [14]

Cepw = C1 + Cair 4.5)
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where

K (ki)
K (k)

Ci=2e (g1 — 1) (4.6a)

where K is complete elliptic integral of first kind and the modulus of the elliptic
integrals K (k1) and K (k/l) are given by

sinh (7S /4h;)
ki = — (4.6b)
sinh {[7r (S +2W)]/4h,}

and

K =/1—k?> (4.6¢)

where A is the height of the substrate, S is the CPW central strip conductor width,
and W is the slot width.
The capacitance Cy;; is given by

K(k3) K(ks)

Cair = 280K(k/3) + 280]{(/{2‘) 4.7a)
where
ks = sinh (rrS/4h3) 4.7b)
sinh {[r (S +2 W)]/4h3}
ks — sinh (nS / 4h4) @70

sinh {[7 (S +2 W)]/4h4}

Ky =1 — k32 (4.7d)
Ky = /1 — k2 (4.7¢)

Substituting h3 = hq =00 into Eqgs. (4.7a), (4.7b), and (4.7¢c), we have

Car = 4e ko) (4.82)
air — OK(ké) .
and
ks = g = ko = —> (4.8b)
PTHMTN T s ow '

Substituting Egs. (4.6a) and (4.8a) into Eq. (4.5), Ccpw is expressed as
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K (k1) K (ko)
Ccpw = 2¢0 (11 — 1) + 4eo 4.9)
K (k}) K (ko)
Under the quasi-static approximation, &¢r is defined as [14]
Ccpw
¢ Cair
Substituting Egs. (4.8a) and (4.9) into Eq. (4.10) is expressed as
et — 1 K(ky) K(kp)
=1 4.11
Eeff + 2 KW Kiko) (4.11)
The characteristics impedance Z is defined as [14]
Z ! 4.12)
0= —"F7= .
cChir/Eeft
Substituting Eq. (4.8a) into Eq. (4.12) gives
| K (k]
(k) (4.13a)

Zy= ———
4ceg/eett K (ko)

where ¢ =3 x 108 m/s and 9= 8.854 x 1072 F/m, then Eq. (4.13a) is simplified as

_30m K (k;
i K (ko)

~—

Zy

(4.13b)

In Fig. 4.21, the characteristics impedance curve is plotted with different slot
and conductor width values. The characteristic impedances for different dielectric
substrates are also included. For the same ratio, S/(S+W) of the slot conductor, the
substrate with a lower dielectric constant has a higher characteristic impedance.

The vector current distribution of the coplanar waveguide is calculated using the
method of moment software IE-3D as shown in Fig. 4.22. In CPW transmission
line, the electric field radiates from the center signal conductor to the two ground
conductors and into the substrate where the dominant mode for this kind of transmis-
sion line is quasi-transverse electromagnetic (TEM) mode, while the magnetic field
lines enclose around only the center signal conductor. The electric current calcu-
lated from IE-3D is 250.3 amp/m which is dominant compared to magnetic current
of 1 x 107> V/m. This is the reason for the strong penetration of the E-field from
the signal line to ground plane and into the substrate. In Fig. 4.22, the bar indicates
the different color representations in decibels for different attenuation levels. It is
noticed that the signal passes with minimum attenuation of 0.1-0.3 dB from input
to the output port.

The material property of the substrate has significant effects on the performance
of the CPW transmission line.
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Fig. 4.21 Characteristic impedance of coplanar waveguide versus different dielectric constant of
the substrate material
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Fig. 4.22 Simulation result of the current distribution in the coplanar waveguide. Copyright/used
with permission of/courtesy of IEEE

Figure 4.23 shows that for fixed (S+2W) and aspect ratio S/(S+2W) the Z
decreases as the thickness of the metal ¢ increases for silicon substrate. For the
fixed aspect ratio S/(S+2W) of 0.1 and the metal thickness 0.5 pwm, the charac-
teristic impedance is 78.37 €2. On the other hand, when the metal thickness is 10
pm the characteristic impedance is 72.54 Q; for the fixed aspect ratio of 0.75,
the characteristic impedance is 37.5  for 10 wm and 38.4 © for 2-pm metal
thickness.
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Fig. 4.23 Simulation result of characteristic impedance of CPW with different metal thicknesses

4.5.2 Losses of CPW Structure

For the CPW structure, two major factors are considered for the transmission line
losses. The total CPW attenuation is expressed as the sum of the attenuation due to
the dielectric losses in the substrate and that due to the conductor losses in the strip
and the ground planes.

The dielectric loss, «q is due to the displacement current in the guiding medium
of the CPW transmission line. The attenuation constant due to the dielectric loss is
expressed as [15]

T &

od gtan §¢(N/m) (4.14)

A0 A/Eeff
where A is the free space wavelength in meters, ¢, is the relative permittivity of the
substrate,tan &, is the dielectric loss tangent, e.fr is the effective dielectric constant.
The loss tangent tan §. remains constant with respect to the frequency for differ-
ent dielectric materials. However, the dielectric loss «g increases linearly with the
frequency. The loss tangent is an important factor to be taken into consideration as
there are material losses due to bulk conductivityo. The loss tangent is defined as

o

tan §e = (4.15)

WEQEeff

The material with high loss tangent results in a higher dielectric loss. The
material or substrate properties are listed in Table 4.5.

The attenuation constant due to the conductor loss « in the central strip conduc-
tor and the ground planes of the CPW is given below. In deriving this expression,
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Table 4.5 Properties of the dielectric materials

Materials &r tan e

High-resistivity (HR) silicon 11.9 0.025S x m
Low-resistivity (LR) silicon 11.9 100 S x m
Air 1.0 0.0 Sxm

the thickness ¢ of the CPW conductors is assumed to be greater than the skin depth
é in the metal. The conductor loss «. is defined as [15]

R +Rq

4.16
270 (4.16)

C

where R, is the series resistance in ohms per unit length of the center conductor
given by

R, 4nS 1+ ko
R. = 5 7+In|— ) —koln 4.17)
4S8 (1 — k§) K2 (ko) t 1 —ko

Ry is the distributed series resistance in ohms per unit length of the ground planes
and is given by

koR Ar(S+2W 1 1+k
Ry = -~ [n+1n<w>——1n( + 0)} (4.18)
4S8 (1 — k3) K2 (ko) t ko 1 —ko
R; is the skin effect surface resistance and is given by
2
Ry=, — (4.19)
wéo

where o is the conductivity and § is the skin depth. Therefore, the total attenuation
« can be expressed as

o =a:+aq (4.20)

Based on Eq. (4.14), the dielectric loss is linearly proportional to frequency.
Figure 4.24 shows the relationship between the frequency and the attenuation. The
attenuation at the frequency of 20 GHz is 0.37 dB/cm.

Figure 4.25 shows the simulation results of the attenuation constant o and the
characteristic impedance Zy when the ground plane separation (S+2W) is constant.
It is noted that the attenuation decreases slowly with the increase in characteris-
tic impedance. Minimum attenuation occurs at the characteristic impedance which
is close to 50 2. When the characteristic impedance is raised above 50 €2, the
attenuation increases gradually.
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4.5.3 Effects of Material Properties

The material properties have a significant effect on the performance of the CPW
structure. They affect both the insertion loss and the RF transmission properties of
the structure. Usually the insertion loss of the CPW structure should be made as
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Fig. 4.26 Comparison of the simulated results of the HR silicon and LR silicon: (a) return loss
S11 and (b) insertion loss S»;. Copyright/used with permission of/courtesy of IEEE

low as possible so that its influence on the performance of any microwave devices,
such as filters, switches, and couplers, is negligible. The CPW structure length is
10 mm.

The simulation results of the high-resistivity (HR) silicon and low-resistivity
(LR) silicon are shown in Fig. 4.26. The resistivity of HR silicon is 4000 € x cm,
while that of LR silicon is 20 €2 x cm. The thickness of the metal layer is 2 pm The
insertion losses for HR silicon and LR silicon at 5 GHz are 0.3 and 8.5 dB, respec-
tively. Similarly, the insertion loss for the HR silicon at 15 GHz is 0.7 dB and for
LR silicon is 10 dB. Therefore, it can be concluded that the CPW structure realized
on LR silicon has higher attenuation compared to HR silicon. As a result, silicon
with high resistivity is preferred in RF MEMS devices.

4.5.4 Effects of Metal Thickness

The effect of metal thickness ¢ of the CPW transmission line at the fixed fre-
quency of 20 GHz is shown in Fig. 4.27. As expected, the attenuation rises rapidly
when the metal thickness becomes less than two to three times the skin depth §
Figure 4.28 shows the EM simulation results of the effect of the metal thickness
on the insertion loss. The metal is gold (Au) with a conductivity of 4.1x107S/m.
When the metal thickness is 4 and 6 wm the insertion losses are 0.2 dB at 5 GHz
and 0.40 dB at 15 GHz, respectively. When the metal thickness is reduced to 2
pm, a higher insertion loss of 0.75 dB at 15 GHz is observed. Therefore, it can
be concluded that the thicker the deposition layer of Au, the lower the conductor
loss.
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Fig. 4.27 Simulation result
of the conductor loss versus
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thicknesses ¢ at 20 GHz.
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4.5.5 Experimental Results and Discussions

The RF performance of the silicon CPW structure are measured using the HP 8510C
vector network analyzer with gold tip —150 wm pitch from cascade microtech
ground-signal-ground coplanar probes. The system is calibrated using standard
short-open-load-through (SOLT) on wafer calibration technique. A 5-mm plastic
plate is placed between the probe chuck and the sample to remove higher order
modes of propagation. All experiments are performed in the room environment
without packaging. SEM image of the CPW structure is shown in Fig. 4.29.

The dimensions of the CPW structure are S = 70 pm and W = 115 pm.
The CPW structure length is 10 mm. It is fabricated using high-resistivity silicon
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Fig. 4.29 Top view of SEM
image of the CPW structure
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Fig. 4.30 Measurement results of RF properties of the CPW using different materials for the
conductor layer: (a) return loss Si1 and (b) insertion loss S, Copyright/used with permission
of/courtesy of IEEE

substrate. The conductor layers are deposited using three different types of metal
materials. The measurement results are shown in Fig. 4.30. Aluminum (Al) has a
high insertion loss of 0.5 dB at 5 GHz and 2.1 dB at 15 GHz. Gold (Au) and copper
(Cu) materials show excellent result in terms of insertion loss. Gold has an inser-
tion loss of 0.17 dB at 5 GHz and 0.2 dB at 15 GHz, whereas copper is slightly
better with an insertion loss of 0.08 dB at 5 GHz and 0.13 dB at 15 GHz. However,
the CPW transmission line and RF MEMS switch are fabricated using gold as the
conductor layer. The reason for this is that, although copper shows a better RF per-
formance, gold is more advantageous due to its resistance to oxidation, increased
reliability, and stability.
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4.6 Summary

In this chapter, the Si-core metal-coated CPW is studied. The design and the full-
wave EM simulation of the Si-core CPW are presented. The losses of the Si-core
CPW transmission line related to the substrate material, the core material, and the
process variations are analyzed using the RLGC model. The analysis shows that
the substrate material and the core material have influence on the dielectric loss.
High-resistivity and low-loss material is more favorable for the substrate and the
core material for the low-loss Si-core CPW transmission line. The process varia-
tions, including the thickness of the silicon backbone and the undercut dimensions,
also significantly affect the RF performance of the Si-core CPW. The experimental
results also verify that the Si-core CPW supports quasi-TEM mode propagation up
to 25 GHz with attenuation of less than 4 dB/cm. It is found that the conductor loss
dominates the attenuation of the Si-core CPW. Some useful guidelines for low-loss
Si-core CPW are as follows: (i) depositing sufficiently thick metal layer and improv-
ing the step coverage of the metal deposition; (ii) utilizing low-loss substrate, such
as glass; and (iii) using high-resistivity silicon as core material.

The surface-micromachined CPW transmission line is also designed, fabricated,
and experimented. The study shows that material properties play an important role
in the performance of the CPW transmission line. Different metal thickness is ana-
lyzed for better insertion loss performance. Even though copper is found to be
slightly better than gold in terms of performance, gold is still preferred and used
in the practical implementation because of its low oxidation and high reliability.
High-resistivity (HR) silicon substrate is used for better RF performance. The inser-
tion loss at 5 GHz for HR silicon and LR silicon is 0.3 and 8.5 dB, respectively.
Similarly, the insertion loss at 15 GHz for HR silicon and LR silicon is 0.7 and 10
dB, respectively. The measurement results for gold show an insertion loss of 0.17
dB at 5 GHz and 0.2 dB at 15 GHz.
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Chapter 5
Single-Pole-Multi-Throw Switching Circuits

In this chapter, different types of single-pole-multiple-throw (SPMT) switching cir-
cuits are designed using a silicon-core metal-coated coplanar waveguide (CPW)
transmission line and integrated lateral switches. These include the single-pole-
double-three (SP2T) [1-5], single-pole-three-throw (SP3T), and single-pole-four-
throw (SP4T) switching circuits [6]. However, it is to focus SP2T circuit analysis
and full-wave EM simulation and experimental results discussion. The advantages
of the SPMT switching circuits are low loss, high isolation, high reliability and
stability, and small footprint.

5.1 SP2T Switching Circuit

Based on different circuit topologies, three different SP2T switching circuits are
developed. They are the in-line SP2T switching circuit, the parallel SP2T switch-
ing circuit, and the single-beam SP2T switching circuit. As the basis of the SPMT
switching circuit, the in-line SP2T switching circuit is discussed in detail. These
include the design, equivalent circuit modeling, and the full-wave EM simulation.

5.1.1 Design of the In-line SP2T Switching Circuit

The schematic of the in-line SP2T switching circuit is shown in Fig. 5.1a. It consists
of a T-junction with a series switch located at each of the output arms. The signal
can therefore be routed to two different output ports with one switch at off state
and the other switch at on state. Figure 5.1b shows the layout of the in-line SP2T
switching circuit. The lateral metal-contact switch is placed at each output port.
Two cantilever beams are integrated on the switching circuit. The cantilever beam
is equipped with a fixed connection at the output port. The free end of the cantilever
beam comes into contact with the contact bump at the T-junction upon turning on
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Fig. 5.1 The in-line SP2T switching circuit (a) schematic diagram and (b) design layout
(G, ground; S, signal; A; — A/, bond wires). Copyright/used with permission of/courtesy of Elsevier

the switch. Therefore, the cantilever beam does not only act as a movable electrode
of the actuator but also forms part of the signal line. The ground lines beside the
cantilever beam are extended toward the cantilever beam to avoid a drastic increase
in the characteristic impedance of this part. The gap distance between the cantilever
beam and the ground lines is 30 pm. At the free end of the cantilever beam, one
ground line protuberates toward the cantilever beam to act as a fixed electrode. DC
bias voltage is applied between the signal line and ground lines of the output port.
When the bias voltage is applied between the signal line and the ground lines at
port 2 or 3, one lateral switch is at the on state and the other is at the off state.
Then, the RF signal propagates from input port to one of the output ports. Due to
the discontinuity of the CPW ground plane, the RF power can be converted from the
desired CPW mode to the parasitic coupled slot line mode. To equalize the potential
of the ground plane, bond wires are used at the discontinuity. In Fig. 5.1b the bond
wires are denoted as A; — A;. Totally, three bond wires are used in this design.

5.1.2 Modeling and Simulation of the SP2T Switching Circuit

Since only one switch in the SP2T switching circuit is activated to the close state at
any time, the equivalent circuit consists of an open stub with an open-state switch
which connects between the input transmission line section and an output sec-
tion with a close-state switch. The complete transmission line model is shown in
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Fig. 5.2 Equivalent circuits of SP2T switching circuit: (a) complete transmission line model and
(b) lumped equivalent circuit model

Fig. 5.2a, where lateral switches are modeled using a simple capacitor Cy = 12 fF
at the open state and a contact resistor R = 1.2 Q at the close state. The parasitic
capacitance between the cantilever beam and ground lines, Cy, is also considered in
the model.

Figure 5.2b shows the lumped equivalent circuit model of the SP2T switching
circuit. The cantilever beam is described by the beam inductance, Ly, and the beam
resistance, Rp. The transmission line sections are replaced with their lumped RLC
circuits. Since the transmission line section is quite short (<500 wm), the shunt
conductance is extremely small (<10 S) and is ignored in the model. The series-L
and shunt C configuration means that the insertion loss of the SP2T switching circuit
exhibits a “low-pass” characteristic and the cutoff frequency depends on the length
of the open stub. It is important to reduce the length of the stub by placing switches
as close as possible to achieve wide bandwidth. In Fig. 5.1b, the electrical length of
the stub is only 3° at 10 GHz. This is relatively small and the SP2T switching circuit
can maintain an impedance match up to around 40 GHz. As shown in Fig. 5.3, the
simulated return loss at the input port and the output port is higher than 13 dB at
40 GHz when one switch is closed and the other is open.

The equivalent circuit model provides a useful insight for the design of SP2T
switching circuit. However, it does not take into account the parasitic coupling that
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exits at the T-junction and the suppress role of the bond wires. Therefore, a full-wave
EM analysis is introduced using Ansoft’s HFSS. Figure 5.4 shows the simulated
S-parameters of the in-line SP2T switching circuit with and without bond wires
using Ansoft’s HFSS. It is observed that the bond wires have significant effects on
the RF responses at high frequencies range (>15 GHz). When the circuit is designed
with three bond wires, the insertion loss is below 0.8 dB and the isolation is above
27 dB up to 30 GHz. However, when the circuit is designed without bond wires, the
insertion loss is 1.3 dB and the isolation is 18 dB at 30 GHz. The surface current dis-
tribution with one switch open and the other switch closed is illustrated in Fig. 5.5. It
can be seen that the current mainly flows along the sidewalls of the transmission line
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Fig. 5.4 Full-wave EM simulation results of S-parameters of the in-line SP2T switching circuit
with and without bond wires
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Fig. 5.5 Surface current Jsurf[a/n]
distribution on the in-line . 1.5008¢3
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other off-state switch

(a) The right switch is in the off-state and the left switch is in the on-state.

(b) The left switch is in the on-state and the right switch is in the off-state.

and the cantilever beam. When the left switch is at its open state, very little current
is flowing along the left beam due to the capacitive coupling. When the left switch is
at its close state, most current is flowing along the left beam. The right beam has the
similar behavior as the left beam. It is noted that the current distribution patterns in
Fig. 5.5a, b are not exactly symmetrical since the mesh generated by the computer
is asymmetrical.

5.1.3 Different Types of SP2T Switching Circuits

Two other different designs of the SP2T switching circuits will be discussed, which
improve the RF performance and compactness of the SP2T switching circuits. In the
in-line SP2T switching circuit, two lateral switches are in a line. However, two lat-
eral switches can also be parallel to each other. The parallel SP2T switching circuit
is implemented with this configuration, as shown in Fig. 5.6. Two cantilever beams
share one ground line. At the free end of the cantilever beams, the common ground
line protuberates toward two cantilever beams, respectively, to act as the common
fixed electrode of two lateral switches. When applying bias voltage between the sig-
nal line and ground lines at port 2, the cantilever beam of switch 1 moves toward
the common ground line pulled by the electrostatic force until its free end hits the
T-junction. Then, the RF signal propagates along the transmission line from port 1
to port 2. Little signal goes to port 3 because switch 2 is at its open state. Similarly,
when switch 2 is closed, RF signal propagates along the transmission line from port
1 to port 3 and little goes to port 2. When this SP2T switching circuit is in a circuit,
the high DC potential is applied on the signal line through an RF choke inductor
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Fig. 5.6 The parallel SP2T switching circuit: (a) schematic diagram and (b) layout design (G,
ground; S, signal; A; — A/, bond wire). Copyright/used with permission of/courtesy of Institute of
Physics and IOP Publishing Limited

and the DC ground potential is applied on the common ground line to actuate the
corresponding switch. A DC block capacitor is inserted between the switch signal
line and other circuit parts. Because of the discontinuity of the CPW ground plane,
the RF power can be converted from the desired CPW mode to the parasitic coupled
slot line mode. To equalize the potential of ground planes, four bond wires are used
at the discontinuities of ground planes.

The first two designs of the SP2T switching circuits require two cantilever beams.
The last design of the SP2T switching circuit only requires one cantilever beam to
move in both directions, as shown in Fig. 5.7. Two fixed electrodes are located at
either side of the cantilever beam. The ground potential of the bias voltage is applied
on the cantilever beam and sufficient bias voltage is applied on one of the fixed
electrode. Then, the cantilever beam moves toward this fixed electrode and hits the
contact bump on the corresponding output port. As a result, the RF signal propagates
along the transmission line from the input port to this output port and is blocked to
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Fig. 5.7 The single-beam SP2T switching circuit: (a) schematic diagram and (b) layout design
(G, ground; S, signal; A; — A;: bond wire)

the other port. To suppress the slot line mode at high-frequency range, three bond
wires are used to equalize the potential of ground plane which are denoted as A; — A’
in Fig. 5.7b. The size of the SP2T switching circuit is reduced because only one
beam is used.

5.2 Design of the SP3T Switching Circuit

Based on the design of the in-line SP2T switching circuit, a new type of SP3T
switching circuit is developed as shown in Fig. 5.8a, b. Each branch is perpen-
dicular to the adjacent branch. The bias voltage is applied between the signal line
and the ground line at the output port. At any time only one switch is activated
to the close state and other two switches are at the open state. Then, the RF sig-
nal propagates along the transmission line from the input port to only one of the
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Fig. 5.8 The SP3T switching circuit: (a) schematic diagram; (b) layout design (G, ground; S,

signal; A; — Al’-, bond wire); and (¢) lumped equivalent circuit



5.4 Experimental Results and Discussions 123

output ports. Four bond wires are required to equalize the potential of the ground
planes. The lumped equivalent model is obtained by adding a branch with an open
switch to the lumped equivalent model of the SP2T switching circuit, as shown in
Fig. 5.8c. The SP3T switching circuit consists of two open stubs connected between
the input transmission line section and output branch section with a closed switch.
Since the open stubs are capacitive in nature, when there are more open stubs,
higher loss is expected at high frequencies range. Therefore, the insertion loss of
the SP3T switching circuit is expected to be larger than the in-line SP2T switching
circuit.

It is noted that the branches to port 2 (output 1) and port 4 (output 3) are per-
pendicular to the input port, whereas the branch to port 3 (output 2) is in the same
line with the input port. This asymmetrical structure results in different RF perfor-
mances between port 2 and port 4, and port 3. The measurement results are discussed
in Section 5.4.

5.3 Design of the SP4T Switching Circuit

Based on the design of the in-line SP2T switching circuit, a SP4T switch-
ing circuit is designed as a star-shaped five-port switching circuit as shown in
Fig. 5.9. The angle between any two branches is 72°. Four lateral switches are
located at the four output branches, respectively. Since part of the ground line
is designed as the fixed electrode, the bias voltage is applied between the signal
line and the ground lines of one output port to close the corresponding lateral
switch. When one of the lateral switches is activated at the on-state, the remain-
ing three switches are kept at the off-state. Then, RF signal propagates from the
input port to only that particular output port and is isolated to other three out-
put ports. The lumped equivalent circuit of the SP4T switching circuit is shown
in Fig. 5.9c. The SPAT switching circuit consists of three open stubs connected
between the input section and the output section with the lateral switch. The
insertion loss of the SP4T switching circuit is larger than the SP3T and SP2T
switching circuits because there are more open stubs connected to the active
branch.

5.4 Experimental Results and Discussions

The SPMT switching circuits are fabricated on a glass wafer using a substrate trans-
fer process. The details of the fabrication process are discussed in Chapter 9. The
substrate is a 500-pm-thick glass. The device structure layer is 62-pwm-thick high-
resistivity silicon (p > 4000 € cm), which is coated with 1-pwm-thick gold. After
the fabrication process, 1-mil-thick gold wires are bonded at the discontinuities to
equalize the potential of the ground plane using the wire-bonding technique. The
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Fig. 5.9 The SPAT switching circuit: (a) schematic diagram; (b) layout design (G, ground; S,
signal; A; — A/, bond wire); and (c) lumped equivalent circuit. Copyright/used with permission

of/courtesy of Elsevier B.V
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actuator design in all switching circuits is /{ = 230 wm, / = 220 pm, /3 = 18 pum,
wip = 2.5 pum, wp = 5 wm (solid mass), gsi = 4 wm, and ds; = 3 wm. The inser-
tion loss and the return loss of the SPMT switching circuits are determined by S»;
and S11, respectively, through the input and output branches that contain the lateral
switch, while the switch in the other output branches is in the off state. The isolation
loss of the SPMT switching circuit is characterized by S»; along the signal line with
the switch at the off state.

