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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.

vii



viii Preface

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 SP4T 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

1A.Q. Liu, RF MEMS Switches and Integrated Switching Circuits,
MEMS Reference Shelf 5, DOI 10.1007/978-0-387-46262-2_1,
C© 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 μm and the
smallest possible width is limited to 5 μm. The actuation voltage is within the range
of 35–150 V. The contact resistance is 5–20 �.
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Contact
bar
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drive

Signal
input
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output

Nickel

Substrate

(a) (b)

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-μm 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 μm 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 μs. Although this type of lateral switch exhibits high RF performance and

(a) (b)

Polysilicon AuSiN

Signal Line

Electrothermal
Actuator

SiN
Isolation 

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.

(a) (b) 

Au

Si

Si

SiO2

Anchor

Device of impact 

Movable
electrode

Fixed Electrode 

Fixed
Contact

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-μm) suspended single-crystal silicon beams with 0.5-μm-
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 Q
(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-μm-deep cavity in the silicon substrate beneath. Copper was electrolessly plated
onto the polysilicon spiral to achieve low resistance. High quality factors (Qs) over
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Table 1.1 Comparison of characteristics of lateral RF MEMS switches

References [13] [22] [25] [27] [28]

Actuation
mechanism

Electrostatic Thermal Electrostatic Magnetic+
electrostatic

Electrostatic

Structure material Nickel Poly-Si Silicon Silicon Silicon
Power

consumption
μW 18–99 mW μW 11.3 nJ/cycle μW

Frequency (GHz) DC DC to 40 DC DC DC to 25
Insertion loss (dB) – 0.1 – – 0.1–1.0
Return loss (dB) – – – – 22
Isolation (dB) – 20 – – 22
Switching voltage

(V)
35–150 2.5–3.5 50–260 10 23.3

Contact resistance
(�)

5–20 0.1–0.3 1000 2–8 1–2

Switching speed
(μs)

– 300 30 100 (close)
20 (open)

36

Size (mm2) – 0.8 × 0.34 >1.2 × 0.6 >2 × 2 0.8 × 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 = Cd

/
Cu , where Cd is the

on-state capacitance with a typical value of several pico-farads and Cu 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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(a)

Metal bridge
Dielectric layer

Lower DC pad
(Center conductor)

(c)

Metal bridge
Dielectric layer

Lower DC pad
(Center conductor)

Cu

(b)

Cd

(d)

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 � 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 μm. 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 μs. The mechanical life
span is 109 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 � 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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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
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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 × 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 Q 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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(SiO2). After removal of SiO2 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 μm 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-μm-
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 μm. In order to supply thick device silicon layer (>30 μm) 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 μm) 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 μm) 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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