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Abstract

This thesis 1s concerned with the development of widely tunable micromachined
capacitors. These devices form part of the emerging field of radio frequency
microelectromechanical systems (RF MEMS). Micromachined switches, resonators,

capacitors and inductors are reviewed from both a technological and commercial

perspective.

Micromachined devices can exploit low loss air dielectrics in conjunction with thick
structural metallisations to realise high performance RF components. The demand for
high performance tunable capacitors in the RF industry is strong because modemn
communications requires signal agility in crowded frequency bands. This 1s best
achieved using low loss capacitors which allow for sharp tuning and filter peaks.

However, 1n order to achieve the required signal agility the tuning range needs to be

large.

The tuning range of single-gap electrostatically actuated micromachined capacitors i1s
limited by an electromechanical instability known as pull-in. A two-gap approach 1s
modelled using Coventorware. The simulations show that this approach can eliminate
the pull-in limitations, leading a very wide tuning range. These results are used to

identify key parameters for the fabricated devices.

Fabrication of the capacitors is demonstrated using both nickel and gold electroplating

based processes. This surface micromachined approach uses a titanium sacrificial

layer and has led to devices with tuning ratios of up to 7.3:1.

A dual sacrificial layer technique is developed which enables thick interconnect
metallisations on a range of substrates to be implemented. A quality factor 243 at
0.9GHz for a 0.26pF capacitor on a glass substrate 1s reported. This process tlow 1s

also directly compatible with air suspended inductors which are fabricated and RF

tested.
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Chapter 1

Background

At the end of the 20™ century, the wireless telecommunications industry entered a
period of significant growth. In response to the increased demand for mobile

telephones and base stations, RF component manufacturers ramped up production.

GaAs power devices such as amplitiers show good linearity and efficiency making
them preferred components for many mobile applications. In September 1999,
Filtronic Compound Semiconductors Ltd (FCSL) acquired the former Fujitsu DRAM
facility at Newton Aycliffe, County Durham. Filtronic wanted to create a GaAs

pHEMT foundry for discretes and microwave monolithic integrated circuits

(MMICs).

To meet the high demand for RF devices and to drive costs down, Filtronic decided to
utilise the high volume production techniques more commonly found in the silicon
industry. Tooling was introduced at FCSL to handle 150mm GaAs substrates with a

production capacity of over 40000 wafers per annum [1]. Both of these figures are

large by compound semiconductor standards.



The transfer of discrete circuit board components to the MMIC provides clear cost
and space benefits. However, GaAs does not offer a complete high performance
single-chip solution. The aim of the research in this thesis was to develop a

micromachined tunable capacitor which would demonstrate advantages 1n terms of

both tunability and RF performance over solid-state equivalents.

The vanable capacitor can be used in voltage controlled oscillators (VCOs) and
tunable filters. These are essential building blocks for wireless communications
systems. A beneftit of surface based micromachining techniques is that they can be
made substrate independent. Therefore, in many cases the technology can be
complementary to the MMIC. Ultimately micromachined and MMIC devices could be
integrated onto the same die to maximise performance. This process flow
compatibility appealed to Filtronic and consequently the company funded a CASE

award 1n conjunction with EPSRC to support the capacitor development.

The emerging technologies, presented in this thesis, are now commonly described as
radio frequency microelectromechanical systems (RF MEMS) [2-7]. The aim is to
replace solid-state solutions with micromachined RF devices which include switches,

tunable capacitors, inductors and resonators.

Traditionally though, micromachining has been led by the sensor market through, for
example, miniaturised accelerometers, gyroscopes and pressure sensors. Relative to

these applications, RF MEMS 1is 1n its infancy.

Micromachining developed into a successful industry because i1t achieved cost

minimisation through batch processing and volume production. Many

micromachining techniques are derived from standard integrated circuit processes.

This makes micromachined devices suitable for mass market production.

When the project details were finalised in early 2000, research into micromachined
tunable capacitors was relatively immature. In general, electrostatic tuning was
identified as a preferred route due to its negligible power consumption and rapid

response when compared to alternative actuation mechanisms.



Two main routes existed 1n the literature for electrostatically tunable micromachined
capacitors. Area tuning capacitors were reported with arrays of interdigitated fingers.
often formed by deep reactive ion etching (DRIE) of silicon [2]. Alternativelyv, a gap
tuning approach had been demonstrated which essentially miniaturised the parallel

plate capacitor [8]. The parallel plates could be formed using substrate independent

surface micromachining with thick metallisations to minimise resistive losses [9]. The

gap tuning approach was chosen for the thesis because it was better suited to the

process flows encountered at Filtronic.