5.4.1 In-line SP2T Switching Circuit

The SEM image of the SP2T switching circuit is shown in Fig. 5.10a. It occupies
1.48 mm? (1.85 mm x 0.8 mm) in area. The measured and fitted S-parameters of
the SPST switch are shown in Fig. 5.10b. The SPST switch has an insertion loss of
0.7 dB, a return loss of 23 dB, and an isolation of 25 dB up to 25 GHz. The fitted
lumped circuit parameters of the SPST switch are as follows: Ly = 114 pH, Cgon
= 34 1F, Cg off = 30 fF, C; = 3.5 fF. The fitted total switch resistance (Rp + R.)
increases with frequency due to the skin effect and is fitted as

Ry +Re=15+./f 5.1

The measured RF results of the SP2T switching circuit with and without bond
wires are shown in Fig. 5.10c, d, respectively. The bond wires are essential in sup-
pressing the parasitic slot line mode and in keeping the desired quasi-TEM mode,
especially at high frequency. The insertion loss of the in-line SP2T switching cir-
cuit is less than 1 dB up to 22 GHz with three bond wires. The return loss and the
isolation are higher than 15 and 25 dB up to 22 GHz, respectively, as shown in
Fig. 5.10d. The insertion loss is 1 dB at 6 GHz and increases rapidly to 5.5 dB at
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Fig. 5.10 The in-line SP2T switching circuit: (a) SEM image; (b) measured and fitted results of
an SPST switch on glass; (¢) measured results without bond wires; and (d) measured and fitted
results with three bond wires
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(d) Measured and fitted results of the SP2T switching circuit with three bond wires

10 GHz without bond wires, as shown in Fig. 5.10c. The return loss is reduced from
17 dB at 6 GHz to 7 dB at 10 GHz, which is unfavorable compared to the SP2T
switching circuit with bond wires.

Based on Fig. 5.2b, the circuit simulation results of the SP2T switching circuit
is shown in Fig. 5.10d. The beam resistance, R}, is found to be proportional to /f
due to the skin effect. The simulated return loss and insertion loss agree well with
the experimental results. The simulated isolation agrees with the measured isolation
up to 12 GHz. However, the measured isolation is better than the simulated results
from 12 to 25 GHz because the circuit model does not describe the parasitic coupling
effect at the T-junction.
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5.4.2 Different Designs of the SP2T Switching Circuits

The SEM image of the parallel SP2T switching circuit with bond wires is shown in
Fig. 5.11a. The circuit size is 1.3 mm? (I mm x 1.3 mm) in area.

The SEM image of the single-beam SP2T switching circuit is shown in
Fig. 5.11b. Since the fixed electrodes of this design are separated from the ground
lines, the bias lines are designed using an external power supply. By using a shadow
mask, the bias line structures are sheltered from the metal coating except the DC
pads. Therefore, the bias lines have high resistance due to the high resistivity of the
silicon layer. The bias line connected to the signal line is a meander structure to
provide high inductance. The circuit size is 0.92 mm? (= 1.15 mm x 0.8 mm) in
area, excluding the bias lines.

Port
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X100 100 WD 8.0mm

J'LJI.JIIL.JLJU;JLJU'I..[LL dyiypbyighylyiyhylylyfylgiyiyplyl
Bias line |

G
Cantilever

Port 1 LS__
Fig. 5.11 SEM images of (a) (Input)
the parallel SP2T switching
circuit and (b) the
single-beam SP2T switching
circuit. Copyright/used with
permission of/courtesy of
Institute of Physics and IOP
Publishing Limited

Fixed
electrode
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Fig. 5.12 Comparison of the measured S-parameters of the three SP2T switching circuits

A comparison of the measured S-parameters among the three different SP2T
switching circuits is provided in Fig. 5.12. The insertion loss of the parallel SP2T
switching circuit is less than 1 dB up to 22 GHz. Both the return loss and the iso-
lation are above 22 dB up to 25 GHz. The parallel SP2T switching circuit is found
to have the best insertion loss and return loss which implies that the parallel SP2T
switching circuit provides the best impedance matching and conducts the RF power
most effectively.

The insertion loss of the single-beam SP2T switching circuit is 0.52 dB at 5 GHz
and 1 dB at 17 GHz. The return loss and isolation are above 17 and 20 dB up to
25 GHz, respectively. The insertion loss of the single-beam SP2T switching circuit
is the least favorable when compared with other two designs. That is because the two
fixed electrodes, which are located beside the cantilever beam, increase the parasitic
shunt capacitance, Cg, of the switch. As a result, more RF power is guided to the
ground plane.

5.4.3 SP3T Switching Circuit

The SEM image of the SP3T switching circuit is shown in Fig. 5.13a. It occupies
2.45 mm? (1.85 mm x 1.325 mm) in area. The measured S-parameters are shown
in Fig. 5.13b, c. The measured insertion loss and the return loss of the SP3T switch-
ing circuit are 0.7 and 17 dB at 15 GHz, respectively. The isolation is higher than
20 dB up to 20 GHz. Depending on which port is turned on, the SP3T switching
circuit exhibits either a “near port” (ports 2 and 4) or the “far port” (port 3) RF
response. The insertion loss and return loss of the “far port” are better than the
“near port.” Since the “near port” is at an acute angle to the input port, there is
some parasitic coupling that affects the input—output match. Hence, the “near port”
exhibits a narrower return loss bandwidth than the “far port.” The experimental
results of the two “near ports” (ports 2 and 4) are slightly different, especially when
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Fig. 5.13 Experimental and fitted results of an SP3T switching circuit: (a) SEM image;
(b) insertion loss and return loss; and (c¢) isolation

the frequency is higher than 15 GHz. This is because two beams in two “near ports”
are not exactly the same after fabrication. The circuit simulation results are com-
pared with the measurement results in Fig. 5.13b, c. The circuit simulation results
are in good agreement with the measurement results of the “far port,” but differ with
the “near port” results since circuit model cannot account for the coupling that exits
at the acute angle. The measured insertion loss and return loss of the SP3T switch-
ing circuit are not as good when compared with the SP2T switching circuits. This is
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Fig. 5.14 Experimental and fitted results of an SPAT switching circuit: (a) SEM image; (b) inser-
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because the active circuit consists of two open stubs connecting the input port and
the output port, which results in more capacitive coupling.

5.4.4 SP4T Switching Circuit

The SEM image of the SP4T switching circuit, which occupies 3.47 mm? (1.77 mm
x 1.96 mm) in area, is shown in Fig. 5.14a. The comparison between the measured
results and the simulated results is shown in Fig. 5.14b, c¢. The measured insertion
loss is lower than 1 dB from 50 MHz to 10 GHz. Both the return loss and the isola-
tion of the SP4T switching circuit are higher than 22 dB at 10 GHz. The measured
S-parameters of the SP4T switching circuit show that the RF response depends on
the location of the on-state switch. For the SPAT switching circuit, the “near ports”
are ports 2 and 5 and the “far ports” are ports 3 and 4. The insertion losses of the
“far ports” are 0.2 dB lower than that of “the near ports” at 10 GHz.

5.5 Summary

By directly applying the Si-core CPW and lateral switches, different types of SPMT
switching circuits are designed, fabricated, and measured. The SP2T switching cir-
cuit with two cantilever beams is designed with the equivalent circuit analysis and
the full-wave EM simulation. The insertion loss of the SP2T switching circuit with
three bond wires is less than 1 dB up to 20 GHz. The parallel SP2T switching circuit
with two cantilever beams demonstrates lowest insertion loss, which is less than 1
dB at 22 GHz. This is because the parallel SP2T switching circuit has better circuit
matching.

The SP3T and SP4T switching circuits are also designed and fabricated. The
SP3T switching circuit has an insertion loss of 0.7 dB and a return loss of 17 dB
at 15 GHz. The isolation is higher than 20 dB up to 20 GHz. The SP4T switching
circuit has an insertion loss of less than 1 dB up to 10 GHz. Both the return loss and
the isolation are higher than 22 dB at 10 GHz.

Table 1.2 shows the RF performance comparison of various SPMT switch-
ing circuits. The lateral SPMT switching circuits are found to have more reliable
mechanical performance and simpler fabrication process and the integration of the
lateral switches and the Si-core CPW transmission lines provide a low-loss low-cost
SPMT switching circuit.
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Chapter 6
Tunable Electromagnetic Band Gap
Bandstop Filter

In this chapter, design and experiments of the coplanar waveguide (CPW)-based
electromagnetic band gap (EBG) bandstop filter and the micromachined tunable
EBG filters are discussed. These new CPW EBG structures include an unloaded
and a loaded design. The frequency characteristics of the EBG are demonstrated
using different circuit parameters. An equivalent circuit model for the unloaded and
loaded unit structures is derived and a dispersion diagram is obtained for both struc-
tures using commercial software and Floquet’s theorem. The electromagnetic wave
behavior within a unit is analyzed. The bandstop filter is designed by cascading the
EBG structures.

A micromachine-based tunable bandstop filter with low insertion loss is
designed. An equivalent circuit model of the tunable bandstop filter is derived. For
the first time, MEMS capacitive bridges are incorporated in the design of the tun-
able bandstop filter. A MEMS surface micromachining process is developed for the
fabrication of tunable filter. Finally, the measurement results are discussed in terms
of flat responses of the stopband, passband, and the tunable range of the filter.

6.1 Unloaded EBG Bandstop Filter

An unloaded lattice shape unit EBG structure is shown in Fig. 6.1. The substrate is
high-resistivity silicon (p = 4000  x cm) with dielectric permittivity of &, = 11.9
and thickness of H = 200 pwm. The EBG structure is designed for 50 © in CPW
configuration using a signal line with width of W = 108 pm and a gap width of
G = 60 um.

In the unloaded unit EBG structure, a square slot is etched in the ground plane
with a side length a. The square-etched slot is connected to the gap by a narrow
transverse slot with length of wg and width of ds. The center cutoff frequency, which
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(| D— Transverse Slot

Fig. 6.1 Schematic of unloaded unit EBG structure [1, 2]. Copyright/used with permission
of/courtesy of IET/ Institute of Physics and IOP Publishing Limited

is the resonant frequency, depends on the transverse slot and the square-etched hole
in the ground plane.

To investigate the influences of these parameters on the frequency character-
istics, two separate designs are constructed. The frequency characteristic for the
proposed unit EBG structure is studied and analyzed using Agilent’s momentum
(an EM simulation tool based on method of moment) and the equivalent circuit
model.

6.1.1 Effects of the Unloaded Square Aperture Size

Three different sets of dimensions are evaluated for the unloaded unit EBG structure.
The influence of the square aperture size a on its frequency characteristic is first
investigated. The dimensions dg = 60 um and wg = 200 pm are constant for all the
three different square aperture sizes a = 350, 500, and 600 pm.

From the simulation results shown in Fig. 6.2, the resonant frequency of the EBG
unit decreases as the etched area of the square aperture increases. This frequency
characteristic can also be explained using the parallel resonant circuit. As the size
of the square aperture increases, the inductance also increases, whereas ds and wy
are responsible for the capacitance. Since dg and wy are the same for all the three
designs, the capacitance does not vary much compared to the inductance. Thus, as a
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Fig. 6.2 Simulated S-parameters of the unloaded unit EBG structure versus variation of square
aperture size [1]. Copyright/used with permission of/courtesy of IET

increases, the inductance increases and in turn reduces the resonance frequency of
the equivalent parallel circuit and vice versa.

6.1.2 Influence of the Transverse Slot Width

The influence of the transverse slot width ds is investigated in this section. The
square aperture size, a, is kept constant at 500 pum x 500 pwm, and the length of the
transverse slot wy is fixed at 200 wm. The width of the transverse slot is allowed to
vary and set at 10, 60, and 200 pm, respectively. From Fig. 6.3, it can be observed
that the resonant frequency shifts from 25.48 to 37.98 GHz when d; changes from
10 to 200 pm. Since the size of the unloaded square aperture is fixed for all the
three designs, the inductance variation is smaller. Thus, as ds increases, the parallel
capacitance decreases and the resonance frequency of the equivalent parallel circuit
increases and vice versa.

6.1.3 Influence of the Transverse Slot Length

The effect of the transverse slot length ws on the frequency characteristic is dis-
cussed. The parameters dg = 60 pwm and wg = 200 wm are kept constant, but the
transverse slot length wy is allowed to change from 200, 400, and 600 pwm. The
simulation results show that the frequency shifts from 30 to 20 GHz, as shown in
Fig. 6.4. By increasing the length of the transverse slot, the frequency response is
shifted to a lower frequency.
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Fig. 6.3 Simulated S-parameter of the unloaded unit EBG structure versus variation of the
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Fig. 6.4 Simulated S-parameter of the unloaded unit EBG structure versus variation of the
transverse slot length wy

6.1.4 Modeling of the Unloaded EBG

An equivalent parallel LC circuit is used to model the unloaded unit EBG structure
as shown in Fig. 6.5. It consists of a series inductor and a parallel capacitor. From the
practical point of view, the unloaded unit EBG structure can serve as a replacement
for the parallel LC resonant circuits in many applications as it exhibits bandstop
characteristics [3]. To apply the unloaded EBG unit to the practical circuit, it is
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Fig. 6.5 Equivalent parallel resonant circuit for the unloaded unit EBG structure [1].
Copyright/used with permission of/courtesy of IET

necessary to extract the equivalent circuit parameters, which can be obtained from
the simulation results of the unloaded unit EBG structure. The lumped capacitance
C is mainly contributed by the transverse slot on the ground, while the inductance L
is related to the magnetic flux passing through the apertures on the ground.

The equivalent impedance equation of the single resonant model can be
expressed as

1\ !
Z= <ja)C+ —> (6.1
JjoL

The resonant frequency of the parallel circuit is defined as

W) = — (6.2)

The 3-dB cutoff angular frequency, wc, can be determined by

Sa1l| =N (630)
— = = —-— . a
211 o =wc ZZ() 17z ﬁ
Substituting Eq. (6.1) into Eq. (6.3a), it can be further expressed as
27 1
1S21] o =we = =— (6.3b)
e S
42} + (s
Substituting Eq. (6.2) into Eq. (6.3b), the capacitance can be obtained as
wc
= ——5+ 6.4
220 (@} — o) o
The inductance can be determined by
1
L=—— (6.5)

2
o, C
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To illustrate the parameter extraction procedure, a, wg, and ds (see Fig. 6.1) are
chosen so that a = 350 pum, wg = 200 pm, and dy = 60 pum.

The parameters of the equivalent circuit are extracted and presented in Table 6.1.
The circuit simulation results are obtained using the equivalent circuit parameters as
shown in Fig. 6.6. These are compared with the EM simulation results. The equiva-
lent circuit simulation results are in good agreement with the EM simulation results.
Thus, the derived equivalent circuit and the extracted parameters for the unloaded
EBG structure can be accurately adapted to design the practical circuits as well as
to analyze the dimensions of any proposed structures.

Table 6.1 Extracted equivalent circuit parameters for the unloaded unit EBG structure, with
different square aperture size a

ds =60 pm, wg=200 pm

Square aperture size, a (Lm) 350 500 600

Resonant frequency (GHz) 38.79 30.6 27.13

3-dB cutoff frequency (GHz) 29.12 21.92 18.78

Inductance (nH) 0.229 0.342 0.434

Capacitance (pF) 0.073 0.079 0.079
0
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Fig. 6.6 Comparison on parameter extraction and EM simulation results of the unloaded unit EBG
structure

The resonant frequency of the proposed unit EBG is affected by the variation
of the unloaded square aperture dimensions. Based on the tabulated results (see
Table 6.1) and the simulated results (see Fig. 6.2), it can be deduced that by vary-
ing from a = 350 to 600 pm, the change in capacitances is merely 15%. This is
different from the case of inductance variation, where a variation as large as 178%
is observed. The inductance variation rate is nearly 10 times greater than that of
the capacitance. These observations prove that the dimension of the transverse slot
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is responsible for the parallel capacitor and the size of the square aperture relates
directly to the series inductor. The series inductance is significantly affected by the
size of the square aperture.

For the second design, only the width of the transverse slot dj is also allowed to
vary. Table 6.2 presents the extracted equivalent circuit parameters.

Table 6.2 Extracted equivalent circuit parameters of the unloaded EBG unit structure with
variation of the transverse slot width dg

wg = 200 pm, a = 500 um

Transverse slot width, dg (vm) 10 60 200

Resonant frequency (GHz) 25.48 30.6 37.98
3-dB cutoff frequency (GHz) 19.38 21.92 24.56
Inductance (nH) 0.339 0.342 0.357
Capacitance (pF) 0.115 0.079 0.049

The simulation result is shown in Fig. 6.3. From the case of d; = 10 pm to the
case of dg = 200 wm, the inductance varies by 5%, whereas the capacitance changes
by almost 57%. The capacitance variation rate is nearly 10 times greater than that of
the inductance. This again verifies that the dimension of the transverse slot controls
the capacitance and the size of the square aperture affects the inductance of the
equivalent circuit. Since the width of the transverse slot ds is varied, the parallel
capacitance also changes accordingly.

6.1.5 Propagation Characteristics of the Unloaded Unit EBG

The unloaded EBG units are cascaded as a bandstop filter as shown in Fig. 6.7.
The propagation characteristic on the unloaded EBG is analyzed using Floquet’s
theorem [4]. By simply considering the unit structure, the EM simulation can be
used to obtain the dispersion diagram of the proposed unloaded EBG structure. The
propagation factor in this case is e"V2, where A = 2020 wm is the period of the

EBG period =A

—d,

s

D— Transverse Slot

\Square Etched
Hole

Fig. 6.7 Schematic of unloaded EBG bandstop filter
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EBG structure, and y = « + 8 is the complex propagation constant in the direction
of propagation that can be expressed as

U ([A+S1) (= 822) + 812521 + (Zo1/Zo2) (1 = S11) (1 + 822) + 12521 ]
y = X cosh s (6.6)
21

where Zy; and Zy; are the impedance of ports 1 and 2 which is 50 €2 in the design.

The scattering matrix of the mth mode propagating in the z-direction is calculated
using full-wave simulator Zeland IE-3D [4]. The normalized phase constant §/kq
and the attenuation constant «/kqy of a single EBG unit are illustrated in Fig. 6.8.
When B/ko is close to the Bragg condition (8 A = ), the signal is strongly atten-
uated. The stopband is very wide and the propagation of any signal with frequency
inside it is prohibited. It can also be seen from Fig. 6.8 that considerable rejection is
expected in the stopband, when the number of units is increased. There is a signif-
icant rise in the loss factor in the stopband due to radiation. Simulation results of a
higher frequency range (i.e., larger than 43 GHz) are unfavorable compared to those
of a lower frequency range (i.e., less than 18 GHz).

Phase constant, /K,

Attenuation constant o/Kj

Frequency (GHz)

Fig. 6.8 Simulated dispersion diagram of unloaded EBG structure with ds = 60 and a = 500 [1].
Copyright/used with permission of/courtesy of IET

The complex characteristic impedance, Z. = Re(Z.) 4+ jIm(Z;), can be explicitly
calculated in terms of the ABCD matrix with the elements A, B, C, and D:

B
Ze=]= 6.7)
c

when the ABCD matrix is converted to S-parameters, the complex characteristic
impedance can be expressed as
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(6.8)

(1 +S11) (1 4+ S22) — S128521
Ze =27y
(1 =811) (1 = 822) — S12821

where Zj is the characteristic impedance which is 50 2. At the low-frequency range,
Re (Z.) starts to rise slowly from 72 € in an exponential way, while Im (Z;) is
kept to zero. When the frequency increases, the bandstop occurs, Re (Z.) and Im
(Z.) become infinite as shown in Fig. 6.9. For the uniform CPW characteristic, the
impedance is 48 €2 throughout the frequency range.
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Fig. 6.9 Simulation results of complex characteristic impedance of the unloaded unit EBG struc-
ture [1]. Copyright/used with permission of/courtesy of Institute of Physics and IOP Publishing
Limited

6.2 Loaded EBG Bandstop Filter

In this section, the loaded unit EBG structure is shown in Fig. 6.10. A ring slot is
etched in the ground plane with side length a and ring width rg. The ring slot is
connected to the gap by a narrow transverse slot with length wg and width ds. In
addition, a square-etched hole with side length b is etched in the center of the ring
slot. Compared to the EBG structure without a center-etched hole (i.e., unloaded),
the proposed EBG structure includes a ring slot and a square-etched hole and hence
is named as loaded EBG structure.

When the side length of the square-etched hole and the ring slot side length are
equal (i.e., at b = a), the square-etched hole and the ring slot merge to form a
square aperture and then the unit cell becomes the unloaded EBG structure. Next,
the effect of the dimensions of the square-etched hole (i.e., side length b) on the
frequency characteristic, the equivalent circuit model, and the dispersion diagram
of the loaded EBG is discussed.
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Fig. 6.10 Schematic of loaded unit EBG structure [1]. Copyright/used with permission of/courtesy
of IET

6.2.1 Effect of the Square-Etched Hole

In this section, four different sets of dimensions are designed. The square aperture
size a is 500 pm x 500 pwm and the dimension of transverse slot is maintained at
ds = 60 pm and w = 220 wm for all the four different designs. A center-etched
square hole is added in the area of the unloaded square aperture (see Fig. 6.10).
While the width of the ring slot g is chosen at 30 pm for all the four designs,
the length of the square-etched hole, b, is set at 0, 200, 380, and 440 pm, respec-
tively. Based on the simulation results as shown in Fig. 6.11, all the three designs
with b = 0, 200, and 440 pm exhibit similar behavior except for the design of
b = 380 wm. The resonant frequencies for all the four designs are almost iden-
tical, but the frequency response begins to drift after the resonant frequency. The
loaded structures in the square aperture area are the main contributor to such a vari-
ation. It is widely known that low insertion loss and high return loss are expected in
the passband of the bandstop filter. An optimum width of the square-etched hole
(i.e., at b = 380 pm) can clearly be deduced from Fig. 6.11 where the return
loss is the highest and the insertion loss is the lowest among all the four different
designs.

The existence of the loaded structure in the square aperture perturbs the whole
circuit, which implies that the transverse slot is no longer the only factor contribut-
ing to the equivalent capacitor. Likewise, the square aperture can no longer act as the
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Fig. 6.11 Simulated S-parameters of the loaded unit EBG structure versus different center slots
within the ring b [1]. Copyright/used with permission of/courtesy of IET

main determining factor to the equivalent inductor. Therefore, the additional struc-
ture in the square aperture area can significantly improve the passband insertion loss
as well as the return loss. Single resonant equivalent circuit is no longer effective to
model such a loaded structure.

6.2.2 Modeling of the Loaded EBG Structure

In the previous section, the single resonant parallel LC circuit model is employed to
model the unloaded unit EBG structure. In the case of the loaded EBG unit, such
a model would not be accurate. When the single resonant circuit model is used as
shown in Fig. 6.12 the simulation results for the insertion and return losses can-
not match with the EM simulation results, especially when the frequency becomes
greater than the resonant frequency.

As a result, the loaded EBG unit has to be modeled using a different circuit.
By cascading two parallel resonant circuits, the loaded unit EBG structure can be
represented in Fig. 6.13.

The equivalent impedance of the cascaded parallel resonant circuits can be
expressed as

1 \! 1 \!
Z=|joCi + — + (joCr + — (6.9)
JjolLq JoLy

where subscripts “1” and “2” denote the two different resonant circuits. The
reflection coefficient, Sy, is defined as
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Fig. 6.12 Comparison on parameter extraction and EM simulation results of the loaded unit EBG
structure [1]. Copyright/used with permission of/courtesy of IET

Z

1 + 1
wC— 1/oL; wCr— 1[wl,

2zo+z' T 1 1 >
4ZO + (a)lel/le + a)szl/sz)

(6.10)

[S11] =‘

The maximum value of |S11| can be obtained by differentiating it with respect to
the angular frequency, w, and the two roots obtained are

1 _1
w; = (L1C1)" 2, wy = (L) 2 (6.11)
The insertion loss is given by

27
2720+ Z

270

' B 2 1 1 2
4ZO + (wCl— 1/wLy + wCz—l/sz)

By differentiating S»1, the first notch angular frequency, w,, can be obtained as

[S21] = ‘ (6.12)

Fig. 6.13 Equivalent circuit for a unit cell of the cascaded parallel resonant EBG structure [1].
Copyright/used with permission of/courtesy of IET
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~Li + Ly

Wy = (6.13)
\/Ll/a)%—l— Lz/w%
The 3-dB cutoff angular frequency, w., can be determined as
27y 1

2 2
2 1 1
\/420 + (wcclf 1/wcLy + w.Cr— l/a)CL2>

From Egs. (6.11), (6.13), and (6.14), the equivalent circuit parameters can be
extracted, whereby

_ 22 (6 - ) (07 - of) (0 — o?)

(6.15)

et (03 — o) (0f = )

and
L, _ 20(0k =) (0 = o) (3= }) 616
2= 2(. 2 2\ (.2 _ 2 :
We Wy (wz wl) (wn wc)
The capacitance values can be obtained as

Ci=1/wlL;, C=1/03L, (6.17)

All the four parameters L, Ly, C1, and C; can be calculated using Egs. (6.15),
(6.16), and (6.17), respectively.

To illustrate the parameter extraction procedure, the values of a, rg, wg, ds, and b
are selected as 500, 30, 220, 60, and 380 pwm, respectively. The parameters for both
the single resonant circuit model and the cascaded circuit model are extracted and
summarized in Table 6.3.

Table 6.3 Extracted equivalent circuit parameters of the loaded EBG unit structure

ds= 60 pm, wg= 220 pum, a = 500 pm,

rs= 30 wm
Square-etched hole, b (jum) 0 200 380 440
First resonant frequency (GHZ) 29.24 29.24 29.24 29.19

First 3-dB cutoff frequency (GHz) 2242 2242 23.20 22.34
Second resonant frequency (GHz) 81.77 81.42 77.26 77.77

First notch frequency (GHz) 66.67 66.67 60.76 65.13
Single resonant model ~ L(nH) 0.285 0.285 0.243 0.286
C(pF) 0.104 0.104 0.123 0.103
Cascaded model Li(nH) 0.282 0.282 0.243 0.285
C1(pF) 0.105 0.105 0.122 0.104

Lr(nH) 0.023 0.022 0.028 0.021
C>(pF) 0.168 0.172 0.152 0.195
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In order to determine the suitability of the two models for the loaded EBG struc-
ture, simulation results of the single resonant and cascaded models are shown in
Fig. 6.12. The cascaded circuit simulation results are in good agreement with the
EM simulation results at frequency which is below the notch frequency (i.e., at
60.76 GHz). However, the simulation results for the single resonant circuit model
drifts always from the EM simulation results after 40 GHz. Therefore, the cascaded
circuit model is more appropriate than the single resonant circuit model for the
loaded EBG structure and is valid up to the first notch frequency. The extracted
equivalent circuit parameters are simulated in Fig. 6.12. The parameters of the sin-
gle and the cascaded resonant model are listed in Table 6.3. For frequencies below
the first notch frequency, the resonant circuit of Fig. 6.13 with the parameters L
and C; are dominated and compared with the parameters L, and C.

For the design of parameters L; and Cj, the resonant frequency of the proposed
circuit does not vary with the change in size of the loaded square-etched hole varies.
The extracted parameters for the three designs of b variations, i.e., b = 0, 200, and
440 pwm, are almost the same. However, a significant difference is noted for the case
when b = 380 pm. The capacitance Cj is increased by 18% while the inductance L
is decreased by 15% with the same resonant frequency. The increase in capacitance
and the decrease in inductance imply that the greater the amount of signals pass
through the circuit for both higher and lower frequencies, the lesser the amount of
signals get reflected.

This characteristic is desirable in the passband design for the bandstop filters.
From both the EM simulation results and the equivalent circuit extraction param-
eters, the optimum value of the square-etched hole width is that value among all
the valid width values for the unit EBG at which the passband performance is the
optimum and, for this case, this optimum value is » = 380 pm.

6.2.3 Propagation Characteristics of the Loaded Unit EBG

The loaded bandstop filter is designed by cascading the loaded EBG units as shown
in Fig. 6.14. The dispersion diagram for the loaded EBG periodic structures, which

1 R

w. —|—d
Gt )

Gt
>— Transverse Slot

~O
Ring Slot
"~ Square Etched
Hole

Fig. 6.14 Schematic of loaded EBG bandstop filter
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is also known as Brillouin diagram, is useful in analyzing the guided and leaky wave
characteristics of the structures. The period of the loaded structure is the same as that
of the unloaded EBG. The shaded region from 18 to 42 GHz shows that the electro-
magnetic wave is prohibited in the periodic structures as shown in Fig. 6.15. There
exists a spurious peak in the phase constant curve obtained through the EM simula-
tion and can be overcome by increasing the mesh resolution. The band gap region
of the loaded EBG is smaller than the unloaded EBG. The complex characteristic
impedance of the loaded structure is shown in Fig. 6.16.

\

- Brillouin zone

Phase constant, f/K,

RN
R

Attenuation constant, o/K,

40 50
Frequency (GHz)

Fig. 6.15 Simulated dispersion diagram of the loaded unit EBG structure [1]. Copyright/used with
permission of/courtesy of IET
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Fig. 6.16 Complex characteristic impedance of the loaded unit EBG structure
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The response of the Re (Z;) and Im (Z;) impedance is almost identical with
that of the unloaded structure, because it is also a periodic structure but with some
geometrical differences.

6.3 Experimental Results and Discussions

Based on the equivalent circuit and the extracted parameters for the unit EBG
structures (both unloaded and loaded), bandstop filters are designed and fabricated
using the proposed EBG unit structure [1, 5, 6]. The bandstop filters are fabricated
using surface micromachining fabrication process. The process begins by growing
a 0.5-pm-thick SiO; layer on a 200-pwm-thick high-resistivity silicon substrate that
serves as a buffer layer. A 1.5-pm aluminum layer is evaporated on the buffer layer
to define the structure. Photoresist coating and device patterning are performed.
Finally, aluminum thin film is removed using wet etching process. Only one mask
is needed for the filters fabrication.

6.3.1 Unloaded EBG Bandstop Filter

Figure 6.17 shows the SEM image of the unloaded EBG filter which consists of
three EBG unit structures and a CPW transmission line. The three cascaded unit
structures are periodically placed apart at a distance of 2020 pwm, which is half of
the guided wavelength of the CPW at 30 GHz. The design parameters of the filter
a, ws, and d are presented in Table 6.2 and the measurement results are shown in
Fig. 6.18

The measurement result shows that the 20-dB stopband range is from 24.4 to
40.6 GHz. The stopband return loss is less than 2 dB. The return loss is greater
than 10 dB for the lower passband and is 6 dB for the higher passband. The lower
passband insertion loss is less than 2 dB and the higher passband insertion loss is
below 5 dB.

Fig. 6.17 SEM image of the
unloaded EBG bandstop filter
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Fig. 6.18 Comparison of measurement and the simulation results (EM and circuit simulations) of
the unloaded EBG bandstop filter [1]. Copyright/used with permission of/courtesy of IET

6.3.2 Loaded EBG Bandstop Filter

Figure 6.19 shows the SEM image of the loaded EBG filter which consists of three
loaded EBG unit structures and a CPW transmission line. The design parameters of
the loaded EBG a, rs, ws, dg, and b are presented in Table 6.3. The measurement and
simulation results of the EBG bandstop filter are compared as shown in Fig. 6.20.
The simulation results and the equivalent circuit are in good agreement with the
measured results, which show the validity of the proposed equivalent circuit.

1

Fig. 6.19 SEM image of the loaded EBG bandstop filter [1]. Copyright/used with permission

of/courtesy of IET
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Fig. 6.20 Comparison of the measurement and simulation results of the loaded EBG band-stop
filter [1]. Copyright/used with permission of/courtesy of IET

The measured results show a relatively wide 20-dB stopband from 24.8 to
38 GHz with the return loss of less than 2 dB. For the passband, the return loss
is higher than 10 dB except for those at the higher frequencies. The lower passband
insertion loss is less than 2 dB and the higher passband insertion loss is less than
4.5 dB. The measurement results of the loaded and the unloaded EBG bandstop fil-
ters are compared as shown in Fig. 6.21. Except for the 20-dB stopband width, it is

Magnitude (dB)

—a— Loafded structurfe S11
—o— Unloaded strucure S11
—— Loaided structur;e S21

—— Unloaded structure $21 V

—
0 10 20 30 40 50
Frequency (GHz)

Fig. 6.21 Comparison of the measurement results of the loaded and unloaded EBG bandstop
filters
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noted that the performances of the unloaded EBG bandstop filter are more inferior
compared to the loaded EBG bandstop filter in all aspects. In particular, the higher
passband performances of the loaded EBG filter are better than the unloaded EBG
filter.

The reason for this improvement lies in the equivalent inductance of the loaded
unit EBG structure, which is much lower than the unloaded unit EBG structure. As
for the equivalent capacitance, the loaded unit yields a higher capacitance than the
unloaded unit. It is noted that both the passband insertion loss and the stopband
return loss characteristics are very flat and contain less than 0.2 ripples for the two
different filter designs.

6.4 Design of Tunable Bandstop Filter

The bandstop filter consists of the cascaded unit EBG. The number of the cascaded
EBG units depends on three different factors such as insertion loss, rejection level,
and bandwidth. Figure 6.22a, b shows that the rejection level and the bandwidth
increase with the number of the unit EBG cells, which also leads to an increase of
the insertion loss because of higher conductor loss. Based on the optimum design,
the bandstop filter with three unit EBG cells has a high rejection level of 40 dB with
insertion loss of 0.45 dB.

In the tunable EBG bandstop filter, the CPW transmission line has a signal strip
with a width of 70 pwm and a gap width of 115 pm as shown in Fig. 6.23. The
transmission line has high impedance of 65 2. This is because the dimension of
the CPW is designed by taking into account of the periodical loading effects of
MEMS capacitive bridges. There are a total of eight micromachined bridges in each
transmission line between the two EBG structures. The width and length of the
bridges are 50 and 300 pwm, respectively [7-9]. The periodic spacing between the
two bridges is s =200 pm.

Each micromachined bridge acts as a tuning element because of the changing
bridge height, i.e., varying the capacitance, when the DC bias voltage is applied
between the signal line and the ground plane. Hence, the frequency of the band
rejection can be tuned with different bias levels. An equivalent LC circuit is used to
describe the tunable EBG structure as shown in Fig. 6.24. The lumped capacitance
Cy is basically due to the transverse slot on the ground, while the inductance L;
is related to the magnetic flux passing through the aperture on the ground, i.e., a.
Since the micromachined bridges are shunt capacitive, they can be modeled as an
equivalent parallel capacitor C» and in series with a inductor L, in each resonator
section, as shown in Fig. 6.24.

The high impedance transmission line Z;, compensates for the decrease in
impedance due to the increase in shunt capacitance, when the bridges are slowly
moved down by the driven voltage. The equivalent circuit parameters are sum-
marized in Table 6.4. These parameters are numerically extracted from the circuit
simulation results of the EBG structure using Agilents ADS software.
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Fig. 6.22 Simulation results of the number of unit EBG cells: (a) insertion loss and rejection level
and (b) bandwidth variation [2]. Copyright/used with permission of/courtesy of Institute of Physics
and IOP Publishing Limited

Current distribution for this structure is obtained using IE-3D software as shown
in Fig. 6.25. It is noted that the transmission power cannot pass through the circuit
and maximally attenuated at the bandstop frequency of 19 GHz. The current distri-
bution on the micromachined bridges also shows the same phenomena of negligible
current flowing on the micromachined bridges.
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Fig. 6.23 Schematic of the tunable bandstop filter using MEMS bridges [2]. Copyright/used with
permission of/courtesy of Institute of Physics and IOP Publishing Limited
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Fig. 6.24 Equivalent parallel resonant circuit for the tunable bandstop filter [2]. Copyright/used
with permission of/courtesy of Institute of Physics and IOP Publishing Limited

Table 6.4 Extracted equivalent circuit parameters of the tunable EBG structure

Variable capacitance C» (pF) 0.015 0.017 0.022 0.025
Resonant frequency (GHz) 19.10 18.70 17.6 17.4

Inductance L;(nH) 0.49 0.49 0.49 0.49
Fixed capacitance C (pF) 0.13 0.13 0.13 0.13
Resistance (k€2) 1.80 1.82 1.85 1.86

An important phenomenon, the propagation characteristic of the micromachined
bridges, is analyzed for the first time. Micromachined bridges are periodically
placed so the slow wave factor that varies with the number of bridges and the
distance between the bridges are investigated. A high impedance CPW trans-
mission line without any perturbation is loaded with the micromachined bridges.
Figure 6.26a shows the dispersion diagram of the periodically loaded microma-
chined bridges. The distance between the bridges is fixed at 200 wm while the
number of bridges is varied. The band gap for the eight bridges starts around 15 GHz
while for the six and four bridges at 16 and 16.5 GHz, respectively. Although the
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Fig. 6.25 Simulation result of the current distribution in the micromachined tunable filter: (a)
overview and (b) zoom view [2]. Copyright/used with permission of/courtesy of Institute of
Physics and IOP Publishing Limited

bandstop behavior of the eight bridges starts early, there is very little variation in the
dispersion at higher frequencies. The results for the bridges with a periodic distance
of 400 and 600 wm are also shown in Fig. 6.26b, c, respectively. The bridges with a
periodic distance of 200 pm has a phase constant of 100 compared to 50 and 25 for
the 400 and 600-pwm distance bridges, respectively. Therefore, eight bridges with a
periodic distance of 200 pwm are used on each section of the tunable EBG bandstop
filter.

6.4.1 Experimental Results and Discussions

The SEM image of the MEMS tunable bandstop is shown in Fig. 6.27. Figure 6.28
shows the measurement results of the S-parameters when the bias voltage between
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Fig. 6.26 Dispersion diagram of the micromachined bridges loaded on CPW transmission line (a)
at a period of 200 pm, (b) at a period of 400 pwm, and (c) at a period of 600 wm [2]. Copyright/used
with permission of/courtesy of Institute of Physics and IOP Publishing Limited

Fig. 6.27 SEM image of the fabricated MEMS tunable EBG bandstop [2]. Copyright/used with
permission of/courtesy of Institute of Physics and IOP Publishing Limited
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Fig. 6.28 Comparison of the simulation and measurement results of the S-parameters of tunable
EBG bandstop filter (zero bias voltage) [2]. Copyright/used with permission of/courtesy of Institute
of Physics and IOP Publishing Limited

the signal strip and the ground plane is zero [2, 10, 11]. It is found that the measure-
ment and simulation results are in good agreement. The 20-dB rejection bandwidth
varies from 17 to 22.5 GHz. In the passband, the return loss is larger than 10

dB except in the higher frequencies. The lower passband insertion loss is around
0.7-1.1 dB.

0
_10 ______ %
)
)
G T T B 1 e s SOAATL IR SRR \
g
=2
s : : : : :
5 : : z : z
2 =80 qfi froeeee : i e
& ; ; : —=—10 Volts | :
: —A— 27 volts
—e— 35 Volts
-40 - : 7 7
: ————

0 5 10 15 20 25 30 35
Frequency (GHz)

(a)

Fig. 6.29 Measurement results of the tunable bandstop filter: (a) return loss, S11, and (b) insertion

loss, Sa1 [2]. Copyright/used with permission of/courtesy of Institute of Physics and IOP Publishing
Limited
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The measurement results of the fabricated tunable EBG bandstop filter are shown
in Fig. 6.29. There are eight bridges in each section. The initial gap height of the
bridges is 2 pm. The 20-dB optimum bandwidth of the EBG bandstop filter is
5.5 GHz. When a bias voltage of 0-35 V is applied to the bridges and the fre-
quency is tuned from 19 to 17.3 GHz, this is basically an analog tuning in which
the resonant frequency is varied continuously by changing the capacitance of the
MEMS bridges. Overlaps between the tuning frequencies are observed because of
continuous tuning, as shown in Fig. 6.29. Most often, continuous tuning is desirable
in MEMS applications so that desired frequency bands can be rejected or selected.
The lower passband insertion loss varies from 0.7 to 2.2 dB due to the change in the
gap height of the bridges.

6.5 Summary

In this chapter, the bandstop filter using unloaded and loaded structures is inves-
tigated. The frequency characteristics of the EBG unit were studied using the
equivalent circuit model. The extracted parameters show that the band gap effect
of the EBG units can be accurately interpreted based on the circuit analysis theory.
The complex characteristic impedance is estimated which is helpful for analyz-
ing the effect of impedance change in the EBG structure. The bandstop filter is
also designed by cascading the unloaded and loaded EBG units. The measured
results of the loaded structures show enhanced passband performance compared
to the unloaded structure. Due to higher equivalent capacitance and lower equiva-
lent inductance, it helps in decreasing the insertion loss and increasing the return
loss at higher frequencies. The 20-dB stopband is as wide as 13.2 GHz. The lower
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passband insertion loss is less than 2 dB with 0.2 dB ripple, and the higher passband
insertion loss is less than 4.5 dB.

Based on capacitive change of micromachined bridges, a tunable EBG bandstop
filter is designed, simulated, and fabricated. The micromachined bridges are used
as high-contrast capacitive elements between the coplanar waveguide ground plane
and the signal line to tune the frequency of the band rejection with different bias
levels. The slow wave factor is calculated for the micromachined bridges, which is
helpful in determining the tuning range and periodic behavior of the tunable filter.
The EBG filter and the micromachined bridges are fabricated by surface microma-
chining process. The measurement results of the tunable bandstop filter show the
tuning range from 19 to 17.3 GHz. The insertion loss varies from 0.7 to 2.2 dB. The
advantages of micromachined tunable bandstop filters are low cost, compactness
and has an immense potential to be integrated with the CMOS devices for wireless
front-end systems.
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Chapter 7
Tunable Electromagnetic Bandpass Filter
and Reconfigurable Circuit

In this chapter, a tunable Fabry—Perot (F-P) bandpass filter and a reconfigurable
micromachined switching filter are studied. The F-P bandpass filter is designed by
cascading the unit EBG structures. The theoretical aspects of the F-P cavity and the
EBG structures are discussed for the filter design. A defect or F-P cavity is created
in the periodic structures to generate bandpass phenomena. Parametric analysis on
the defect length and slot dimensions is performed and the design of the F-P filter
is optimized. Micromachined switches are employed in the defect cavity as tuning
elements for bandpass frequency tuning.

The reconfigurable filter based on DC-contact micromachined switches is
designed and fabricated. An equivalent circuit model is derived for the reconfig-
urable unit structure. Extracted parameters show the characteristics of both bandpass
and bandstop filters which can be accurately analyzed using circuit analysis. The
bandpass filter is designed by cascading the unit structures. This bandpass filter can
be reconfigured as a bandstop filter using the DC-contact micromachined switches.
Dispersion characteristics are obtained to analyze the electromagnetic wave behav-
ior within the unit structure for the bandpass and bandstop filters based on Floquet’s
theorem. The rest of the chapter presents the experimental results and discussions.

7.1 Theory of the Fabry—Perot of Tunable Filter

The Fabry—Perot interferometer is traditionally associated with optical resonators or
etalons which consists of two parallel and partially reflecting plates separated by a
dielectric of thickness, known as a cavity. When collimated light is coupled through
the plates, resonance occurs whenever they are separated by an integral number
of the half wavelength of the light [1, 2]. This concept transfers virtually intact
into the microwave region; the difference in implementation arises from the fact
that the dimension of microwave instrumentation is typically comparable with the
wavelength of the electromagnetic radiation [3]. For microwave transmission line
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filters, Q decreases by 1/,/f due to high conductor losses. Therefore, the physical
size of a cavity operating in low-order mode is too small to be practical at high
frequencies. Moreover, when a high-order mode is used, the resonance of nearby
modes is very close in frequency and there is no separation between them, making
such resonators unusable.

A conceptual way of avoiding these difficulties is to remove the sidewalls of the
cavity resonator, which has the effect of reducing conductor losses and the number
of possible resonant modes, as shown in Fig. 7.1. This is also known as Fabry—Perot
cavity. For the resonator, the plates must be parallel and the extent must be large
enough so that no significant radiation leaves the region between the plates. These
constraints can be reduced by using spherical- or parabolic-shaped reflecting mirrors
to focus and confine the energy to a stable mode pattern. For example, a quasi-
optical resonator is useful at millimeter wave and sub-millimeter wave frequencies
applicable at infrared and visible wavelengths.

Incident wave Reflected wave

n-2 n-1 plant plant n+l n+2

N‘.
&
All

/

Fig. 7.1 Schematic of a Fabry—Perot filter with multilayer parallel plates

v

T
defect cavity

Figure 7.1 shows the schematic of a Fabry—Perot filter with multilayer parallel
plates; the transverse electromagnetic (TEM) standing wave field between the two
plates of the defect cavity is expressed as

E, = Egsinkoz (7.1)
E

Hy = j=2 cos koz (72)
1o

where E is an arbitrary amplitude constant, 9 = 377 2 is the intrinsic impedance
of free space, and kg is the wave number. These fields satisfy the boundary condition
E, = 0 at z = 0 and the boundary conditions of E; = 0 at z = d. The resonant
frequency can be expressed as

kod=1Ir, 1=1,2,3,....n (7.3)
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cko cl
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where [ is only a single index for these modes, as opposed to three indices for
rectangular or cylindrical cavities, which is a consequence without the conducting
walls.

The stored electric energy per square meter of cross section is

d
£ so |Eol®d
We =2 f |Ex|2dz=% (7.5)

z=0

and the stored magnetic energy per square meter of cross section is

d
g0 |Eol? d
sz%/ |H}v|2dz:% (1.6)

z=0

which is equal to the stored electric energy. The power lost per square meter in both
conducting plates is

R 2 Ry|E|?
P.=2 > |Hy(z=0)|" = —— (7.7)
Mo

Therefore, the conductor loss quality factor Q. can be determined as

o (We + W) _ mlno

Qc = P. 4R,

(7.8)

Equation (7.8) shows that Q. increases in proportion to the mode number, /; which
is often several thousands or more for such resonators. If the region between the two
plates is filled with a dielectric material with a loss factor, tan &, the quality factor
for the dielectric loss Qg4 can be expressed as

1
Od= — (7.9)

" tand

This equation is useful for finding the quality factor for the EBG F-P filter.

7.2 Design of the EBG Circuit

Periodic structures or EBG structures are basically an infinite transmission line or
waveguide periodically loaded with reactive elements. The loading elements are
formed as discontinuities in the transmission line; the model of lumped reactance
across the transmission line is shown in Fig. 7.2. The periodic structures support
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Fig. 7.2 Equivalent circuit of a periodically loaded transmission line

slow wave propagation (slower than the phase velocity of the unloaded line), which
can provide the function of passband and stopband behavior that can be used to
design the bandpass and bandstop filters.

7.2.1 Capacitively Loaded Transmission Line Circuit Analysis

The wave propagation characteristic of the infinite loaded line is shown in Fig. 7.2.
Each unit structure of this line consists of a length d of transmission line and a shunt
susceptance across the midpoint of the line; the shunt susceptance b is normalized
to the characteristic impedance Zy. The capacitively loaded transmission line can
be analyzed to conceive the idea on periodic structures. The infinite line can be
considered as a cascade of identical two-port networks. The voltage and current on
either side of the nth unit structure matrix can be expressed as

Vn _ A B Vn+1 _
[In}_[c D]|:In+1:| n=1,2,3,...,N (7.10)

where A, B, C, and D are the matrix parameters, V), is the voltage at the nth unit
structure, and 7, is the current at the nth unit structure.