1.1 The widely tunable capacitor approach

A full review of the various tunable capacitors is presented in the next chapter. Briet

details relevant to the project background are given here.

An electromechanical instability, known as pull-in, limits the controllable detlection
of an ideal parallel plate single-gap capacitor to one third of the unbiased gap. This, 1n
turn, limits the tuning ratio to 1.5:1. Dec and Suyama [10] used a three plate approach
to increase this to 1.87:1 with a quality factor, Q, of 7.1 at 2 GHz. This represented

state-of-the-art for the continuous gap tuning approach in the literature up to the year

2000.

In order to remove this electromechanical instability a two-gap tuning approach has
been used. This is shown in fig. 1.1. A DC bias is applied between the upper electrode
A and the lower electrodes, B. The upper electrode electrostatically deforms to reduce
the gap between it and electrodes B. Electrodes A and C form the capacitive structure.
As the upper electrode deforms, so the gap and hence the capacitance varies. If near

contact can be achieved between the capacitive electrodes before pull-in occurs then

very small gaps, and hence high capacitances, can be realised.
[ T\
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Fig. 1.1 The two-gap electrostatically tuned micromachined capacitor.




Air 1s an excellent dielectric for low GHz operation. Many high performance RF
devices exploit it because of its negligible losses. The use of micromachining enables
micron scale air gaps to be fabricated. It is therefore feasible to miniaturise devices
such as air gap parallel plate capacitors or inductors. When losses are minimised.
sharper tuning peaks can be achieved. This enables the RF spectrum to be used more
effectively which is particularly important where there 1s high demand. Furthermore.

battery consumption is also reduced enabling portable devices to be operated for

longer.

1.2 Thesis overview

Chapter 2 introduces the state-of-the-art for the main RF MEMS devices. 1.e.
switches, capacitors, inductors and resonators. These will be able to implement many
of the key RF circuit functions, which are currently circuit board based. Due to the
commercial potential, all of these devices have been subject to intensive research 1in

recent years. In particular, the RF switch has reached the open market through
Teravicta [11].

Chapter 3 presents the results from using Coventorware [12], a commercial
microsystems simulation package, to study methods of increasing the tuning range ot
electrostatically actuated capacitors through changes in design and electrode layout.

This has been used to identify key parameters and produce a starting point for

fabrication.

Chapter 4 provides an introduction to the key fabrication techniques used for
micromachined devices. Many of these are comparable to those used in IC
production. Photoresist based contact photolithography is used to pattern individual
layers. Thin film metal deposition 1s achieved through evaporation, sputtering and

electroplating. Wet and dry etching is performed on metals and organics.

The three dimensional nature of micromachined devices introduces additional
considerations which are not found in the IC industry. One of the most important

concepts is the use of a sacrificial layer. This is used as a mechanical support during

fabrication and is selectively etched to release the device. Thin film stress




minimisation is also very important because it can lead to considerable deformation in

air suspended structures.

The effective commercialisation of microsystems devices relies upon the availability
of reliable simulation software. In general, the initial development of micromachined

devices can prove costly due to the requirement of cleanroom fabrication tools.

Virtual development and testing can prove much more cost effective and minimise the

cleanroom prototyping cycle.

Chapter 5 examines the choice of sacrificial layer for the fabrication of the two-gap
structure. Photoresist has been reported as a suitable sacrificial laver in the
literature[13]. However, the additional requirement of the two-gap structure identified
in chapter 3 which needs very small gaps to achieve the high tuning ratio, make this

less attractive. It was found to consistently leave residual organic scum in the critical

gaps.

Removal of the organic scum is achieved through aggressive wet etches but these are
found to influence mechanical stresses and are incompatible with many metallisations.
An alternative approach 1s developed which uses titanium as a sacrificial layer. This is
thickness limited to thin film stresses but suits the two-gap structure well because it

etches cleanly in HF based solutions. Due to the non-planarising nature of titanium, a

self-planarising process flow 1s used.

Chapter 6 details the fabrication route available tor widely tunable capacitors. Gold
and nickel electroplated devices are developed which exhibit a tuning ratio of up to
7.3:1. A scanning electron microscope (SEM) has been used to relate device
performance and failure to topological structure. The sub-micron gaps achievable
through the use of titanium as a sacrificial layer make considerations of the surface
topology of the capacitive plates particularly important. An atomic force microscope

(AFM) is used to examine the electrode surfaces and propose a model for their

topological meshing.