As shown in dotted lines of Fig. 7.2, the ABCD matrix calculation for the shunt
susceptance b sandwitched between two transmission lines of length d/2 can be
expressed as [4]

6 .0 6 .. 0
A B] cos > jsin 10 cos o jsiny .
CD| |.. 0 jb 1 .. 0 )
jsin— cos — jsin— cos —
2 2 2 2
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and then Eq. (7.11) can be simplified as

0 b 0 j | si 9+b 0 b
cosf — —sin sin —cosf — =
A B 2 / 2 2
= (7.12)
C D . b b b .
J sm9+§cos9+§ cos@—zsme

where 0 = kd and k is the propagation constant of the unloaded line. For any wave
propagating in the +z direction, the voltage and current can be expressed as

V(z) = V(0)e V¢ (7.132)
1) = I(0)e 7* (7.13b)

for a phase reference at z = 0. Since the structure has an infinite length, the voltage
and current at the nth terminals can differ from the voltage and current at the n + 1
terminals only by the propagation factor, e~7<. Thus, it can be expressed as

Vi1 = Vye 74 (7.14a)

Substituting Eq. (7.14) into Eq. (7.10), it can be expressed as

Vi _ A B Vit B Vn—i—leyd
[I"] B |:C D] |:In+1 ] - [ln_+1e7’d (7.15a)
or
A B[ Va1 ] _ 7.15b
¢ D—e || i |~ (7.15b)

For a nontrivial solution, the determinant of the above matrix can be expressed as

AD + ¥4 — (A+D)e’! —BC =0 (7.16)

Using the property of ABCD matrix for the reciprocal network, AD — BC = 1,
then Eq. (7.16) can be simplified as

147 — A+ D)’ =0 (7.17)
e 7y’ =A+D (7.18)

Therefore,

A+ D b .
coshyd = — =cosf — 3 sin 6 (7.19)
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If y = a +jB, Eq. (7.19) can be expressed as

b
cosh yd = cosh ad cos Bd + jsinh ad sin fd = cos 6 — 3 sin 6 (7.20)

Since the right-hand side of Eq. (7.20) is real, then either « = 0 or 8 = 0.

When ¢ = 0 and § # 0, the structure has a non-attenuating behavior and
the waves propagate along the periodic structure and it generates a passband
phenomena. Hence, Eq. (7.20) can be expressed as

b
cos Bd = cosh — 2 sin 0 (7.21)

When the magnitude of the right-hand side is less than or equal to unity, there
are an infinite number of values of g that satisfy Eq. (7.21).

When « # 0 and 8 = 0, there is no wave propagation, i.e., the waves are reflected
back to the input of the transmission line. This defines the stopband phenomena.
Hence, Eq. (7.21) is simplified to

b
cosad = |cosH — 2 sinf| > 1 (7.22)

Equations (7.21) and (7.22) are very important for the understanding of the prop-
agation of EM waves through periodic structures. Attenuated waves generate the
appearance of stopbands while the propagation of unattenuated waves exhibits pass-
band regions. Therefore, these derivations can help to explain the stopband and
passband characteristics of EBG.

The EBG bandpass filter is designed based on the F-P mathematical model.

7.3 Design of Fabry-Perot Tunable Bandpass Filter

A uniplanar 1D EBG structure is realized on a CPW structure. These unit EBG
structures are placed at a period which is equal to half of the center frequency wave-
length. A defect cavity is realized when the periodicity is changed. This is shown
in Fig. 7.3. The center resonant line (defect cavity) with periodic EBG reflectors on
both sides is analogous to Fabry—Perot (F-P) resonators. The prohibition of wave
propagation in the forbidden gap makes the periodic structures to act as reflectors.
The waves are bounded back and forth within the defect cavity. The defect cavity
LR is defined as

Lr =1.5d (7.23)

where d is the period, i.e., the distance between each unit EBG structures.
The arrangement of the unit EBG structures satisfies the Bragg conditions. The
propagation constant of the stopband generated is given by
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2
B=— (7.24)
he
where A, is the guided wavelength and
)‘g
d= > (7.25)

An equivalent circuit model of the EBG Fabry—Perot filter is shown in Fig. 7.4.
Each unit EBG structure is modeled with a parallel LC resonant circuit. L; and Cy
are the inductance and capacitance of the etched EBG on the left- and right-hand
sides of the defect cavity, respectively. The defect cavity, Lg, is loaded with MEMS
capacitive switches and modeled as C; and L. The extracted parameters of the F—P
EBG filter are listed in Table 7.1.

T G

1
1
R R
Z L%L L3 L3 L3 L3 LyLAL A

: | :

Fig. 7.4 Equivalent circuit model of the EBG Fabry—Perot tunable filter

Table 7.1 Extracted circuit parameters for tunable F-P EBG filter

Variable capacitance C, (pF) 0.015 0.017 0.022 0.025

Resonant frequency (GHz) 11.10 10.70 9.6 9.4
Inductance L; (nH) 0.8 0.8 0.8 0.8
Fixed capacitance C| (pF) 0.13 0.13 0.13 0.13
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7.3.1 Effects of the Number of EBG Structures

The relationship between the number of unit EBG structures associated with the O
factor is shown in Fig. 7.5. For an optimum bandpass filter design, the Q-factor is
greater than 40.

600 - e o

o T

300 1 S

Quality Factor, Q

160 v o

Number of EBG cells

Fig. 7.5 Simulation results for the relationship between the Q factor versus the number of EBG
structures

When the number of EBG structures on both sides of the defect cavity is
increased, the reflectivity of the Bragg mirrors also increases, but the coupling into
the cavity is reduced. When four EBG structures are used, the Q factor is around
180. It increases approximately to 480, after which the energy accumulation in the
cavity saturates as shown in Fig. 7.5.

The dielectric constant of the substrate plays an important role in providing a
high Q factor. Specifically, Q is inversely proportional to the dielectric constant of
the substrate. As a result, a high-resistivity silicon substrate is preferred compared
to low-resistivity silicon substrate.

Figure 7.6 shows the influence of numbers of EBG structures on the insertion
loss and the attenuation. For an efficient bandpass filter design [5], the criteria for
insertion loss should be less as possible while attenuation should be high. With four
EBG structures, the insertion loss and attenuation are 0.9 and 23 dB, respectively,
while for eight EBG structures, the insertion loss and attenuation are 10.1 and 40 dB,
respectively. It is observed that the attenuation increases at the expense of the inser-
tion loss. The reason behind this is that the conductor loss increases with the size of
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Fig. 7.6 Simulation for insertion loss and attenuation versus the number of EBG structures

EBG filter. The insertion loss and the attenuation are optimum when the number of
EBG structures is 4.

7.3.2 Effect of the Defect Length

In this section, the defect length, L, is changed and its effect on the filter character-
istics is analyzed. When there are four units of EBG structures, the defect length Lg
changes from Lr = d to 2 d, as shown in Fig. 7.7a. At L = d =A,/2, corresponds
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Fig. 7.7 Simulation results of the varying defect lengths (a) for n = 4 EBG structures and (b) for
n = 6 EBG structures
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to Egs. (7.24) and (7.25), no resonance peak in the transmission curve is observed,
as no defect cavity is present to generate or accumulate the energy. However, with
only a slight change in defect Lr = 1.2 d, a peak resonance appears at 12.6 GHz
but the upper rejection level is not symmetrical. When the defect cavity is increased
further from Lr =1.8 d to 2 d, the resonance frequency tends to shift to lower fre-
quency, and the lower rejection level deteriorates. The insertion loss does not change
by varying the defect length but the F-P resonant frequency is tuned from 9.71 to
8.98 GHz. The optimum resonant length is Lr = 1.5 d, when both the upper and
lower rejection levels are approximately symmetrical. The results are quite similar
in terms of the symmetry of the upper and lower rejection when the number of EBG
structures, i.e., n = 4 and 6 as shown in Fig. 7.7a, b.

7.3.3 Effects of the Slot Dimension

The EBG structures designed on the ground plane of the CPW transmission line are
square, with length and width equal to A, /4. In this section, the width is changed to
analyze its influence on the transmission curve. When the slot is perfectly square,
t = 1220 m, the insertion loss is 2 dB, and attenuation is greater than 25 dB. When
the slot # = 610 wm and a remains as Ag/4, the insertion loss improves but with
attenuation less than 20 dB as shown in Fig. 7.8.
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Fig. 7.8 Simulation result of the effect of varying slot length 7 on insertion loss S7;

On the other hand, when ¢ = 2400 pwm, the performance of the F-P filter deterio-
rates in terms of insertion loss of 45 dB but the attenuation improves to 50 dB. The
optimum design for F-P filter with minimum insertion loss and high attenuation is
t = 1220 pm.
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7.3.4 Effect of Propagation Characteristics

The propagation characteristic of the F-P EBG is analyzed using the Floquet’s the-
orem. The propagation factor is ¢ 2, where A = 4878 jum is the period of the
EBG structure and y = o + jB is the complex propagation constant in the direction
of transmission.

The normalized phase constant j / ko and the attenuation constant o / ko are
shown in Fig. 7.9. When ,B/k() is close to the Bragg condition (8 A = ), the signal
is highly attenuated. The stopband is very wide and the propagation is prohibited.
The attenuation is almost zero which indicates the presence of the bandpass filter

—=— Attenuation constant
—v— Brillouin zone

Attenuation constant, a/K,

T
10
Frequency (GHz)

| == BKy
—#&— Brillouin zone

Phase constant, B/K,
=Y
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Fig. 7.9 Dispersion
diagram of EBG F-P filter:
(a) attenuation and

(b) propagation
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Frequency (GHz)
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(b)

Fig. 7.10 Simulation results of current distribution of the tunable F-P filter at 11.4 GHz:
(a) overview and (b) magnified image

at 11.4 GHz as shown in Fig. 7.9a. When the frequency is higher than 17 GHz, the
periodic structure supports fast-wave mode, i.e., 8 / ko < 1, with small attenuation.

Figure 7.10 shows the current distribution of the F-P EBG filter. There is no
attenuation in the EBG structure at 11.4 GHz as the signal can pass through. The
band gap phenomena occur where the signal is totally rejected at other frequencies.
The current distribution has further validated the existence of the bandpass filter in
the EBG structures.

7.4 Experimental Results and Discussions

The EBG F-P tunable filter is fabricated using the surface micromachining process.
The circuit length is dependent on the number of EBG structures, the central fre-
quency, and the dielectric constant. High-resistivity silicon substrate is used with a
dielectric constant of 11.9 and height of 725 pm. The stopband center frequency is
12.5 GHz and the EBG unit period is 4878 pwm. The EBG structure is connected to
input and output ports using 50 €2 feed lines.

The fabricated EBG F-P filter consists of four EBG structures. The S-parameters
of the F-P filter is shown in Fig. 7.11. The insertion loss is 4 dB at 11.4 GHz. The
return loss is greater than 12 dB. The Q factor of the filter is 70.

The tunable F-P EBG bandpass filter consists of MEMS bridges as shown in
Fig. 7.12. These bridges are capacitively loaded on the defect cavity. The width w
and length [ of the bridges are 50 and 300 pm, respectively. There are eight bridges
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Fig. 7.11 Comparison between the simulation and measurement results: (a) return loss, Sy1, and
(b) insertion loss, Sy

and the periodic spacing between the bridges, s, is 500 wm. The initial height of the
bridges is 2 pm. The filter is simulated using commercial software IE-3D.

The measured results are shown in Fig. 7.13. When the drive voltage is 5 V, the
central frequency is 11.39 GHz, the insertion loss is 4.1 dB while Q factor is 70.
When the voltage increases from 20 to 24 V, the frequency is shifted from 11.39 to
11.04 GHz with insertion loss ranging from 4.5 to 5.5 dB.

When the applied voltage increases from 24 to 34 'V, the insertion loss increases
significantly. The reason is that some of the bridges are pulled down completely.
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Fig. 7.12 Tunable Fabry—Perot EBG filter: (a) photograph of the F-P filter and (b) enlarged view
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Fig. 7.13 Measurement
result of the tunable F-P EBG
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Table 7.2 Measurement results of the tunable F—P EBG filter

Bias voltage (V) 5 18 24 34
Frequency (GHz) 11.39 11.04 10.85 10.4
Insertion loss (dB) 4.1 4.6 5.6 7.35
Return loss 12.2 11.8 10.9 9.5

The tuning range is around 7.5% in the X-band as shown in Fig. 7.13. The measure-
ment results are summarized in Table 7.2. The central frequency, insertion loss,
and return loss are listed for different values of the bias voltage, V. The differ-
ence between the simulation and the measurement results is due to the fabrication
tolerance and the substrate loss.

7.5 Reconfigurable Switching Filter

The reconfigurable filter structure consists of three unit EBG structures and DC-
contact MEMS switches, as shown in Fig. 7.14. These unit EBG structures are
placed periodically at a distance equal to half of the wavelength of the central
frequency. Before analyzing the reconfigurable filter, the unit EBG structure is
investigated in detail. A lattice-shaped unit EBG structure is shown in Fig. 7.15.
In the unit cell structure, a small square slot is etched in the ground plane with a
side length a. The smaller square-etched slot is connected to the gap by a narrow
transverse slot with length of wg and width of dg as shown in Fig. 7.15 with dotted
lines.

Another bigger square slot of size b and the transverse slot are etched on top
of the smaller square slot. The resonance frequency depends on the size of the
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Fig. 7.15 Schematic of the b

unit reconfigurable cell |
structure [6]. Copyright/used

with permission of/courtesy

of IEEE
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Ground
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Bigger square slot

transverse slot and the square-etched hole in the ground plane. The EM and circuit
simulation are performed with the help of commercial software, advanced design
system (ADS) from Agilent. The circuit modeling shows a bandpass appearing in
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the characteristics when a bigger square slot of size b is used together with the
transverse slot, otherwise the structure behaves like a bandstop filter.

7.5.1 Unit Reconfigurable Structure and Its Modeling

An equivalent parallel LC circuit is shown in Fig. 7.16 to model the EBG structure.
It consists of a series inductor, parallel capacitor, and a resistor. From a practical
point of view, the unit structure can serve as a replacement for the parallel LC reso-
nant circuit in many applications. To apply the EBG structure to a practical circuit, it
is necessary to extract the equivalent circuit parameters, which can be obtained from
the simulation result of the unit cell structure. The lumped capacitance C; is mainly
contributed by the transverse slot on the ground, while the inductance L is related to
the magnetic flux passing through the small square aperture of size a on the ground.
The equivalent circuit parameters are extracted and presented in Table 7.3. The cir-
cuit simulation result is obtained using the equivalent circuit parameters as shown in
Fig. 7.17. The circuit simulation and the EM simulation show good agreement. The
response exhibits a bandstop response at 19.6 GHz. Thus, the derived equivalent
circuit for the EBG structure can be used accurately to design practical circuits.

Fig. 7.16 Equivalent circuit model of the unit reconfigurable cell structure [6]. Copyright/used
with permission of/courtesy of IEEE

Table 7.3 Extracted circuit parameters of the reconfigurable filter

Parameters ds = 60 um, wg = 200 um
Smaller square size, a (jum) 762.00

Bigger square size, b (jum) 1200.00

Resonant frequency (GHz) 17.34

Inductance, L (nH) 0.54

Inductance, L, (nH) 1.00

Capacitance, C; (pF) 0.13

Capacitance, C, (pF) 0.21

Resistance, Ry (k€2) 1.8

Resistance, Ry (kS2) 2.0
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Fig. 7.17 Comparison of parameter extraction and EM simulation results of the unit reconfig-
urable structure [6]. Copyright/used with permission of/courtesy of IEEE

The whole unit cell structure which includes both the smaller and the bigger
square slots is discussed. Both the circuit simulation and EM simulation shown in
Fig. 7.18 demonstrate a bandpass characteristic at the same frequency of 19.6 GHz.
From the circuit model it can be deduced that when another capacitor C; is added in
parallel with an inductor L, the bandpass response is obtained. The performance of
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-40 e
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Fig. 7.18 Comparison of circuit and EM simulation results of the unit reconfigurable structure
[6]. Copyright/used with permission of/courtesy of IEEE



7.5 Reconfigurable Switching Filter 177

Input port Output port
LPOT o

Input port . ' Output port
> - &

()

Fig. 7.19 Simulation results of the current distribution for reconfigurable filter: (a) bandpass
response and (b) bandstop response [6]. Copyright/used with permission of/courtesy of IEEE

the bandpass response improves when the relative size of the bigger square slot with
respect to that of the smaller square slot is increased, in other words L, increased
and the transverse slot C, changes slightly. Therefore, under these circumstances
two transmission zeros occur at 15.2 and 22 GHz. Figure 7.19 shows the current
distribution of the reconfigurable filter. For the bandpass state, all the signals are
passing through the transmission line as shown in Fig 7.19a. For the bandstop state,
the energy is totally attenuated at the resonant frequency as shown in Fig. 7.19b.

7.5.2 Propagation Characteristics

Figure 7.20a, b shows the dispersion diagram of the EBG with the smaller slot and
the inclusion of the bigger slot, respectively. Figure 7.20a shows the typical bandstop
propagation characteristics, whereas Fig. 7.20b validates that the periodic structure
has shown the bandpass behavior at the same frequency of the band gap. The curve
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Fig. 7.20 Simulated dispersion characteristics of unit cell structure: (a) bandstop filter phenomena
and (b) bandpass filter phenomena [6]. Copyright/used with permission of/courtesy of IEEE

starts to follow a Brillouin zone boundary at 3 GHz. From the simulation results of
the unit structure, the band gap occurs at 8.5 GHz. The attenuation curve indicates a
normalized absolute value of 12. After that the curves start to fall when the bandpass
phenomenon is approaching. The attenuation value of the bandpass filter is zero at
the central frequency of 18 GHz. The attenuation curve starts to rise again when it
approaches the second pole. However, it has an absolute value of 4 due to the low
rejection level in the second pole. The phase response rises fast due to the band
gap at 4 GHz, and then it fluctuates within the band gap and the bandpass regions.
Figure 7.21 shows the phase response of the reconfigurable filter, which is linear in
the bandpass and bandstop regions, respectively.
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Fig. 7.21 Simulated phase response of the reconfigurable filter [6]. Copyright/used with permis-
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7.5.3 Effects of the Bigger Slot Width

In this section, the dimension of the bigger slot is studied. From the equivalent
circuit, the change in the dimensions affects the inductance L, value. The change in
the inductance will shift the resonant frequency. The inductance L, changes when
the dimension b is varied from 762, 1200, and 1500 pwm. The simulation results
are shown in Fig. 7.22a, b. The change in the inductance affects the return loss and
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the transmission curve. When the slot width is 762 pm, the resonant frequency is
20.33 GHz. Ripples are observed and the rejection level in the second zero is less
than 21 dB. The simulated inductance value using the equivalent circuit is 0.45 nH
and the other parameters remain constant. The bigger slot value is increased from
1200 to 1500 wm. The results indicate that when the value of the inductance L; is
1 nH, the filter resonates at the center frequency of 17.43 GHz.

The insertion loss curve, S71, is smooth in the passband region and shows rejec-
tion greater than 35 dB on the upper and lower sides of the passband. The extracted
parameters of the filter are listed in Table 7.4.

Table 7.4 Extracted parameters of the variation in the bigger slot width b

Variation in bigger slot width b (jum) 762 1200 1500
Variable inductance L, (nH) 0.45 1 1.9
Resonant frequency (GHz) 20.33 17.43 16.12
Inductance L (nH) 0.54 0.54 0.54
Fixed capacitance, C; (pF) 0.13 0.13 0.13
Resistance, Ry (k2) 1.85 1.80 1.82
Fixed capacitance C, (nH) 0.21 0.21 0.21
Resistance, Ry (k2) 2 2.1 2.1

7.5.4 Effect of the Transverse Slot Width

From the equivalent circuit, it is noted that when the capacitance of the filter changes
with the width of the transverse slot, the change in width affects the resonant fre-
quency. The shift in resonance frequency is less compared to the case when the
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inductance is changed. The width is changed from 120 to 300 pm. The effective
change in capacitance is 0.18-0.27 pF. The simulation results in Fig. 7.23a show
that for a width of 120 wm the return loss S;; is less than —10 dB at the resonant
frequency and ripples are observed in the passband.

The optimum result occurs at the width of 180 wm when the rejection on both
sides of the passband is greater than 35 dB and the insertion loss in passband is at
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Fig. 7.23 Simulation results showing the effect of the change in the transverse slot width f:

(a) return loss Sy; and (b) insertion loss S2; [6]. Copyright/used with permission of/courtesy
of IEEE
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Table 7.5 Extracted parameters of the variation of the transverse slot ¢

Variation of transverse slot 7 (jLm) 120 180 300

Variable capacitance C (pF) 0.16 0.21 0.26
Resonant frequency (GHz) 17.2 17.43 17.62
Inductance L (nH) 0.54 0.54 0.54
Fixed capacitance C| (pF) 0.13 0.13 0.13
Resistance Ry (k2) 1.85 1.80 1.82
Fixed Inductance L, (nH) 1.00 1.00 1.00
Resistance R (pF) 2.00 2.1 2.10

the minimum. The parameter values of the inductance, capacitance, and resistance
are listed in Table 7.5.

7.5.5 Experimental Results and Discussions

The RF performance of the reconfigurable filter is measured using the HP 8510C
vector network analyzer with gold tip and with a 150-pm pitch for the cascade
microtech ground-signal-ground coplanar probes. The system is calibrated using
standard short-open-load-through (SOLT) on wafer calibration technique. A 5-mm-
thick plastic plate is placed between the probe chuck and the sample to remove
higher order mode propagation. All experiments are performed in the room temper-
ature environment without any packaging. The reconfigurable filter is fabricated
using gold material. The reconfigurable filter structure with DC-contact MEMS
switches is fabricated on a 50-2 CPW transmission line with a signal line width
of W =70 pm and the gap width G =115 wm as shown in Fig. 7.24a. The values

. Big square slot.
DC contact

MEMS swntch

Small square slot

Input port Output port
e —

Ws

(a)

Fig. 7.24 SEM image of the reconfigurable filter with DC-contact MEMS switches: (a) overview
of the reconfigurable filter and (b) zoomed view of rectangular unit structure [6]. Copyright/used
with permission of/courtesy of IEEE

Transverse
slot
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Fig. 7.24 (continued)

of a, b, ws, and d of the filter are presented in Table 7.3. The zoom view of the
part of the switch of the reconfigurable filter is shown in Fig 7.24b. In order to show
the validity of the equivalent circuit and the extracted parameters for the proposed
unit structure, the reconfigurable filter is formed by cascading three unit structures
with the DC-contact MEMS switches C; placed at the transverse slot as shown in
Fig. 7.25.

Ry R, R,
L, L, L,
Ly G Ly G Ly 2
Ten i€ 1oL {€ e I€
o I¢ /K" i /'r( I(I )\y‘ o
s Rs Cs  Rs Cy  Rs
R Ry Ry
O O

Fig. 7.25 The equivalent circuit of the reconfigurable filter [6]. Copyright/used with permission
of/courtesy of IEEE

Figure 7.26 shows the cross-sectional view of the switch. The width and the
length of the bridges are 50 and 300 pm, respectively [7-9]. The height of the
switches is 2 wm. The extracted values of the MEMS switch are Cy = 50 fF and
Ry =1 Q. The bias lines are designed for providing the DC voltage with a resis-
tance of 1000 2. When the DC-contact MEMS switches are in the off-state, the
filter behaves like a bandpass filter. When the DC-contact MEMS switches are in
the on-state, the filter behaves like a bandstop filter. The simulation results of the
reconfigurable filter are shown in Fig. 7.27. It has an insertion loss of 0.9 dB at
19.8 GHz and the 3-dB bandwidth is 9.6 GHz. The bandstop filter has an inser-
tion loss of 0.6 dB. The measurement results of the reconfigurable filter are shown
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I bridge
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ey L

Ground Ground
Substrate CPW Bridge

Fig. 7.26 Cross section of the MEMS DC-contact switch [6]. Copyright/used with permission
of/courtesy of IEEE

in Fig. 7.28. When the DC-contact MEMS switches are at the off-state, the filter
provides the function of the bandpass filter with the insertion loss of 1.55 dB at
20.1 GHz. The 3-dB bandwidth is 9.2 GHz and rejection is greater than 20 dB.
When the DC-contact MEMS switches are at the on-state with applied DC bias
voltage of 38 V, the top transverse slot and bigger square slot, b, are shortened to
ground, and it provides the function of the bandstop filter. The measurement results
show that the resonant frequency of the bandstop is 19.8 GHz and the insertion loss
is 1.2 dB. The 20-dB rejection bandwidth changes from 17 to 22.5 GHz [6, 10]. The
simulation and measurement results are in good agreement.
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Fig.7.27 Simulation results of the S-parameters of the reconfigurable filter: (a) off-state of switch,
reconfigurable filter behaves as a bandpass filter and (b) on-state of switch, reconfigurable filter
behaves as a bandstop filter [6]. Copyright/used with permission of/courtesy of IEEE
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Fig. 7.28 Measurement results of S-parameters of the reconfigurable filter: (a) off-state of switch,
reconfigurable filter behaves as a bandpass filter and (b) on-state of switch, reconfigurable filter
behaves as a bandstop filter [6]. Copyright/used with permission of/courtesy of IEEE
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Fig. 7.28 (continued)

7.6 Summary

The Fabry—Perot tunable bandpass filters are designed, fabricated, and experimented
in this chapter. The F-P filters are realized by creating a defect cavity in the EBG
periodic structures. A mathematical model is developed to determine the Q fac-
tor of the filter. The measurement result of the F-P filter shows a quality factor
Q of 70 with an insertion loss of 4.0 dB. The capacitive MEMS switches are
fabricated at the defect cavity to develop a tunable filter. The switch heights are
varied with a bias voltage from O to 34 V and the resonant frequency is tuned. The
result shows a tuning range of 7.5% with an insertion loss that varies from 4.1 to
7.35 dB.

The micromachined switching reconfigurable bandpass and bandstop filters are
also presented. An equivalent circuit model is derived. The extracted parameters
show both bandpass and bandstop characteristics. The dispersion characteristics are
obtained to analyze the electromagnetic wave behavior within the unit structure of
the bandpass filter and the bandstop filter using Floquet’s theorem. The measure-
ment results of the reconfigurable filter show that the insertion loss is 1.55 dB for
the bandpass filter whereas the band rejection level is >20 dB and the insertion loss
in the passband is 1.2 dB for the bandstop filter.
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Chapter 8
Capacitive Switching Bandpass Filters

The objective of this chapter is to design and characterize tunable bandpass filters
that integrate the capacitive switch (or the DC-contact switch) into the CPW trans-
mission line structure. A capacitance tuning bandpass filter is designed. The filter
consists of two series coupled resonators and a series of coupling capacitors and
shunt capacitors in each resonator. Then, an inductance tuning bandpass filter is
proposed. This two-pole bandpass filter consists of two shunt resonators. The two
bandpass filters are discussed in this chapter.

8.1 Capacitance Tuning Bandpass Filter

Capacitive tuning is one of the most commonly used approaches for the tuning of
the bandpass filter. Normally, the bandpass filter consists of shunt resonators and
series coupling capacitors. For the tuning of the filter, all the inductors are kept con-
stant while all the capacitors are tuned. Therefore, the design of tunable capacitor is
critical in this tuning approach. Both capacitance value and tuning ratio of the tun-
able capacitor are important to obtain a large tuning range of the tunable bandpass
filter [1].

In this design, DOG capacitive switches are used as tuning elements to change the
capacitance of the coupling capacitors and the shunt resonators. The DOG switch
does not suffer from the down-state capacitance degradation [2]. Different down-
state capacitances can also be obtained precisely and easily. Therefore, the whole
circuit design of the capacitance tuning bandpass filter is simplified.

8.1.1 Design of the Capacitance Tuning Bandpass Filter

Figure 8.1 shows the topology of a second-order bandpass filter which consists of
two resonators that are coupled by an inductor (Lyr). The input and output ports
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Fig. 8.1 Topology of two-pole tunable bandpass filter

of the two resonators are coupled by tunable switch-type capacitors Ce and Ceo,
respectively.

The specifications of the designed tunable filter are as follows: bandwidth w =
40%; pole number N = 2; passband ripple = 0.1 dB; and initial center frequency
wo = 10 GHz.

When the two shunt inductance L; (i = 1 and 2) values are selected, according to
the center frequency wy, the shunt capacitance can be given as [3]

Ci=——, i=1land2 (8.1)

—e 277 (8.2)

where Aw is the 3-dB bandwidth.

In Fig. 8.1, Ly is realized by a quarter-wavelength series stub at initial center
frequency of 10 GHz [3]. Based on Eq. (8.1), when the shunt inductance value is
kept constant, different shunt capacitances can be calculated at different desired
frequencies. After obtaining the shunt capacitor, the series capacitors C. can be
calculated from Eq. (8.2). In this design, the two resonators are inductively coupled
by the inductor, Ly;. When tuning the filter, the inductor, Ly, need not be tuned.
Table 8.1 lists all the element values for the three tuning stages.

Figure 8.2 shows the SEM image of the fabricated tunable bandpass filter. The
CPW material is Ti/Cu with the thickness of 250 A/2 wm; two thin layers of Cr/Au
(250 A/0.5 pwm) are deposited above the Ti/Cu to protect the Cu thin film from oxi-
dizing. The metal bridge material is Al with the thickness of 0.6 um. The sacrificial
layer is photoresist with the thickness of 2 wm, which defines the initial gap between
the metal bridge and the transmission line. The sacrificial layer is removed using
oxygen plasma. A Ti thin film with thickness of 0.1 wm is deposited and patterned
as pull-down electrodes.
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Table 8.1 Design parameters of capacitance and inductance for different tuning stages

fo (GHz) 5 7.5 10

Series coupling inductor, Ly (nH) 2.0 2.0 2.0

Shunt inductor, L; (nH) 0.36 0.36 0.36
Shunt inductor, L, (nH) 0.36 0.36 0.36
Series coupling capacitor, Ce; (pF) 1.7 0.8 0.36
Series coupling capacitor, Ce2 (pF) 1.7 0.8 0.36
Shunt capacitor, C; (pF) 2.8 1.25 0.65
Shunt capacitor, C> (pF) 2.8 1.25 0.65

:Tllﬂiﬂ

Fig. 8.2 SEM image of the capacitance tuning bandpass filter
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Fig. 8.3 Equivalent circuit of the tunable bandpass filter with capacitive tuning
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Figure 8.3 shows the equivalent circuit of the tunable bandpass filter with capac-
itive tuning. Both the shunt and series capacitive switches are presented by an RLC
network with the capacitance having up-state value (Cy) or down-state value (Cy),
which have been discussed in Chapter 3. The series coupling inductance is deter-
mined by the length of the CPW line with W/S/W = 800/80/800 pm. The simulation
results are shown in Fig. 8.4.
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Fig. 8.4 Measured and simulated frequency response of the tunable bandpass filter: (a) return loss
and (b) insertion loss
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8.1.2 Experimental Results and Discussions

The experimental results and the circuit simulation of the tuning of the filter are
shown in Fig. 8.4. When the series and the shunt capacitive switches are driven
down, the series and shunt capacitance values are changed accordingly. As a result,
the central frequency is shifted from 10.3 to 4.9 GHz with the insertion loss varying
from 5 to 6 dB. The measured 3-dB bandwidth is 40% and the return loss varies from
25 to 10 dB. Figure 8.4 shows that the simulation results agree with the measurement
results.

8.2 Inductance Tuning Bandpass Filter

For the capacitance tuning bandpass filter, it is more suitable for the tuning of a
bandpass filter with middle bandwidth. This is because for the design of the band-
pass filter with narrow bandwidth, the capacitance values of the coupling capacitor
between the two resonators or between the resonators and outside network are
smaller than 50 fF. This is a challenge for MEMS technology to build a tunable
capacitor with such small capacitance value.

In this section, an inductance tuning bandpass filter is innovated. The inductance
change is achieved by changing the length of the shunt shorted-end stubs with the
DC-contact switch. Large inductance tuning ratio can then be achieved.

8.2.1 Design of the Inductance Tuning Filter

Figure 8.5 gives a topology of a two-pole capacitively coupled Chebyshev bandpass
filter [4, 5]. The specifications of the tunable filter are as follows: bandwidth w =
10%; pole number N = 2; passband ripple = 0.1 dB; G4 = Gp = 1/50 = 0.02. The
detailed design procedures are summarized [3, 6].

18 resonator 2"d resonator

Fig. 8.5 Topology of the inductance tuning bandpass filter



194 8 Capacitive Switching Bandpass Filters
First, select the normalized g element values for the filter go—g3 such that

go=1, g =0843, g =0622, g3=1354 (8.3)

The normalized initial value for the shunt inductor, L;, is selected. This value
is arbitrary but can later be scaled to achieve the desired inductor and capacitor
values. In this design, the initial value of the inductor is set as 1.8 nH and the
center frequency is set as 8 GHz. Then the initial values for the shunt capacitor are
expressed as

1
=— 8.4
'= (8.4)

Based on the normalized element values, the impedance inverter values are given

as follows:
GAa)()ClOW
Joo =, ———— (8.5a)
8081w

cpcy
Jip = | 12 20 (8.5b)
8182 wl
Gpw,Cow
D= 22027 (8.5¢)
828307
where w is the bandwidth and )] is equal to 1 rad/s as normalized frequency.
Then, the series coupling capacitance is given as follows:
N/
Cor = ol (8.62)
woy/ 1 = (Jo1/Ga)*
J
Cpp =12 (8.6b)
o
J.
Crs = = (8.6¢)

woy/ 1 — (J23/Gp)?

Finally, the shunt capacitor element values are determined by the normalized
capacitor values C; (i = 1 or 2) after absorbing the negative shunt effect of the
impedance inverters as

C
Ci=C—Cp——2 (8.7a)
1 4 (woCo1/Ga)
C
G=Cc-cp 2 (8.7b)

1+ (00C23/Ga)?
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Table 8.2 Values for capacitance and inductance for different tuning frequencies

fo (GHz) 8 9 10 11

Shunt inductor, L; and L, (nH) 1.6 1.3 1.1 0.9
Series coupling capacitor, Cp; (fF) 115 115 115 115
Series coupling capacitor, Ciy (fF) 34 34 34 34

Series coupling capacitor, C»3 (fF) 115 115 115 115
Shunt capacitor, C| (fF) 105 105 105 105
Shunt capacitor, C, (fF) 105 105 105 105

From Eq. (8.6), when the inductance values of each resonator are changed and all
the capacitance values are kept as constant, the center frequency is shifted. Table 8.2
lists all the capacitance and inductance values based on the calculation for different
tuning stages.

Figure 8.6 shows the SEM image of the fabricated two-pole tunable bandpass fil-
ter. The three series coupling capacitors are realized by three metal-insulator—metal
(MIM) capacitors with 1-pwm-thick SiO; layer as the insulator. The dielectric con-
stant of SiO, is 4.6. The shunt capacitors are realized by implementing the shunt
metal bridges 2 wm above the center conductor of the CPW transmission line. The
shunt inductors, however, are realized by the shunt shorted-end stubs. The dimen-
sions of the CPW transmission line are W/S/W = 80/150/80 wm. The areas of the
three series capacitors, Cop, C2, Co3, are 55 x 55 umz, 30 x 30 umz, and 55 x
55 wm?, respectively. The other design dimensions are listed in Table 8.3. Three
DC-contact switches are implemented above each shunt shorted-end stub. When the
DC-contact switch is driven down one by one, the metal-metal contact between the
switches and the shunt shorted-end stub leads to the change in the length of the stub,

Fig. 8.6 SEM image of two-pole tunable bandpass filter
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Table 8.3 Dimensions of the tunable bandpass filter
Parameters Value
Width of slot of the shunt shorted-end stub, W; (m) 30
Width of the shunt shorted-end stub, W (jum) 40
Width of the shunt metal bridge, W3 (jum) 60
Width of the DC-contact switch, Wy (pum) 80
Space between 4th and 6th DC-contact switches, W5 (jum) 200
Space between 2nd and 4th DC-contact switches, Wg (jum) 250
Length from the end of the stub and the 2nd DC-contact switch, W7 (jum) 300
Length of the shunt shorted-end stub, / (Lm) 2100

which further results in the change of the inductance of each resonator. As a result,

the center frequency of the bandpass filter can be tuned by the shunt switch.

Figure 8.7 gives the equivalent circuit of the tunable bandpass filter. The DC-
contact switch can be replaced by an R, L, C, circuit when the metal bridge is at the
up-state position, whereas it is replaced by an RqLq circuit when the metal bridge
is at the down-state position where Ry, Ly, Cy, Rq, Lg are the up-state resistance,
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Fig. 8.7 Equivalent circuit of the two-pole tunable bandpass filter
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inductance, capacitance and the down-state resistance and inductance, respectively.
Those RLC values can be extracted from the frequency response of a DC-contact
shunt switch at the up-state and down-state positions, respectively. The capacitance
values of the two shunt capacitors, C; and C,, can be extracted from the simulation
or the measurement results of the shunt switch at the up-state with 2-pm air gap.

From Fig. 8.7, the RF performance of the designed bandpass filter changes with
the RLC values can be modeled using commercial software of Agilent ADS [7].
When the metal bridge is at the up-state position, Fig. 8.8a gives the relationship
between the frequency response and R, of the switch. It is evident that R, has
little effect on the insertion loss in the passband; Fig. 8.8b shows that L, has no
effect on the insertion loss in the passband. Figure 8.8c indicates the insertion loss
increases from 6 to 7.5 dB and the second resonant frequency lowers down from 30
to 17.5 GHz when C, increases from 20 to 200 fF. When C,, is smaller than 50 fF, it
has little effect on the characteristics of the tunable BPF.

Figure 8.9a shows the simulation results of R4 effect on the RF performance of
the filter. It is assumed that the first and the second switches are driven down which
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Fig. 8.8 The effect of the RLC values on the performance of the bandpass filter: (a) effect of R,
(Ly = 10 pH; C, = 20 fF); (b) effect of L, (Ry = 0.6 ; C, = 20 fF); and (c) effect of Cy (Ly =
10 pH; Ry, = 0.6 Q)
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10 pH) and (b) Lg (Rq = 0.8 2)

is equivalent to driving down the other DC-contact switches. When Ry increases,
the passband insertion loss also increases. The Ry is the combination of R, and
the contact resistance R. between the DC-contact switch and the shunt shorted-end
stub. Therefore, it is important to keep both R, and R. small. When L, increases, the
insertion loss decreases whereas the center frequency of the filter decreases. When
L4 increases, the overall shunt inductance L increases, since L is the combination of
Ly and the inductance of the shunt shorted-end stub as shown in Fig. 8.9b.
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The simulation results of the frequency tuning are shown in Fig. 8.10. The center
frequency is shifted from 8 to 11 GHz with the passband insertion loss varying from
5.5 to 7.5 dB. The return loss in the entire tuning range is higher than 15 dB. The
bandwidth can be kept at 10%, but the band rejection at the higher frequency side is
not as sharp as that of the lower frequency side.

Figure 8.11a shows the simulated current distribution of the filter when all the
switches are at the up-state position. Figure 8.11b shows the simulated current dis-
tribution of the filter when the first and second switches are driven down. When
the switch is driven down, the current is distributed at the front side of the part of
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the switch above the slot. Figure 8.12a shows that when the metal bridge is at the
up-state position, most of the RF signal can pass from the input port to the output
port. However, when the metal bridge is at the down-state position, most of the RF
signal will reflect back, and the current in the metal bridge is concentrated on the
front edge as shown in Fig. 8.12b.

8.2.2 Experimental Results and Discussions

Figure 8.13 shows the SEM images of the DC-contact shunt switch and the design
parameters of the switch are shown in Table 8.4. The measured S-parameters for
the DC-contact switch are shown in Fig. 8.14. The measured pull-down voltage is
26.8 V. From Fig. 6.16, when the metal bridge is at the up-state position, the inser-
tion loss is 0.2 dB at 10 GHz. When the metal bridge is driven down, the isolation
is —28 dB at 10 GHz. Based on the measurement results of the S-parameters, the
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(b)

Fig. 8.12 Simulated current distribution of the DC-contact shunt switch

Fig. 8.13 SEM image of the DC-contact switch
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Table 8.4 Design parameters of the DC-contact switch

Parameter Value
Slot width of CPW line, W (jum) 30
Center conductor width of CPW line, S (jum) 40
Thickness of metal bridge, ¢ (jLm) 0.6
Initial gap, go (um) 2
Length of metal bridge, / (Lm) 390
Width of DC pad, d (um) 130
Distance between bridge and DC pad, /1 (um) 10
0 U r 0
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Fig. 8.14 Comparison of curve-fitting and measurement results of DC switch
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curve-fitted RLC values for the up-state are R, = 0.6 @, L, = 10 pH, and C, =
20 fF; whereas the curve-fitted RL values for the down-state are Rq = 1.1 Q and
Ly = 10 pH. The problem of the stiction and contact of the DC-contact switch can
be solved by properly designing the stiffness of the metal bridge and the contact
material [8].

Figure 8.15 is the SEM image of a MIM capacitor. The measurement results of
S>1 of MIM capacitor with different capacitance values are shown in Fig. 8.16. The
capacitance can be extracted for different dimensions of MIM capacitors [9]. These
extracted capacitance values can match well with the calculated values.

Figure 8.17 shows the measurement results of the insertion loss changes with
the frequency for different driven voltages applied on the DC-contact switch (for all
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Fig. 8.16 Measurement results of different MIM capacitors
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Fig. 8.17 Measured frequency response of filter with different aplied voltages

switches). When the driven voltage increases, the insertion loss at center frequency
increases from 5.5 to 6.5 dB. When the driven voltage increases but smaller than the
pull-down voltage (26.8 V), the metal bridge is driven down to the lower DC pad
and the capacitance of the DC switch increases. The capacitance can be extracted
from the insertion loss of the DC switch with different applied voltages, as shown
in Fig. 8.18. When the applied driven voltage increases to 20 V, the insertion loss is
0.25 dB at 20 GHz. Based on Eq. (3.6), the capacitance can be calculated to increase
from 20 to 35 fF. According to the simulation results in Fig. 8.8c, the insertion loss
of the filter increases too. As mentioned in this section, the up-state capacitance has
little effect on the insertion loss of the filter when Cy, is smaller than 50 fF.

Insertion loss (dB)

" 1 " "
5 10 15 20
Frequency (GHz)

Fig. 8.18 Measured insertion loss of the DC-contact switch with different voltages
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Fig. 8.19 Measured frequency response of the tunable bandpass filter: (a) return loss and
(b) insertion loss

Figure 8.19 shows the experimental results for the frequency tuning. For the pur-
pose of comparison, the circuit simulation results are also plotted in Fig. 8.19. It
can be seen that the central frequency is shifted from 8 to 11 GHz with the insertion
loss varying from 5.5 to 7.5 dB. The 3-dB bandwidth can be kept at 10% in the
whole tuning range. The return loss varies from 15 to 10 dB. The measurement and
the simulation results are in good agreement except that the measured return loss is
smaller than the simulated results. Such difference can be attributed to the 3% fab-
rication tolerance and the deviation of the dielectric constant between the nominal
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and its real values of the SiO; used in the MIM capacitor. As a result, the return loss
is reduced by nearly 20% at the resonant frequency.

8.3 Summary

This chapter presents two different designs of tunable bandpass filters with different
tuning mechanisms. For the capacitance tuning bandpass filter, capacitive switches
are used to change the capacitance of the shunt resonators and the coupling capaci-
tors. The filter can be tuned from 10.3 to 4.9 GHz. The insertion loss varies between
5 and 6 dB and the 3-dB bandwidth is 40%. For the inductance tuning bandpass fil-
ter, DC-contact switches are used to change the shunt inductance of each resonator.
The filter can be tuned from 8 to 11 GHz with nearly 40% tuning range. The inser-
tion loss varies from 5.5 to 7.5 dB in the entire tuning range and the 3-dB bandwidth
is 10%. The insertion loss of the tunable filters can be improved by using glass or
quartz as substrate and using thicker metal layer as CPW transmission line.
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Chapter 9
Substrate Transfer Process

In this chapter, a single-mask substrate transfer process for fabrication of high-
aspect-ratio (HAR) suspended structures is presented [1-3]. The HAR silicon
structures are fabricated using deep reactive ion etching (DRIE) technique and then
transferred to a glass wafer though silicon/thin film/glass anodic bonding and silicon
thinning techniques. The HAR structures are released using self-aligned wet etch-
ing of the glass. Three key processes are presented. First is the silicon/thin film/glass
anodic bonding, with special emphasis on the effect of the bonding material on the
bonding shear strength. The second is the silicon thinning via aqueous solution of
potassium hydroxide (KOH). The last is the shadow mask making and metal depo-
sition methods through the shadow mask [4]. This substrate transfer process has the
advantages of low-loss, high-yield, and flexible fabrication technique on the glass
substrate.

9.1 Design of the Substrate Transfer Process

The substrate transfer technique uses an 8” silicon wafer and a glass wafer in the
fabrication of high-aspect-ratio suspended silicon structures on a glass. The silicon
wafer which is 730-pm thick can be of either low resistivity (o = 1-10 2 cm)
or high resistivity (p > 4000 2 cm). The glass wafer is 500-wm- to 1-mm-thick
borosilicate Pyrex 7740 glass wafer. The process flow is shown in Fig. 9.1. The
details are explained below:

i. A 2-pm-thick SiO, is deposited using plasma-enhanced chemical vapor
deposition (PECVD) and etched using RIE.

ii. Deep silicon trenches are etched using Surface Technology System’s (STS)
high-density inductively coupled plasma (ICP) DRIE [5]. The SiO layer is
the hard mask. The wide trenches are etched faster than the narrow trenches
because of the aspect-ratio-depending-etching (ARDE) effect of the DRIE
process. The highest aspect ratio is 30 for a 2-pum-wide, 60-pum-deep trench.

Min Tang and Ai Qun Liu
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iii. After removing the SiO, using RIE, all the exposed structures are covered
with a protective thin film — thermal SiO or silicon oxynitride (SiON) — in
the furnace to prevent erosion of structures from KOH etching. Therefore, the
protective thin film has to be resistant to KOH solution and anodically bond-
able to the glass. The bonding shear stress has to be high enough to resist the
subsequent grinding and polishing process.

(i) Deposition and pattern of a 2-um-thick SiO,

(ii) Silicon DRIE etch using SiO, as hard mask to form HAR structures

(iii) Deposition of the protective thin film after removal of the SiO,

TINIe .

(iv) Anodic bonding of the silicon wafer with a glass wafer

(v) Grinding and polishing to thin the silicon

(vi) KOH etching to open all trenches

Fig. 9.1 Schematic of the fabrication process flow. Copyright/used with permission of/courtesy of
Institute of Physics and IOP Publishing Limited
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(vii) Wet etching to remove the protective thin film

Glass
(viii) Glass self-aligned etching to release the suspended HAR silicon structures
Shadow mask
Eiiiiim N

Glass

(ix) Metal deposition through a shadow mask using E-beam evaporation
Emilllim W .
Glass

(x) Debonding of the shadow mask

Glass mm Silicon Sio, Thin film mm Cr/Au

Fig. 9.1 (continued)

iv.

vi.

Vii.

viii.

The silicon and glass wafers are anodically bonded together using Electronic
Vision (EV) bonder EVG520 of EV group. The bonding conditions are tem-
perature of 400°C, voltage of 1000 V, piston force of 1800 N, chamber pressure
of 3 mbar, and bonding time of 1 h and 30 min.

The grinding process is employed to thin the silicon wafer rapidly using the
GRIND-X GNX200 machine until the deepest trenches are exposed. The
grinding rate is 100 pm/min. Then, the polishing process is used to remove
grinding marks and smooth the silicon surface. The polishing step sacrifices
5 pm of silicon thickness. Hence, it should be noted that the grinding and pol-
ishing process cannot be used to expose all the structures directly since the
brush and the slurry used in the grinding and polishing process may damage
tiny beams and block small trenches.

The stack is submerged in 35 wt.% KOH aqueous solution at 40°C to etch
silicon until all structures are exposed. The protective thin film can prevent
erosion of exposed silicon of sidewall structures from the KOH solution.

The exposed protective thin film is removed using wet etchant. For example,
the thermal SiO; is etched by buffered oxide etchant (BOE) and the silicon
oxynitride is etched by phosphorous acid.

The stack is dipped in the hydrofluoric acid (HF) solution (HF
(49%):H,0 = 1:5) for 30 min to etch glass and release movable structures.
The silicon structures serve as the hard mask. After rinsing in deionized (DI)
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water, the wafers were dipped in isopropyl alcohol (IPA) and the stack is dried
using critical point drying method.

A layer of metal is deposited using E-beam evaporation and covers the top
surface and sidewalls of the silicon structures. A shadow mask can also be
used to deposit metal at selective areas.

The bonded wafers are heated to 150°C in order to soften the photoresist so
that the shadow mask can be manually separated from the wafer stack. The
photoresist is wiped off using acetone. The shadow mask is reusable.

The wafer is manually diced into pieces with size of about 2 cm x 3 cm using a
diamond cutter. Then, 1-mil-thick gold wires are bonded at the discontinuities
of the ground planes of devices using a manual wire-bonding machine. These
bond wires can also be replaced by metal interconnections during wafer-level
packaging. The device is then ready for testing.

Figure 9.2 shows the SEM image of the cross-sectional view of a silicon trench
fabricated. The straight silicon structure is about 50-pm thick. A cavity with sloping
sidewalls is formed in the glass substrate after 30-min self-aligned etching. The
vertical etching depth and the lateral undercutting are 5.7 and 10.2 wm, respectively.
The lateral undercutting is nearly 1.8 times of the vertical etching depth. Ideally, the
isotropic chemical wet etching of glass should result in an undercutting similar to
the vertical etching depth. The larger undercutting can also be due to the thin layer
of native oxide (SiO») at the interface, which is formed during the anodic bonding.
In the HF solution, the native oxide is etched faster than glass. The HF solution
then moves laterally from the bonding interface to attack the native oxide thereby
increasing the undercutting; 1000 A chromium (Cr) and 1 pm gold (Au) are coated

SEI 30KV X1,100 10pm WD 7.9mm

Fig. 9.2 SEM image of the cross-sectional view of a silicon trench after process. Copyright/used
with permission of/courtesy of Institute of Physics and IOP Publishing Limited
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on the top and sidewalls of the silicon structure uniformly. Due to the step coverage
of the metal coating, the metal on the sidewalls is thinner than on the top.

This single-mask substrate transfer process can provide high-aspect-ratio sus-
pended structures on the glass substrate because the DRIE process is fabricated on
the bare silicon wafer. The notching effect, which always exits in the conventional
SOG-based process, is avoided. Double-side alignment is also avoided since the sus-
pended structures are released by glass self-aligned etching. Hence, only one mask
is needed. It is noted that the bonding quality of the silicon/thin film/glass anodic
bonding pair is critical for this substrate transfer process as the bonding pair has to
resist the subsequent grinding and polishing and the KOH etching processes.

9.2 Silicon and Glass Anodic Bonding

The anodic bonding process is shown in Fig. 9.3. The glass surface is placed against
the thin film on silicon surface. This sandwich structure is heated on a hot plate and
a negative voltage is applied to the glass. The substrates are heated to 400°C and a
bias voltage of 800 V is applied between the glass and the silicon wafer. As a result,
an electrostatic force and the migration of ions create an irreversible chemical bond
at the interface between the silicon and the glass.

Glass

e © e 6 6 6 6 ©6 6 © 6 ©

+ Vl 9o
Dielectric layer 94
_GB_GD_GD‘LGD_GB_GB_GB_G; T & &
Silicon

Fig. 9.3 Schematic of the anodic bonding setup. Copyright/used with permission of/courtesy of
Institute of Physics and IOP Publishing Limited

9.2.1 Si/Thin Film/Glass Anodic Bonding Mechanism

The anodic bonding can be explained by the formation of the Si—~O-Si bonds orig-
inating from silicon oxidation at the interface [6]. When the temperature increases,
the Na* ions are more mobile for the Pyrex glass to behave like a conductor. Hence,
most of the voltage applied drops across a small gap of a few microns between the
two surfaces. The high electric field in this area creates a strong electrostatic pres-
sure, which acts on the two surfaces of the silicon and the glass and effectively
pulls them together. Thus, an intimate contact is formed. This contact is neces-
sary to allow the two surfaces to react chemically and form the Si—O-Si bond.
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Simultaneously, the Na* ions start drifting the cathode, neutralizing the cathode
while creating a depletion zone adjacent to the silicon anode. During the charging
process of the depletion zone, the electric field is sufficiently high to allow a drift of
oxygen anions to the anode. They react with the silicon anode and create a Si—O-Si
bond. Subsequently, when the depletion zone becomes too large, the process stops.
For the anodic bonding mechanism associated with the reaction between hydroxide
groups [7], the anodic bonding consists of the oxidation of silicon and the hydrogen
bonding between hydroxy groups. The chemical reaction equations are expressed as
follows:

Si + 0-Si — Si—O-Si ©.1)
Si—OH + HO-Si — Si—O-Si + H,0 9.2)

When a thin film of dielectric material with thickness of gq is coated on the sili-
con wafer, part of the applied voltage drops in the dielectric film and the other part
drops in the air gap, go. The voltage that drops in the air gap induces the electrostatic
pressure, P, between the two surfaces, which is given by [8]

_ £0Ver”
B 2 2 1 €08d 2
so(l+ 80¢d

where ¢ and g4 are the permittivity of the air and the thin film, respectively, go and
gq are the gap distance of the air and the thickness of the thin film, respectively,
and Vg is the effective applied voltage applied at the interface between the glass
and the silicon. Therefore, the electrostatic pressure, P, increases with the effective
voltage, Vesr. As the thickness of the thin film increases or the permittivity of the thin
film decreases, the electrostatic pressure, P, decreases. High electrostatic pressure
controls the intimate contact between the two bonding surfaces. When the thin film
consists of two or more dielectric layers with permittivity of &; and thickness of g;

9.3)

(i=1,2,...,n),the thickness, gq, and the equivalent permittivity, 4, are given by
n
2= g 9.4)
i=1
8d
&= 9.5)

and the ratio of gg/eq is determined by

By (9.6)
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Therefore, for multilayer dielectric deposition, the ratio of gg/eq increases
and the electrostatic pressure, P, decreases. The chemical reaction for the
bond formation is also affected due to the change of the bonding interface
material.

9.2.2 Preparation of Bonding Samples

Three process parameters considered are studied. They are the material of the
thin film coated on the silicon wafer, the thickness of the glass wafer, and the
resistivity of the silicon wafer. Six types of anodic bonding sample, as listed
in Table 9.1, are prepared to determine the effects of different parameters on
the bonding quality. Sample A is a bare silicon wafer bonded with a 500-
pm-thick glass wafer. The anodic bonding of silicon and glass is very strong.
However, when silicon structures are exposed to the KOH solution, the silicon is
etched and structures are damaged. Therefore, it is necessary to deposit a pro-
tective thin film on silicon structures before anodic bonding, so that it can resist
the attack of the KOH solution and protect sidewalls of exposed silicon struc-
tures. In samples B, C, and D, the silicon wafer is coated with different thin
films. In sample B, the silicon wafer is coated with 1000 A wet thermal SiOs.
In sample C, the silicon wafer is coated with 1000 A wet thermal Si0,, fol-
lowed by 1000 A silicon nitride (SiN) deposited using low-pressure chemical
vapor deposition (LPCVD). In sample D, the silicon wafer is coated with the
same thin film as in sample C and then is put in the wet oxidization furnace
at 1000°C for 1 h to oxidize the SiN surface to silicon oxynitride (SiON). In
samples E and F, the silicon wafers are coated with the same thin film as in
sample B. The glass wafer is 500-pwm thick in sample B and 1-mm thick in sam-
ple E. The resistivity of the silicon wafer is less than 10 Q cm in sample B
and more than 4000 ©2 cm in sample F. Same bonding conditions — the bond-
ing temperature of 400°C, voltage of 800 V, piston force of 1800 N, chamber
pressure of 3 mbar, and bonding time of 1 h and 30 min — are used for all
samples.

Table 9.1 Tabular sample preparation and average shear strength of anodic bonding

Resistivity of Thin film on the Thickness of Average shear
Sample type silicon (£2 cm) silicon surface glass (um) strength (MPa)
A 1-10 - 500 16.6
B 1-10 SiO, 500 13.9
C 1-10 SiO; + SiN 500 1.6
D 1-10 SiO; + SiN + SiON 500 11.2
E 1-10 Si0, 1000 13.0
F >4000 SiO; 500 13.6
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9.2.3 Experimental Results and Discussions

After the anodic bonding, it is observed that samples A, B, D, E, and F are bonded
uniformly. All structures are bonded with the glass. There are some small colorful
rings with diameters less than 4 mm at the bonding surface, which may be caused
by the incomplete cleaning of silicon and glass wafer. However, for sample C, the
bonding is relatively poor. There are some bubbles with diameters more than 3 cm
in sample C. Many small structures with feature size less than 1 mm are unbonded.

To quantitatively evaluate the bonding quality, the tensile strength measurement
is conducted commonly [9, 10]. The shear strength measurement is relatively more
important when the bonding wafers need to be ground and polished. Failure usually
occurs when the external shear stress exceeds the limitation of the shear bonding
strength. Figure 9.4 shows the schematic of the shear test setup using Dage Series
4000 Bond Tester. The glass is faced down and the silicon is faced up. The shear
height is set at 200 pwm higher than the glass thickness. For instance, the shear height
is set at 700 wm when the glass is 500 pm and 1.2 mm when the glass is 1 mm. The
bonded wafer pair is diced into dies with 2 mm X 2 mm in size. Seven test dies are
prepared for each bonded wafer pair.

i ¥
Silicon .
730 um Test contact point
—e
Glass 70041200 um
500-1000 pum
A

Fig. 9.4 Schematic of the shear test setup. Copyright/used with permission of/courtesy of Institute
of Physics and IOP Publishing Limited

The experimental results of the shear strength are shown in Fig. 9.5. The average
shear strength is summarized in the last column of Table 9.1. It reveals that 1000 A
thermal oxide on silicon (sample B) reduces the average shear strength of the bond-
ing pair from 16.6 MPa (sample A) to 13.9 MPa. The deposition of 1000 A SiN on
thermal oxide (sample C) decreases the average shear strength to 1.6 MPa. This can
be partly explained by the change of the electrostatic pressure, P. Multilayer dielec-
tric material coated on the silicon surface increases the ratio of gg4/eq and decreases
the electrostatic pressure, P.

However, wet thermal oxidization of SiN to SiON (sample D) increases the aver-
age shear strength to 11.2 MPa. This is lower than silicon—glass (sample A) and
silicon—SiO,—glass (sample B) bonding, but is much higher than silicon—SiO,—SiN—
glass bonding (sample C). Figure 9.6 shows SEM images of the cross-sectional view
of samples C and D. Figure 9.6a shows a distinct gap at the interface of sample C.
This implies insufficient bond in sample C (silicon + SiO; + SiN). However, by oxi-
dizing the surface of SiN into SiON, as in sample D, no gap exists at the interface, as
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Fig. 9.5 Plot of measured shear strength of different samples. Copyright/used with permission
of/courtesy of Institute of Physics and IOP Publishing Limited

shown in Fig. 9.6b. This means that a strong bond is formed in sample D. In sample
D, the surface refractive index of silicon with thin film is 1.954 measured using a
Rudolph-ellipsometer which is between the refractive index n = 1.46 for 1000 A
thermal SiO; and n = 2.02 for 1000 A LPCVD SiN. This implies that the SiN sur-
face has changed. Some oxygen (O) atoms have reacted with the SiN and formed a
thin layer of silicon oxynitride (SiON). The thickness of SiON layer is about 30 A.
The SiN film is highly dense and the surface terminates with Si-N bond [11]. The
Si—N bond is too strong to be broken at 400°C. Therefore, the Si—~O-Si bond cannot
be formed in sample C. However, nitrogen in the SiN surface layer can be substi-
tuted by oxygen in the 1000°C furnace condition and a thin silicon oxide/oxynitride
layer is formed. This layer contains a high density of H- and OH- groups at the sur-
face, which helps the interfacial chemical reactions. Therefore, Si—O-Si bond can
be formed in sample D effectively with strong bonding.

The average shear strength of sample E (1000-pm-thick glass) is 13 MPa which
is slightly lower than sample B (500-pwm-thick glass), which implies the bonding
strength is slightly weakened when the thickness of the glass increases. This is
because thicker glass has higher electrical resistance. Therefore, the effective volt-
age, Vefr, at the interface is reduced, resulting in a lower electrostatic pressure and
weaker bonding.

The average shear strength of the sample F (p > 4000 2 cm) is 13.6 MPa, which
is very close to 13.9 MPa of sample B (p < 10 €2 cm). That means the resistivity of
the silicon wafer has little influence on the bonding shear strength.

The experiment of the grinding process shows that the bonding quality of the
sample C is so poor that the pair collapses during the grinding process. Other
samples (samples A, B, D, E, and F) go through the grinding process successfully.
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Silicon

(a) sample C: SiO, + SiN

Silicon

(b) sample D: SiO, + SiN + SiON

Fig. 9.6 SEM image of the bonding interface region of silicon—thin film—glass bonding pair: (a)
sample C and (b) sample D. Copyright/used with permission of/courtesy of Institute of Physics
and IOP Publishing Limited

9.3 Wafer Thinning via KOH Anisotropic Etching

Anisotropic chemical etching using the aqueous solution of KOH has long been
used for the fabrication of the MEMS structures due to its excellent repeatability
and uniformity and low cost. The etching conditions affect the surface properties
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of the structures, such as the flatness and the roughness. The aqueous solution of
KOH starts to react with the exposed silicon immediately when it reaches the pat-
terned silicon structures. Therefore, silicon structures without any protective thin
film may damage immediately. Some protective thin film for the silicon structures,
such as thermal oxide and thermal oxide/SiN/SiON, can provide the effective pro-
tection to the sidewalls of the silicon structures. The experiment shows that the
etching rate of thermal oxide in KOH aqueous solution with 35 wt.% concentration
at 40°C is approximately 300 A/h whereas the etching rate of LPCVD SiN is neg-
ligible. Therefore, the use of thermal oxide/SiN/SiON protective thin film is more
preferable.

9.3.1 Layout Design Considerations

KOH is an anisotropic etchant of the silicon with different etch rates (ER) on dif-
ferent crystal orientation planes, commonly ER {110} > ER {100} > ER {111} [12, 13].
The protective thin film can only be used to protect the sidewalls of the structures.
The top surface is etched continuously by the KOH solution. When the layout of
the structures is designed arbitrarily, a V-shaped groove may form on the top of the
structures. Therefore, the layout design should consider the KOH crystallography-
dependent etching. In KOH etching, the {111} plane is an extremely slow etching
plane and accepted to be the non-etching plane. As the {111} planes provide etching
stops, it is better not to expose them to the KOH solution during the wet etching so
that the etching process can be controlled by adjusting the etching time, with the
sidewall remaining vertical. Which orientation plane is introduced initially depends
on the geometry and the orientation of the mask feature. In this study, the normal
(100) silicon wafers with (110) prime orientation flat is used. When a rectangular
wire is accurately aligned with the prime orientation flat, i.e., the (110) direction,
only {111} planes are introduced as sidewalls for the KOH etching, which is 54.7° to
{100} planes. In this case, the cross section of the etching pit is a V-shaped groove
with (110) edges and {111} sidewalls, as shown in Fig. 9.7a. There is one way
to etch the silicon uniformly and produce vertical {100} walls on the structures.
As shown in Fig. 9.7b, the structures are aligned in such a way that the straight
trenches are in 45° angle with the prime orientation flat ((110) direction) of the
(100) silicon wafer. There are {100} planes perpendicular to the wafer surface and
that their intersections with the wafer surface are (100) direction. Consequently,
{100} facets are initially introduced as sidewalls. As both the bottom and the side-
wall planes belong to the same {100} group, the lateral etching rate equals to the
vertical etching rate. Hence, all the exposed silicon can be etched vertically. The
layout is turned 45° on the mask to accurately align straight wires with the (100)
direction.

Figure 9.8 shows the SEM images of the cross-sectional view of structures with
different layout placements. When the straight wires are parallel (0°) or perpendic-
ular (90°) to the (110) flat, a V-shaped groove is formed on the top, as shown in
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Fig. 9.7 Schematic top view and cross-sectional view of the silicon etching profile: (a) 0° or 90°
and (b) 45° to (110) prime orientation flat. Copyright/used with permission of/courtesy of Institute
of Physics and IOP Publishing Limited

X500 1!],.-.? WD 7.9mm

(a)

Fig. 9.8 SEM images showing cross section of the silicon structures with different layout
placements: (a) 0° and (b) 45° to (110) prime orientation flat. Copyright/used with permission
of/courtesy of Institute of Physics and IOP Publishing Limited
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Fig. 9.8a. However, when the straight wires are 45° to the (110) cut plane, the sili-
con is etched downward and the top etching surface is flat, as shown in Fig. 9.8b.

9.3.2 Etching Temperature Effect

KOH etching is a temperature-dependent process, where the etching rate of silicon
increases with the temperature. The etching rate of the silicon (100) in 35 wt.% KOH
solution is summarized in Table 9.2. The stabilized etching temperature is £2°C.
The etching rate is approximately 3 pm/h at the room temperature and 62.4 pm/h
at 70°C. However, surface roughness changes with the etching temperature too, as
shown in Fig. 9.9. It shows that when the etching temperature increases from 40
to 70°C, the surface roughness of the etching surface increases rapidly from 1.317
to 38.003 nm. In consideration of the etching rate and the surface roughness of the
silicon etching, the etching temperature of the bonded wafers is 40°C.

Table 9.2 The etching rate and surface roughness of silicon versus etching temperature in 35 wt.%
aqueous solution of KOH

Etching temperature (°C) Etching rate (um/h) Surface roughness (nm)
23 2.95 -

40 12 1.317

50 29 6.005

60 40 19.687

70 62.4 38.003
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(a) 1.317 nm @ 40 °C (b) 6.005 nm @ 50°C

(c) 19.687 nm @ 60 °C (d) 38.003 nm @ 70 °C

Fig. 9.9 Experimental results of the surface roughness of silicon etched by 35 wt.% KOH at
different temperatures: (a) 40°C, (b) 50°C, (¢) 60°C, and (d) 70°C. Copyright/used with permission
of/courtesy of Institute of Physics and IOP Publishing Limited

9.4 Shadow Mask Techniques

High-resolution patterning with deep holes is a common problem in the MEMS fab-
rication process [14] because photoresist spinning cannot be used on such substrate.
Shadow mask is useful in cases where normal patterning (lithography) is difficult
[15]. In this section, the design, the fabrication, and the usage of the shadow mask
are discussed.

9.4.1 Design and Fabrication of the Shadow Mask

The shadow mask is formed using a p-type (100)-oriented silicon wafer. The fabri-
cation process flow is shown in Fig. 9.10a—e. First, 2-pum-thick photoresist is spun
on the front side of the wafer and patterned. Then, the DRIE process is used to etch
structures to approximately 50-pm deep using photoresist as the mask material.
After stripping the photoresist, a dielectric layer consisting of 300-A thick thermal
oxide and 1500-A thick LPCVD silicon nitride is deposited on both sides of the
wafer. Then, the backside of the wafer is patterned using a double-side alignment
photolithography technique via Electronic Vision (EV) Aligner. The pattern is trans-
ferred to the dielectric layer through RIE and the photoresist is stripped. Next, the
wafer is anisotropically etched from the backside using 35 wt.% aqueous solution
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Fig. 9.10 Fabrication
process flow of the shadow
mask. Copyright/used with
permission of/courtesy of
World Scientific
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Fig. 9.11 Schematic of the cross-sectional view of the shadow mask. Copyright/used with
permission of/courtesy of World Scientific

of KOH at 75°C until the front pattern is visible from the backside clearly. Finally,
the remaining silicon oxide and silicon nitride at both sides are etched using RIE.

Figure 9.11 shows the cross-sectional schematic of the shadow mask. High-
resolution shadow mask can be fabricated using this fabrication process. The
distance between the two holes can be less than 5 wm. The back side of the wafer
is etched using the aqueous solution of KOH. The difference between the back side
and the front pattern size is 2X. X can be expressed as

W —-W D—-H

X = =
2 tan 54.74°
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where W is the size of the back opening, Wy is the size of the front pattern, D is
the thickness of the shadow mask wafer, and H is the etching depth of the front
pattern. Generally, the wafer thickness, D, is 750—800 pwm. The etching depth of the
front pattern, H, is 50 pm. Hence, X is equal to 495-530 wm. The distance between
two holes generated by the KOH etching is larger than 2X, that is, about 1100 pm.
Small holes or holes separated by small distance are combined in one back open and
supported by a silicon membrane. The thickness of the membrane is dependent on
the etching depth of the front holes. However, if the distances between all holes are
larger than 1 mm, the front process can be omitted. Only the KOH etching is used
to etch through the wafer. Thus, separate through-holes are formed in the shadow
mask. However, the simplified process is obtained at the cost of the resolution. The
final hole size, Wy, changes with the wafer thickness and the distance between two
holes has to be larger than 2X.

In the aqueous solution of KOH, large back openings are etched faster than small
back openings. Approximately 30-min over-etching time is needed to etch through
all patterns. As a result, to shorten the over-etching time, the openings at the back
should have a uniform design. In consideration of the membrane tension, the mem-
brane size after the KOH etching should not be too large. Otherwise, the membrane
may collapse after the KOH etching. Generally, the membrane size is less than 7 x
7 mm?. Figure 9.12 shows the optical photos of the front side of the shadow mask
for the single-beam SP2T switching circuit. It can be seen that the backside of the
shadow mask is not as smooth as the front side due to the silicon anisotropic etching
in the aqueous solution of KOH at the high temperature. The back open is shared by
four irregular holes separated by three fixed—fixed beam-mass silicon structures.

9.4.2 Shadow Mask Applications

The metal patterns with high resolution are realized using E-beam evaporation of
metal through the shadow mask. The device wafer is temporarily bonded to the
shadow mask first. A small amount of photoresist is put at the edge of the wafers
as an intermediate material of bonding. Then, the shadow mask is placed on top
of the device wafer and aligned using the Electron Vision (EV) aligner. Next, the
temporary bonding is implemented by the bonder — EVG520 of EV group. The
wafers are bonded under pressure of 1000 N for 10 min at room temperature. After
that, the bonded pair is placed in the evaporator and the desired metal (such as
Cr/Au, where Cr acts as the adhesive layer of Au) is deposited at selected areas
through the shadow mask. After the metal deposition, the shadow mask is de-bonded
by heating up the two wafers at 150°C and manually separated, when the photoresist
turns soft. Finally, the photoresist residual on the device wafer and the shadow mask
is wiped off using acetone. After removing the metal via wet etching, the shadow
mask can be recycled.

The coated metal pattern is always larger than the pattern in the shadow mask due
to the spread effect, as shown in Fig. 9.13. The enlargement (E) can be calculated as
follows:
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E=-=1+-=> 9.8)

where a is the pattern size on the shadow mask, b is the pattern size of the metal
on the device wafer, d; is the distance between the source and the shadow pat-
tern, and d» is the distance between the device wafer and the shadow pattern. In
the E-beam evaporator, the distance between the source and the wafer holder, dj,
is 0.5 m and the gap between the device wafer and the shadow mask is less than
0.5 mm.

Two different methods can be used to combine the shadow mask and the device
wafer, as shown in Fig. 9.14a, b. The first method is to let the backside of the shadow
mask facing the device wafer. The second method is to let the front side of the
shadow mask facing the device wafer. Comparing the two methods, the distance
between the shadow mask pattern and the device wafer, d», for the first method is

(a) The front side

Fig. 9.12 Optical photos of
the shadow mask of the front
side. Copyright/used with
permission of/courtesy of o '

World Scientific (b) The back side

e
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Fig. 9.13 Schematic of the metal deposition through a shadow mask. Copyright/used with
permission of/courtesy of World Scientific

Fig. 9.14 Schematic of the |
shadow mask: (a) the
backside of the shadow mask
faces the device wafer and (b)
the front side of the shadow
mask faces the device wafer.
Copyright/used with
permission of/courtesy of
World Scientific (@
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smaller than the second method by approximately 700 wm. Therefore, the enlarge-
ment, E, of the first method is 1.0024 is significantly larger compared to the second
method whose enlargement is 1.001. Hence, the second method is preferred to
reduce the metal spreading. In consideration of the spread effect of the metal depo-
sition through the shadow mask, the minimum distance between two holes in the
shadow mask is designed to 70 wm.

Figure 9.15 shows the optical photo of the single-beam SP2T switching circuit
after the metal deposition through the shadow mask. The bias line is sheltered from
the metal deposition with high resistance. Device parts and pads are coated with
metal, which guarantees the RF signal propagation and the bias voltage applying. It
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Fig. 9.15 Optical photo of the single-beam SP2T switching circuit after the metal deposition.
Copyright/used with permission of/courtesy of Institute of Physics and IOP Publishing Limited

is also noted that the surface color of the device coated with metal is different due
to the non-uniformity of metal deposition. This is because of the spread effect at the
pattern edge.

Because of the nature of the evaporation process, the metal coated at sidewalls
is thinner than that coated on the top surface. Figure 9.16 shows the cross-sectional
view illustrating the step coverage of the metal deposition. The thickness of the gold
coated on the top surface is 1.2 wm, while the thickness of the gold on the sidewalls
is 0.45 pm. It is observed that the metal is tightly coated on the sidewalls and is
uniformly covering the height of the entire structures.

SEI 30KV X1,100 10pm WD 7.9mm

Fig. 9.16 SEM image of cross-sectional view of the metal deposition by the shadow mask
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9.5 Summary

This chapter focuses on the fabrication process development of the single-mask sub-
strate transfer technique for the fabrication of a high-aspect-ratio suspended silicon
structure on the glass substrate. The processes include silicon DRIE etching pro-
cess, Si—thin film—glass anodic bonding, silicon wafer thinning, self-aligned glass
etching, and metal deposition through a shadow mask. Through the study of the
Si—thin film—glass anodic bonding mechanism, thermal oxide, and silicon oxyni-
tride are chosen as the intermediate layer of the Si/thin film/glass anodic bonding
because these materials are found to provide sufficient bonding strength with shear
strength larger than 11 MPa for the grinding and polishing process. These materi-
als are also strong resistant to KOH etching. The variation of the glass thickness
and the silicon resistivity only reduce the bonding strength slightly. The aqueous
solution of KOH with concentration of 35 wt.% at 40°C is to thin the silicon wafer,
which provides smooth etching surface of the silicon wafer. Based on the analysis of
the crystallography-dependent etching of the silicon in the KOH etching, the device
layout is adjusted to be 45° to the (110) prime wafer flat in the (100) silicon wafer
for the flat etching surface on top of the device. The glass is etched using the sili-
con structures as the hard mask to release the suspended structures. High-resolution
shadow mask is developed by using the silicon DRIE process, followed by KOH
etching-through process.
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Chapter 10
Surface Planarization Process

Surface planarization process is discussed in this chapter. Compared to bulk
micromachining process, surface micromachining process is more suitable for the
fabrication of capacitive switches. It is always important to planarize the sacrifi-
cial layer under the metal bridges to achieve flat metal bridges. Besides surface
planarization, surface roughness is another important consideration to improve the
intimate contact between the metal bridges and the dielectric layer when the metal
bridges are driven down. Detailed discussion will be given in this chapter.

10.1 Surface Planarization Process

The process flow described in this section is mainly for the fabrication of a single
capacitive switch. However, the same process flow can also be used to fabricate
DC-contact capacitive switches and tunable band-pass devices.

Since the planarization of the metal bridge plays a significant role in reducing
the contact area between the bridge and the dielectric layer, a planarization process
is proposed by filling the CPW slot with photoresist which can effectively improve
the flatness of the bridge.

Surface micromachining fabrication process with five masks is used to fabri-
cate the switch [1]. High-resistivity (>4000 2 cm) silicon wafers with thickness
of 500 wm are used as substrate. The fabrication process flow is shown in Fig. 10.1
and described as follows: (a) plasma-enhanced chemical vapor deposition (PECVD)
1-pm-thick SiO; is deposited as the buffer layer in a Plasma-Therm 790 series RIE
system from Material Co. USA; (b) a layer of 2-pm-thick aluminum (Al) thin film
is evaporated and patterned as the CPW transmission line with the first mask. The
pressure and the deposition rate are 6 x 107 Pa and 10 A/s, respectively. Wet
etching is used to pattern the Al metal bridge. The etchant used is a mixture of
H3PO4:HNO3:HAc:H>O = 4:1:4:1, and the etching temperature is 35°C. The etch-
ing rate is approximately of 1500 A/min; (c) a 0.15-wm PECVD SiN is deposited
with SiHy (diluted in nitrogen at a concentration of 20%) flow rate of 24 sccm and
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Fig. 10.1 Fabrication process flow [1]. Copyright/used with permission of/courtesy of Elsevier
B.V

NH3 flow rate of 7.1 sccm at a pressure of 1.1 Torr and temperature of 250°C in the
same Plasma-Therm 790 series machine. The temperature is 100°C lower than the
temperature at normal PECVD SiN deposition. This reduces the surface roughness
of the capacitance area. In the process of etching the SiN layer, 2-pwm-thick photore-
sist (Sumitomo PFI26A) is used as soft mask and patterned with the second mask.
The SiN layer is etched using reactive ion etching (RIE) with a CHF3 flow rate of 31
sccm and an O; flow rate of 2.6 sccm. The etching power is 235 W and the pressure
is 60 mTorr. The self-bias voltage is 350 V and the plasma frequency is 13.56 MHz.
The etching rate is 400 A/min. The photoresist is stripped away after SiN etching
with PRS3000 solution; (d) a layer of photoresist with 1.5-pm thick (Sumitomo
PFI26A) is spun coated and patterned with the third mask to fill in the CPW slot
(refer to this layer of photoresist as fill-in photoresist and this process is known as
the planarization step). This is the key step to obtain a flat metal bridge; (e) a 2-pm-
thick photoresist (Sumitomo PFI26A) sacrificial layer is spun coated and patterned
(refer to this layer of photoresist as sacrificial photoresist); (f) a layer of 0.6-pum Al
is evaporated and patterned as the metal bridge with the fourth mask; (g) finally, the
metal bridges are released by etching away the photoresist with oxygen plasma also
in a Plasma-Therm 790 series machine. After releasing, the metal bridge is free to
deform out of plane following the relief of internal stress.
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Based on this process flow, after filling the CPW slots with the fill-in photoresist
in planarization step (d), the sacrificial photoresist is coated and patterned as in step
(e) immediately. Therefore, the hard-bake temperature 7r must be higher than the
hard-bake temperature T, (e) in order to avoid the peeling-off of the fill-in photore-
sist. In this process, Tt is 150°C, whereas T is 115°C. Another factor that has to be
taken into consideration is the mask alignment and tolerance control in the fabrica-
tion process. The gap spacing (s) between the patterned fill-in photoresist and the
CPW structure, as indicated in Fig. 10.1d, varies between 1 and 3 pm. It is observed
that 3 pwm is the most optimal as the mask alignment mismatch does not affect the
patterns of the fill-in photoresist in this case.

Based on the proposed planarization strategy, two switches, switch A and switch
B, are fabricated with different fabrication processes. Switch A is fabricated without
the planarization and switch B is fabricated with the planarization. Figure 10.2a, b
shows the surface profiles of the two switches. These profiles are obtained after
the wet etching and before the release of the bridge. For switch A, the portion of the
bridge above the CPW slot is 1.2 pm lower than the portion of the bridge above the
CPW central conductor. For switch B, the portion of the bridge above the CPW slot
is 0.5 wm higher than the portion of the bridge above the CPW central conductor.

Correspondingly, Fig. 10.3 shows the SEM image of the two switches after
releasing. The etching holes on the bridge make the release of the bridge easier
and also reduce the damping effect [2]. Figure 10.3a shows that the ggo is smaller

240 pm |
| |1

(a) Optical image of the metal bridge
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(c) Surface profile for switch B

Fig. 10.2 Surface profiles of the capacitive shunt switch: (a) Optical image of the metal bridge;
(b) surface profile for switch A without fill-in photoresist; and (c) surface profile for switch B with
fill-in photoresist [1]. Copyright/used with permission of/courtesy of Elsevier B.V
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Fig. 10.3 SEM images of the
capacitive shunt switch

(a) without fill-in photoresist
and (b) with fill-in photoresist
[1]. Copyright/used with
permission of/courtesy of
Elsevier B.V

(d)

than gcon in switch A. When switch A is driven down, it touches the CPW slot edges
first. After that, it is difficult to pull down further, making closer contact between the
metal bridge and the dielectric layer impossible. On the contrary, Fig. 10.3b shows
that ggo¢ is larger than g¢opn in switch B. Thus, the metal bridge touches the dielectric
layer first when it is driven down. This improves the contact between the bridge and
the dielectric layer.

10.2 RF Measurement and Analysis

The RF performance of the switch is characterized using an HP8510C vector net-
work analyzer and RF probe station. A full thru-reflect-line (TRL) routine is used
to calibrate with NIST software MULTICAL.

Figure 10.4 shows the RF measurement and simulation results of the two
switches. All the simulations are conducted using Ansoft’s high-frequency simu-
lation software (HFSS) [3]. Figure 10.4a, b shows that the up-state performances of
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Fig. 10.4 Comparison of simulated and measured S-parameters: (a) up-state return loss; (b) up-
state insertion loss; (¢) down-state return loss; and (d) down-state isolation [1]. Copyright/used
with permission of/courtesy of Elsevier B.V

switch A are comparable to the simulation results. The extracted up-state capaci-
tance (Cy) is 34.4 fF. However, the down-state isolation of switch A is more inferior
compared to the simulation results, as listed in Table 10.1 and shown in Fig. 10.4d.
The extracted down-state capacitance of switch A (Cga) is 1 pF, which is 33%
(Cqa = 33% Cq) of the simulation results. In Fig. 10.4d, the simulation results are
obtained by assuming that the entire bridge area above the CPW center conductor
contacts the dielectric layer when the bridge is pulled down. As a result, the simu-
lated down-state capacitance is 3.01 pF and the resonant frequency of the bridge is

Table 10.1 Comparison of down-state isolation and capacitances

Switch A Switch B Simulation

Isolation at 15 GHz (dB) 7.5 9.7 18.0
Isolation at 40 GHz (dB) 17 27 28
Down-state capacitance (pF) Cga =10 Cgg =13 C4=3.01
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shifted to 32 GHz. However, the down-state capacitance of switches A and B is 1
and 1.3 pF, respectively. Therefore, the isolations of switches A and B are smaller
than the simulation results.

From the RF experimental results, both switches are found to have similar up-
state RF performance. However, the isolation of switch B can be improved by
2.2 dB at 15 GHz and 10 dB at 40 GHz compared to that of switch A. These are
listed in Table 10.1. Table 10.1 also provides the extracted down-state capacitances
of switch B, Cgg, at 15 GHz. The down-state capacitance of the switch B is 0.3 pF
(30%) larger than that of switch A. The results indicate that the contact area between
the metal bridge and the dielectric layer increases after surface planarization.

Table 10.2 shows that the down-state capacitance of switch B is smaller than
the simulation results (Cgg = 43% Cq). The roughness of the contact area between
the bridge and the dielectric layer is the main contribution factor for this discrep-
ancy. The average roughness is 24 nm approximately. The roughness of the contact
area reduces the capacitance C;i and the overall down-state capacitance Cq becomes
smaller. This surface roughness can be solved using a refractory metal (such as
tungsten) as the bottom electrode under the PECVD SiN.

Table 10.2 Down-state capacitances with various diameters of etching holes

Diameter of etching holes (jum) 0 2 4 10
Isolation at 15 GHz (dB) 18.34 18.27 18.00 17.37
Down-state capacitance (pF) 3.14 3.11 3.01 2.8

There are other factors that contribute to the degradation of the down-state capac-
itance. First, the bridge is warp due to the residual stress in the metal bridge (the
residual stress is 20 MPa). This reduces the contact area and increases the gap
between the bridge and the dielectric layer. Second, polymer residues due to the
incomplete removal of the sacrificial photoresist may also make the intimate contact
between the bridge and the dielectric layer difficult. Third, the designed diameter of
the etching holes in the metal bridge is 4 pum, but the final diameter of the fabricated
etching holes is 10 wm due to over wet etch of the Al metal bridge. The etching
holes reduce the ratio of the contact area p. Figure 10.5 shows the simulated down-
state isolation in the frequency range of 12—-18 GHz for various sizes of the etching
holes. The extracted down-state capacitances at 15 GHz from the simulation results
are listed in Table 10.2. When the diameter of the holes is 2 wm, the down-state
capacitance and isolation are not affected. When the diameter of the holes is 4 pwm,
the extracted down-state capacitance is 95.9% of the capacitance of the bridge with-
out the holes. This indicates that the effect is still relatively small. However, when
the diameter of the holes is 10 pwm, the down-state capacitance is only 89.2% of the
capacitance of the bridge without the holes. As a result, it can be concluded that
the diameter of the etching holes must be carefully considered in the design of the
switch.
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In general, the down-state capacitance of the switch usually varies from 10 to
70% of the expected down-state capacitance [4]. In the current design, this down-
state capacitance is 43%. The ratio of the down-state capacitance and the up-state
capacitance, Cqp/Cy, is approximately 38.

10.3 Effects of Dry Releasing of Metal Bridge

10.3.1 Etch Rate of Photoresist

As mentioned in the process flow in Section 10.1, photoresist is used as the sac-
rificial layer and oxygen plasma is used to remove the sacrificial photoresist and
release the metal bridge. Compared to wet releasing, dry releasing is easier and can
prevent the damage of the passivation dielectric and metal thin film by the aggressive
etchant.

In this section, the effects of RIE process parameters on the dry releasing process
are studied [5]. Figure 10.6a, b shows the optical images of the sacrificial photore-
sist under the metal bridge before releasing and after 50-min oxygen plasma etch,
respectively. The discussion of the fabrication of the lower DC pad and the dielectric
layer is not included since they do not have any impact on the sacrificial photoresist
releasing. The metal bridges are removed using Al wet etchant. It can be seen clearly
that after 50 min of oxygen plasma etch, the edge of the photoresist circle becomes
larger and after 70 min of oxygen plasma etch, all the photoresist is etched away and
the metal bridge is released. During the oxygen plasma etch, less than 10-nm-thick
Al metal bridge is also removed.

For the release process, two main process parameters such as the etching power
and the oxygen pressure are investigated. The flow rate of oxygen is fixed at 30 sccm
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Fig. 10.6 Surface profile of
sacrificial photoresist with
different release times:

(a) before release, (b) after
50-min etching, and (c) after
70-min etching

for all experiments. The lateral etching rate that changes with the pressure is shown
in Fig. 10.7. The lateral etching rate is defined as

ld—do
T2

(10.1)

where dy is the diameter of the photoresist circles before oxygen plasma etch and d
is the diameter of the photoresist circles after time ¢ (equal to 50 min in this study)
of oxygen plasma etch.

It is shown that the lateral etching rate increases slowly with pressure when
the pressure is lower than 500 mTorr and becomes constant when the pressure is
higher than 500 mTorr. This phenomenon can be explained since the oxygen atom
creation rate increases by increasing the oxygen pressure whereas the mean free
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Fig. 10.7 Lateral etching rate versus pressure (power = 430 W; t = 50 min) [5]. Copyright/used
with permission of/courtesy of IOP Publishing Limited

path length of the oxygen plasma decreases by increasing the oxygen pressure. As
a result, the effect of isotropic etching increases [6] and the lateral etching rate
increases first. When the pressure increases further, the oxygen atom recombination
increases. At certain pressure, the oxygen atom creation and recombination are bal-
anced. Therefore, there is a trade-off between the pressure and the lateral etching
rate.

Another important process parameter that may affect the release process is the
power. Figure 10.8 shows that the lateral etching rate increases with the power. Until
600 W, there is no saturation point.
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Fig. 10.8 Lateral etching rate versus power (pressure = 500 mTorr; + = 50 min) [5].
Copyright/used with permission of/courtesy of IOP Publishing Limited
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Fig. 10.9 Post-buckling of metal bridge after releasing with power of 500 W [5]. Copyright/used
with permission of/courtesy of IOP Publishing Limited

However, high power may cause buckling of the metal bridge as shown in
Fig. 10.9. Because high plasma power leads to stronger bombardment on the sur-
face of the metal bridge that can change the surface status of the Al thin film, the
metal bridge buckles in the process. The compressive stress is due to the bomb of
the metal bridge by high energy particles. During the oxygen plasma releasing pro-
cess, the oxygen absorbed at the surface of the film decreases the surface mobility
of the arriving atoms. This results in a less-ordered structure with vacancies and
interstitial atoms. Atoms in the grain boundaries and interstitials in the Al thin film
produce high compressive stress. Therefore, the etching power in this work is fixed
at 430 W.

10.3.2 Structural Stress

Thin film structures can deform undesirably as a result of residual stress; on
the other hand, these deformations can be exploited to diagnose the state of stress in
the film. Different testing structures have been used to diagnose the state of stress
in the film [7]. Normally, microcantilever beam is one of the simplest and most fre-
quently used test structures to investigate different combinations of uniform mean
stress and stress gradient [8]. Therefore, an array of micro-cantilevers is fabricated
on the same wafer with the capacitive switches to measure the in situ stress, as
shown in Fig. 10.10. The cantilever beams are 50-um wide, with length ranging
from 200 to 410 pm in 15-pm increments.

In order to obtain a flat metal bridge after releasing, it is important to control
the stress and the stress gradient in the metal bridge. The global stress in the thin
film can be extracted from measuring the change in wafer curvature due to the film
deposition [9]. However, the stress level in the final structure may be different from
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410 um

Fig. 10.10 Optical photo of the testing structure of the cantilever beams array [5]. Copyright/used
with permission of/courtesy of IOP Publishing Limited

200 um

that of the as-deposited state, because the film undergoes various micromachining
processes, such as various thermal cycles in different process steps or exposure to
plasma bombardment with dry release process. Therefore, instead of measuring the
global film stress by measuring the wafer curvature, it is more important to measure
the mean stress and the stress gradient in the released structure.

The beam is assumed to be fully clamped at one end and free at the other end.
The total stress in the beam can be divided into a constant mean stress and a gradient
stress. Assuming a linear stress profile within the beam, the stress can be divided into
two components that can be expressed as [7, 9]

z

0(z) =00+ 01 ) (10.2)
where z € (—t/2, t/2) is the coordinate normal to the surface of the beam with an
origin chosen at the film’s mid-plane as shown in Fig. 10.11, # is the thickness of the
beam, o (z) is the stress distribution along the thickness of the metal beam, oy is the
constant mean stress, and oy is the gradient stress. The uniform stress o accounts
for the in-plane elongation of the beam whereas the stress gradient component o
causes the out-of-plane deflection.

The stress distribution leads to a moment My which can be defined as

1/2

My = /U(Z)WZdZ (10.3)
—t/2

Substituting Eq. (10.2) into Eq. (10.3), the net moment M acting on the beam
can be expressed as

2
1
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Fig. 10.11 (a) Stress in
metal bridge and (b) _I_ J—
schematic drawing of beam

deflection [5]. Copyright/used —
with permission of/courtesy ) oy Ootal

of IOP Publishing Limited (a)
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The moment M, causes the out-of-plane deflection of the cantilever beams.
Assuming the curled cantilever beams are perfectly circular and fixed-support at
one end, the radius of curvature can be written as [10]

E
R =
do/dz

(10.5)

Substituting Eq. (10.2) into Eq. (10.5), the radius of the curvature can be given as

EI Et
R=—=— (10.6)
My 201

The relationship between the radius and the displacement throughout the can-
tilever beam can be calculated from trigonometry as shown in Fig. 10.11.

In Fig. 10.11b, the contour of the released cantilever beam arc AB can be
expressed as

sin (arctgzt%) = JI2 + 2 /CR) (10.7)

where L is the length of the deflected cantilever projected on the X-axis and zp, is
the deflection of the tip of the cantilever beam.
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Substituting Eq. (10.6) into Eq. (10.7), the gradient stress can be expressed as

_ 2Etsin (arctg (zip/L))

o] = >
/12
L7+ Ztip

At the same time, the length of the cantilever beam after release s can be
calculated from Fig. 10.11b as

(10.8)

7 arcsin ( L2 + ztz.lp/2R>

s=Rx?2 (10.9)
180
Then, the in-plane residual stress oo can be determined by
s—1
oo=FEs=E ] (10.10)

where ¢ is the strain of the cantilever beam after release and / is the original length
of the cantilever beam.

Based on Eqgs. (10.6), (10.7), (10.8), (10.9), and (10.10), the mean stress and the
stress gradient can be obtained by curve-fitting method through the following steps:
(1) measuring the deflection z of a cantilever beam at different positions and calcu-
lating o1 according to Eq. (10.8); (2) based on Eq. (10.6) and the calculated o7, the
radius of the curved cantilever beam R can be calculated; (3) s can be obtained based
on Eq. (10.9) and the values of R, L, and zp; and (4) o is calculated according to
Eq. (10.10).

Figure 10.12 shows the measured 1D profile of the cantilever beam with the
length of 400 pm using WYKO NT3300 optical profiler in vertical scanning inter-
ferometry (VSI) mode. The WYKO system utilizes white light passed through a
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Fig. 10.12 Measured deflection of cantilever beams [5]. Copyright/used with permission
of/courtesy of IOP Publishing Limited
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beam splitter to form interference fringes as a function of height on the sample;
objective height is controlled by a piezoelectric transducer. This is a non-contact
method to measure the contour of the structures and it has the advantage of being
fast and non-destructive [11, 12]. Other cantilever beams can also be used to analyze
the stress status in the thin film. The beam with 400-pm length is selected because
its deflection is the largest and its length is similar to the length of the metal bridge.
As a result, its measurement results provide useful information for the metal bridge
design.

Figure 10.13 shows that the measured and curve-fitted deflection of the cantilever
beam varies with the position along the beam. These measured deflections can be
obtained from Fig. 10.12. Curve fitting is based on Egs. (10.6), (10.7), (10.8), (10.9),
and (10.10). It is found that the fitted mean stress and the stress gradient are oy =
21.8 Mpa and o7 = 3.6 MPa, respectively. Under this stress status, two curves match
closely. From Fig. 10.13, it can be seen that for short cantilever beams, deflections of
the beam are not sensitive to the stress status since the deflections are small. When
the length of the cantilever beam is longer than 150 pwm and the deflection is larger
than 5 pm, the stress status can be clearly identified by the curve-fitting method.
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Fig. 10.13 Measured and simulated tip deflection of cantilever beams [5]. Copyright/used with
permission of/courtesy of IOP Publishing Limited

As mentioned, the intrinsic stress in the metal bridge can cause buckling or curl-
ing of the metal bridge. Figure 10.14 shows the two SEM images of capacitive shunt
switches released at power of 500 and 430 W, respectively. It is seen that the metal
bridge released at 430 W is much flatter than that of the metal bridge released at
500 W.

The effects of the residual stress on the mechanical characteristics of the RF
switch can be expressed as
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Fig. 10.14 SEM images of
the fabricated capacitive
switches: (a) switch with

release power of 500 W and ~Low DC pad
(b) switch with release power .
of 430 W [5]. Copyright/used
with permission of/courtesy &
of IOP Publishing Limited
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where Vpj is the pull-in voltage of the switch, kegr is the effective spring constant
of the metal bridge, k' is the stiffness caused by the restoration force of the metal
bridge, and k” is the stiffness caused by the mean residual stress in the metal bridge,
go is the initial gap of the switch, w is the width of the metal bridge, W is the width
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of the CPW transmission line under the metal bridge, / is the length of the metal
’s ratio of aluminum (Al).

Figure 10.15 shows the variation of ¥’ and k” with the length of the metal bridge.
It can be seen that the spring constant of the metal bridge is mainly determined by
the residual stress in the metal bridge. Therefore, the pull-in voltage of the metal

bridge, v is Poisson

10  Surface Planarization Process

bridge is also affected by the residual stress in the metal bridge.
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10.3.3 Characterization of Capacitive Switch

Figure 10.16 presents the measured C-V curves of the two switches. The curves
are measured with an HP 4275A multi-frequency LCR meter with an internal bias
option. For the switch with the release power of 500 W, the up-state capacitance is
35 fF and the down-state capacitance is 420 fF even when the applied voltage is
as high as 40 V. The metal bridge cannot bounce back after removing the applied
voltage because of the high applied voltage. For the switch with release power of
430 W, the pull-down voltage can be clearly identified as 30 V and the hold-down
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Fig. 10.17 Measured isolation of the two switches at released power of 430 and 500 W:

(a) up-state and (b) down-state [5]. Copyright/used with permission of/courtesy of IOP Publishing
Limited
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voltage is 20 V. The up-state capacitance is 80 fF and the down-state capacitance is
2.8 pF.

The differences of the capacitance values between the two switches are because
that after releasing at 500 W, the metal bridge buckles up due to the compressive
stress in it. Therefore, the average gap between the metal bridge and the lower DC
pad is larger than the designed value of 2 um (approximately 4 um) and the up-state
capacitance is only 35 fF. When the metal bridges are driven down, the metal bridge
of the switch released at 430 W is flatter than that of the switch released at 500 W;
therefore, after the bridge is driven down, the contact between the metal bridge and
the lower DC pad is much better for the switch released at 430 W and the down-state
capacitance is larger.

Figure 10.17 shows the measured up-state and down-state of RF properties of
the two switches. It is seen that for the switch released at 500 W, both the insertion
loss and the isolation are smaller than those of the switch released at 430 W. This is
because both the up-state and down-state capacitance values are smaller than those
of the switch released at 430 W.

10.4 Effects of Surface Roughness

10.4.1 Greenwood-Williamson Model

The modeling of the surface roughness is based on the random process of sur-
face shape. One of the first models which model the contact between two rough
surfaces was developed by Greenwood and Williamson [13]. The contact char-
acteristics are statistically studied based on the following assumptions: (a) all
asperities on a rough surface have the same radius of curvature, (b) the asperity
height is a Gaussian distribution, and (c) the asperities are independent of each
other.

The GW model contains three parameters. These are the radius of the spheri-
cal asperities, R; the standard deviation of the asperity height, oy; and the asperity
density, Dsuym. The radius of the spherical asperities is assumed to be constant.
The standard deviation of the asperity height is assumed to follow a Gaussian dis-
tribution. The standard deviation of the asperity height is referred to as root mean
square (RMS) roughness when the reference plane is the same as the mean plane
[14]. When nR2D5UM < 1, the asperities are assumed to be independent of each
other.

In addition to these parameters, three spectral moments of surface topography
my, my, and my are defined as [15, 16]

my = (27)" / MFdA, k=0, 2, 4 (10.13)

—00
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where A denotes a general spatial frequency in cycles/unit length and f(1) is the
spectral density function of the profile. In the space domain, the nth order spectral
moments is the mean squared value of the (n/2)th derivative of the surface profile.
Normally, my is related to the mean square asperity height, m, represents the mean
square scope, and my4 indicates the curvature of the surface profiles.

The relationships between the spectral moments and R, og, and Dsyym are
expressed as [17]

0.8968
0l = (1 - )mo (10.14a)
3
= 3V (10.14b)
8./my
1 my

DsomMm = —— (10.14¢)
6+/37 M2

where « is the bandwidth parameter and its value depends on the shape and extent

of the spectrum of the roughness profile. It is expressed as [11]

o = moma/my® (10.15)

The spectral moments myg, my, and m4 can be first calculated from the measured
data of the surface topography, then R, o5, and DSUM can be obtained from Eqgs.
(10.14a), (10.14b), (10.14c¢), and (10.15) [17].

10.4.2 Analysis of Surface Roughness Effects

Figure 10.18 shows the schematic cross section of the capacitive shunt switch with
the metal bridge at up-state and down-state positions. The SEM image of the capac-
itive switch is shown in Fig. 10.19. The planarization of the metal bridge is not
realized by fill in the CPW slot under the metal bridge. However, a thin layer of less
than 0.5-pm metal film is used as the lower DC pad under the metal bridge. This
lower DC pad is also part of the center conductor of the CPW transmission line,
which may cause 0.1- to 0.2-dB insertion loss [18]. The reason to use this planariza-
tion method is that different materials can be used for the lower DC pad and provide
different surface roughness of the capacitance area. When the metal bridge is driven
down, the contact area (capacitance area) between the metal bridge and the dielec-
tric layer is affected by the surface roughnesses of the dielectric layer, as shown in
Fig. 10.18b. The characteristic impedance of the CPW transmission line is 50 €2,
with dimensions of W/S/W = 80/150/80 wm. The gap between the metal bridge and
the asperity mean height plane gn,, (which is equal to the thickness of the sacrificial
layer) is 2 pm, the thickness of the SiN dielectric layer #4 is 0.15 pwm, and the width
of the metal bridge w is 100 pm. In the following statistical calculation, the metal
bridge is assumed to be perfectly planar and smooth. The holes in the metal bridge
do not affect the up-state capacitance because the fringing field covers the holes
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Fig. 10.18 Schematic cross section of capacitive switch: (a) up state and (b) down state

18kU

Fig. 10.19 SEM images of capacitive switch [19]. Copyright/used with permission of/courtesy of
IOP Publishing Limited

completely; while at the down-state of the switch, the apparent contact area and the
designed capacitance have removed the area of the holes [18].

There is no contact between the metal bridge and the dielectric layer when the
metal bridge is at its up-state position. As shown in Fig. 10.20a, the real up-state
capacitance C;, can be defined as [20, 21]

3o

Ci = DsumAo / C(R) p(2)dz (10.16)

—30y
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Fig. 10.20 Schematic view of surface roughness with metal bridge: (a) up-state position of the
switch (not to scale) and (b) down-state position of the switch (not to scale) [19]. Copyright/used
with permission of/courtesy of IOP Publishing Limited

where z is the height of the asperity tips which have a Gaussian distribution. Due to
the deposition process of the lower DC pad and the SiN dielectric layer, the RMS
roughness can be controlled to 100 nm or smaller [19]. Ag is the apparent overlap
area between the metal bridge and the dielectric layer, C(z) is the capacitance from
one asperity, and ¢(z) is the Gaussian probability density function. C(z) and ¢(2)
can be expressed as

C(z) = 2meoR1n [1 + ] (10.17)
8ma — <
60 = —— ex —05<i)2 (10.18)
9= V2moy P o ‘

where g is the dielectric constant of air, g, is the initial gap height between the
metal bridge and the asperity mean height plane.

According to Eq. (10.16), the limits of integration are selected to be three times
of the standard deviation of the height; 99.7% of surface asperities are included in
this range for a Gaussian height distribution function. Therefore, the effect of the
vast majority of surface asperities is considered [20].



250 10  Surface Planarization Process

Substituting Eqs. (10.17) and (10.18) into Eq. (10.16) and assuming

R R
ln[1+ i|%
8ma — 2 8ma — <

when gma — 2 > R, the real up-state capacitance of Eq. (10.16) can be simplified as

2
C" = C'2n DsumR> [2.72 +2.66 <i> ] (10.19)

8&ma

where Cj is the apparent up-state capacitance. When the fringing field effect is
neglected, Cj can be calculated as

1 g0 o & Ao t,
Ci= ="t =2 <gma > f) (10.20)
T

8gma 4 - 4
£pAo £p€rAo 8ma + ér §ma

where ¢; is the dielectric constant of the SiN dielectric and &, = 7.

When the switch is at the up-state position, the capacitance is actually two capac-
itors in series. One is due to the SiN dielectric and is equal to eg&;Ag / #q; another
is due to the air gap and is equal to gAg/ gma. However, the capacitance value due
to the SiN dielectric is much larger than the capacitance value due to the air gap
(e0&rAo/ tg > 50 €0Ap/gma)- Therefore, the capacitor due to the SiN dielectric is
negligible.

The normalized up-state capacitance is expressed as

.« ?
Cu =4 V. 27TDSUMR2 |:272 + 2.66 (i) :| (10.21)

a B 8&ma

Figure 10.21 shows that the normalized up-state capacitance varies with the RMS
roughness for different initial gap heights gny,, assuming R = 40 nm and Dsym =
100/pwmy. It is shown that C;; increases with the RMS roughness for a specific go.
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This is because when the roughness is larger, the equivalent gap between the metal
bridge and the asperity mean height plane gn,, becomes smaller, since the tips of the
asperities are nearer to the metal bridge.

From Fig. 10.21, it is noted that the smaller the initial gap go, the larger the
normalized up-state capacitance. Generally, when the metal bridge is at the up-
state position, the initial gap varies between 1 and 3 pm and the roughness is
less than 10 nm. Therefore, according to Fig. 10.21, the increase in capacitance
is approximately 9%.

A higher up-state capacitance results in a larger insertion loss. The relationship
between the up-state capacitance and the insertion loss can be expressed as

Sy = 201og (10.22)

1+ jwCuZo/2 ‘

where S31 is the insertion loss in decibels, w is the angular frequency, Zy is the
characteristic impedance of the CPW line (50 €2 in this example), and C, is the
up-state capacitance.

Figure 10.22a shows the normalized up-state insertion loss for different ini-
tial gaps at 10 GHz with the RMS roughness varies from 0 to 20 nm, assuming
Ag = 100 x 150 pm?. The normalized insertion loss is expressed as S5,/85,» where
S5, is the real insertion loss after considering the effect of the surface roughness
and S5, is the insertion loss. It is noted that the normalized insertion loss increases
with the RMS roughness. This is because the larger the RMS roughness, the larger
the up-state capacitance. Figure 10.22b shows the normalized up-state insertion loss
for different initial gaps at 10 GHz with the RMS roughness which is as high as
50 nm. It is observed that the gap lines cross over at 45-nm RMS roughness point.
This is because when the RMS roughness is small, the normalized insertion loss is
determined mainly by S3,. When the initial gap is smaller, the insertion loss S5, is
larger. This results in smaller normalized insertion loss for smaller RMS roughness.
As the RMS roughness increases, the normalized insertion loss increases with the
real insertion loss S7, and the increase is more significant for a smaller initial gap.
At a specific RMS roughness point, the gap lines cross over at a point (45 nm in this
chapter) for different initial gaps.

Figure 10.20b shows a schematic cross section when the metal bridge is driven
down. The metal bridge contacts high points on the surface of the dielectric layer
first, producing real contact at a finite number of asperities.

Based on the GW model, the real contact area with respect to the apparent contact
area Ao can be expressed as [15]

o0
A= _ 0064 172 ht 4
= = 0.064(a — 0.8968)"/* x ) oo (10.23)

7

8

where A* is the normalized contact area, A. is the real contact area, and g’ is the
separation between the metal bridge and the asperity mean height plane. As the
metal bridge approaches the dielectric layer, g’ decreases.



252

Fig. 10.22 Influence of RMS
roughness on the normalized
up-state insertion loss: RMS
roughness varies (a) from O to
20 nm and (b) from O to

50 nm [19]. Copyright/used
with permission of/courtesy
of IOP Publishing Limited
(Copyright IOP Publishing
Limited)
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Figure 10.23a shows how the normalized down-state contact area changes with
the separation of the two surfaces when oy is equal to 2, 10, and 20 nm, respectively.
It is observed that A* is less than 10% and decreases rapidly when the separation
increases. When the separation is larger than 3o ¢, the contact area is less than 0.95%.
According to the roughness distribution, the separation is larger than most of the
RMS roughness and therefore the two surfaces hardly have any contact.

The separation g’ is related to the applied load. The total load P with respect to

the apparent contact area A can be calculated as [15]

P
P = A= 0.0333E*m

0

o0

(o — 0.8968)3/4 x f (

g/

_g/

32
) ¢(2)dz  (10.24a)
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Fig. 10.23 (a) Variation of
normalized contact area with
separation and (b) variation
of load with separation [19].
Copyright/used with
permission of/courtesy of
IOP Publishing Limited
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where E* is the combination of Poisson’s ratios and Young’s moduli of the metal
bridge and the SiN layer. In the study, £1 = 70 GPa, v; = 0.35 for the metal bridge
(AD) [22] and E> = 295 GPa, v, = 0.25 for the SiN dielectric layer [23].

The effect of the applied load on the separation g’ is shown in Fig. 10.23b. The
separation is smaller when the applied load is larger. This is because a larger applied
load forces the asperities to deform elastically and pushes the two surfaces nearer.
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The load P on the switch comes from the combination of the electrostatic force
and the mechanical restoring force. When the metal bridge is driven down, a DC
bias voltage which is called hold-down voltage is needed to balance the mechanical
restoring force and to hold the metal bridge at the down-state position. As a result,
the load P on the metal bridge can be simplified as

P=F,—Fx (10.25a)

1 V2
Fo=-C'\— 10.25b
e =507y ( )
Fx=k(go—ta—g) (10.25¢)

where F. and Fy are the electrostatic force and the mechanical restoring force,
respectively. Cj is the real down-state capacitance, k is the effective spring constant,
14 is the thickness of dielectric layer, and V is the applied hold-down voltage.

When all the asperities are assumed to be independent of one another, the real
down-state capacitance can be expressed as

Ci=Cl+C3 (10.26)

where C é is the capacitance results from the area where the metal bridge contacts
with the SiN surface, while Cg is the capacitance results from the area where the
metal bridge does not contact with the SiN surface. The Cﬁ can be further divided
into two parts, Cﬁl and Cﬁz, which come from the air gap between the metal bridge
and the SiN and the SiN itself, as illustrated in Fig. 10.20b. For simplicity, all these
micro-capacitors are assumed as parallel plate capacitors that can be expressed as

€0 SI—AOA*

1
Ch="1m (10.27)
L S (10.284a)
- = . a
2 21 22
Cd Cd Cd
where
Ao(1 — A*
2= L/) (10.28b)
g
Ao(1 — A*
2 — M (10.28¢)
d

where ¢, is the dielectric constant of SiN.
Therefore, the normalized down-state capacitance can be expressed as

= — 10.29
= o ( )
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where Cj is the apparent down-state capacitance which can be expressed as

A
ci = 80‘? 0 (10.30)
d

Based on Eqgs. (10.23), (10.24a), (10.24b), (10.25a), (10.25b), (10.25¢), (10.26),
(10.27), (10.28a), (10.28b), (10.28¢), (10.29), and (10.30), Fig. 10.24 shows how the
normalized contact area changes with the applied hold-down voltage. The effective
stiffness k is assumed to be 40 N/m. It is seen that the normalized contact area
increases with the applied hold-down voltage for the same roughness; when the
applied hold-down voltage is kept constant, the larger the roughness, the smaller the
normalized contact area.

Fig. 10.24 Variation of 0.30 T T T T
normalized contact area with
X —_ 20nm
applied hold-down voltage L 025F - 10nm o
[19]. Copyright/used with - P 2nm ‘
permission of/courtesy of % 0.20 -
IOP Publishing Limited 8 b
e L
§ 015
o i
B
S o010
< i
£ . ]
S . -]
S 0.05f SO
0.00 L=

20 40 60 80 100
Applied hold-down voltage (V)

Figure 10.25a shows the variation of Cé with the applied hold-down voltage
when the RMS roughness o is equal to 2 nm, Fig. 10.25bb presents C3!, Cﬁz, and
Cﬁ change with the applied hold-down voltage, and Fig. 10.25¢ shows the variation
of Cy and C} with the applied hold-down voltage. As a result, it is interesting to
conclude that (a) the down-state capacitance increases with the applied hold-down
voltage and (b) C(zi is much larger than C!; therefore, Cj is mainly determined by
C?i, which means that the down-state capacitance of the capacitive switch is actually
determined by the capacitance area where the metal bridge does not contact with
the SiN surface.

Figures 10.24 and 10.25 can be explained as the average load P added between
the metal bridge and the rough surface increases with the applied hold-down voltage.
Therefore, when the gap g’ becomes smaller the down-state capacitance becomes
larger.

The variations of C é, Cﬁ, Cj. and Cj with the applied hold-down voltage for
different RMS roughnesses o are shown in Fig. 10.26. It can be concluded that
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Fig. 10.26 Variation of down-state capacitance with the applied hold-down voltage: (a) Cé, (b)
C(%, and (¢) C§ and Cj [19]. Copyright/used with permission of/courtesy of IOP Publishing Limited
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when the RMS roughness increases, all the C, 1 Cﬁ, C{j, and C(’j‘ decrease for the
same hold-down voltage.

The reduction in the down-state capacitance leads to a smaller isolation when
the metal bridge is driven down. The relationship between the down-state capac-
itance and the isolation can also be calculated according to Eq. (3.6), where C,
is replaced by the down-state capacitance Cq and S7; is the down-state isolation.
Assuming Ag = 100 x 150 um? and 7g = 0.15 wm, the relationship between the
normalized down-state isolation and the applied hold-down voltage at 10 GHz is
shown in Fig. 10.27. It can be seen that the isolation increases with the applied
hold-down voltage slowly but decreases as the RMS roughness increases. This vari-
ation can be attributed to the fact that the real down-state capacitance increases with
the hold-down voltage and decreases with the RMS roughness.
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Fig. 10.27 Variation of normalized isolation with the applied hold-down voltage [19].
Copyright/used with permission of/courtesy of IOP Publishing Limited

10.4.3 Experimental Results and Discussions

The roughness of the dielectric layer arises from the dielectric itself and, more
importantly, from the lower DC pad surface damaged by the fabrication steps at ele-
vated temperature, such as the dielectric layer deposition process. The commonly
used dielectric layer is SiN which is deposited by PECVD within the temperature
range of 250-300°C. High temperature leads to the so-called hillock [24-26] or
larger grain size of the metal thin film [27]. The driving force is the compressive
stress caused by a large mismatch of thermal expansion coefficients between the
metal film and the material under it. It is believed that high strength material, such
as Ti and refractory metals, deposited with free of pinholes can reduce this effect.
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(c) (@

Fig. 10.28 Surface roughness of different metal thin films after sputtering: (a) Ti, (b) Cr,
(c) Al, and (d) Cu (the thickness of all metal films is 0.5 pwm) [19]. Copyright/used with permission
of/courtesy of IOP Publishing Limited

However, the refractory metal usually has lower resistivity and hence leads to a
higher insertion loss in the CPW transmission line.

Figure 10.28 shows the surface roughness for different metal thin films after
sputtering. The surface roughness is examined with an atomic force microscopy
(AFM). The substrates used are Si substrate with 2-pm PECVD SiO, deposited on
them. The metal thickness is 0.5 wm. It can be seen that all these metal surfaces have
similar roughness under the state of sputtering. However, their surface roughness
changes differently after a 0.15-pm SiN is deposited on these metal films that used
as lower DC pad as shown in Fig. 10.29. For Cr and Ti thin films, the roughness is
almost the same, while for Al and Cu, the roughness becomes larger. The increase
in the roughness of Al thin film is mainly caused by the “hillock™ produced in the
film whereas for the Cu thin film it is mainly because of the agglomeration and
coalescence of grains. All the parameters of the metal layer are calculated using the
GW model based on the measured roughness data listed in Table 10.3.

Figure 10.30a shows the measurement results of the insertion loss of the switches
with different types of metallic thin film under the SiN layer. The insertion losses
have been de-embedded by subtracting the insertion loss of the CPW transmission
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©) d)

Fig. 10.29 Surface roughness of different metal thin films after SiN deposition: (a) Ti, (b) Cr,
(c) Al, and (d) Cu (the thickness of SiN is 0.15 pwm) [19]. Copyright/used with permission
of/courtesy of IOP Publishing Limited

Table 10.3 Parameters of surface roughness characterization for different metal thin films before
and after SiN deposition

og(mm) R(m) Dsym (/um?)  mo (am?)  mp my (/nm?)
Ti 2.162 30.05 160 169 0.0935 489
C; 3.067 35.50 101 262 0.1060 350
Before Al 4.196 39.50 99 260 0.0875 283
Cy 4.314 48.15 95 270 0.0618 192
Ti 2.192 31.11 158 159 0.0831 456
C; 4.471 41.05 96 266 0.0835 262
After Al 12.29 59.18 50 398 0.0771 126
Cy 14.81 63.22 41 450 0.0828 111

line without the MEMS switches; therefore, these losses are mainly due to the up-
state capacitance value. It can be seen that the larger the RMS roughness of the
film, the higher the insertion loss. This is consistent with the theoretical analysis
results. The ripples in the measured insertion loss are due to the measurement noise.
Table 10.4 lists the calculated and measured normalized up-state capacitance and
insertion loss. It can be seen that the measured up-state capacitance and isolation
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Table 10.4 Comparison of calculated and measured normalized up-state capacitance and insertion

loss (10 GHz)

Ti Cr Al Cu
Capacitance Calculation 1.08 1.21 1.41 1.39
Measurement 1.21 1.24 1.47 1.51
Insertion loss Calculation 1.04 1.10 1.19 1.18
Measurement 1.47 1.51 2.16 3.25
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Table 10.5 Comparison of calculated and measured normalized down-state capacitance and
isolation (10 GHz with 30-V hold-down voltage)

Ti Cr Al Cu
Capacitance Calculation 0.75 0.68 0.32 0.29
Measurement 0.53 0.35 0.25 0.22
Isolation Calculation 0.88 0.83 0.53 0.50

Measurement 0.69 0.56 0.41 0.37

increase with the RMS roughness. However, the measured capacitance values and
insertion loss are higher than the calculated values. This is because the calculation
does not consider the capacitance of the fringing field effect.

Figure 10.30b shows the measurement results of the isolation when the metal
bridge is driven down. It is obvious that the isolation of the switches with Cu or
Al thin films under the SiN dielectric layer is lower compared to the isolation of
the switches with Ti or Cr thin films. This is because the RMS roughness of Cu
or Al thin film is larger. Table 10.5 provides the calculated and measured normal-
ized down-state capacitance and isolation. It can be observed that the measured
normalized down-state capacitance and the isolation are much smaller than the cal-
culated values. This is because only the effect of the surface roughness is considered
in the calculation. Actually, besides the surface roughness, other factors such as
non-planarization of the metal bridge and via hole in the metal bridge also have
significant impact on the down-state capacitance and the isolation.

Isolation (dB)

| ——a0vV

" " 1 " 1 "
0 5 10 15 20
Frequency (GHz)

-20

Fig. 10.31 Measurement results of the variations of isolation with the applied hold-down voltage
with Al thin film under the SiN layer [19]. Copyright/used with permission of/courtesy of IOP
Publishing Limited
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Figure 10.31 indicates the relationship between the measured isolation and the
hold-down voltage when Al metal film is deposited under the SiN layer. It is shown
that the higher the applied hold-down voltage, the higher the isolation. This further
re-enforces the prediction in Fig. 10.27.

10.5 Summary

The fabrication process of the capacitive switches, especially the dry etching of the
sacrificial photoresist with the oxygen plasma, is characterized and optimized. For
the dry etching process, the etching rate of the sacrificial photoresist increases with
etching power and oxygen pressure. However, when the etching power is higher
than 500 W, the metal bridges are easily damaged. The intrinsic stress in the metal
film can be divided into the mean stress and the stress gradient which are determined
by the curve fitting of the measured deflection of the cantilever beams and the stress
model. For the dry releasing process, when the release power is higher than 500 W,
the negative stress gradient in the metal bridge leads to the warp up of the metal
bridge and hence increases the pull-down voltage of the metal bridge. The optimized
etching power and oxygen pressure used in the releasing process are 430 W and 500
mTorr, respectively.
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Single-beam switch, 29, 49-50, 54

Single-crystal reactive etching and

metallization (SCREAM), 4

Single-pole-multi-throw switching circuit
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Surface micromachining fabrication, 148
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Surface roughness, 246263
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Surface topography, 246247
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Voltage drop, 212
VSI, see Vertical scanning interferometry
(VSI)
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Wafer calibration technique, 110, 182
Wafer thinning, 216-220
etching temperature, 219-220
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Wafer transfer technique, 77
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Wideband radar, 13
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