The primary application for the micromachined capacitor 1s as part of voltage
controlled oscillators or tunable filters in the GHz regime. Chapter / uses a vector

network analyser to extract the quality factors, Q. for the structures in chapter 6. The
A
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quality factor is a key figure of merit for RF MEMS components because it is

indicative of devices losses at a particular frequency. A high O corresponds to low

losses.

A moditied process flow 1s reported which uses a dual sacrificial layer to enable a
very thick interconnect feed to the capacitor structure. This enables fabrication on a
range of substrates including silicon, glass and gallium arsenide. Glass in combination
with thick interconnect 1s shown to achieve very high quality factors. The dual

sacrificial layer approach is also compatible with the fabrication of on-chip

micromachined suspended inductors.

Chapter 8 discusses key results from previous chapters. In particular, attention 1s paid
to key future developments required for effective commercialisation. One conclusion

is that novel micropackaging solutions need to be developed to provide integration

with existing ICs.




Chapter 2

Radio Frequency Microelectromechanical Systems

In recent years, microelectromechanical systems have received considerable attention
in the literature. A comprehensive review of the entire field is now beyond the scope
of a single chapter. Instead, this chapter starts by introducing a few examples of
commercially advanced MEMS devices and the market prospects for RF MEMS.
Subsequent sections detail a selection of the main RF MEMS devices. Micromachined

RF switches, resonators, capacitors and inductors are described 1n terms of technical

operation, performance and commercial readiness.

2.1 Introduction

In order to succeed, a new product must present clear benefits in its intended market.
Micromachining technology has attempted to break into consumer arenas citing cost

reduction and miniaturisation whilst maintaining, and often improving, pertormance.

The primary issue for the uptake of micromachined devices in the marketplace 1s a

realisation that initial investment costs can be immense without a guarantee of

success. Although many of the fabrication techniques are compatible with existing



microelectronic processing, this ‘compatibility” is a verv loose term. It tends to refer

to the use of standard cleanroom equipment.

Even for an existing microengineering company, the introduction of MEMS devices
to the product line requires new processes and an initial disruption to manufacturing.
This has associated costs. For a MEMS start-up company, the cost of owning the

fabrication process will be of the order of $5 - $50 million or even more. depending

on the size of the facility.

During the 1990s MEMS based sensing and optical applications were primary
investment areas. The automotive industry is a ready, and large, market for low cost
small sensors. Consequently micromachined accelerometers such as those developed

by Analog Devices [14] have achieved good market penetration in car airbag sensing.

In recent years, the traditional overhead projector has been superseded by the digital
projector which now has a market valued at $4 billion [15]. Texas Instruments (TI)
developed the Digital Micromirror Device (DMD) in 1987 [16]. It uses
micromachined tilting mirrors to direct light towards the projection surface.
Competing against liquid crystal display (LCD) technology, the DMD projectors have
demonstrated lifetime and image quality improvements. TI predicts a 30% market

share by 2006. It should be noted though that this will be nearly two decades since

device conception.

Seiko Epson [17] have pushed microtluidics technology into the marketplace with
piezoelectric print heads 1n their colour printers. As with TI, Epson became interested
in MEMS technology in the late 1980s. Now they are the largest user of silicon wafers
in the printer industry [18]. The precision of the MEMS based print heads has led to

low cost colour printers with the resolution required to fulfil the demand for photo

printing.

In the late 1990s a new application arena evolved, now referred to as radio frequency
microelectromechanical systems (RF MEMS) [2]. The primary attraction of using
micromachining to produce RF devices i1s that performance can be retained or

improved whilst enabling integration with existing ICs. In 2003, a total of 500 million



mobile phones were sold globally [19]. In developing countries mobile telephone base

stations are being installed in preference to costly landlines.

The mobile telephone 1s now a disposable item. Some basic GSM handsets can be
purchased outright for £30. For the consumer, the cost of replacing a failed
rechargeable battery pack often exceeds the initial cost of the handset. The advantage

of this market place is that a high turnover of mobile telephones 1s maintained.

For the mobile telephone manufacturers this 1s a very dangerous economy to trade 1n.
In order to retain profits in a competitive market, manufacturing costs have to be
driven down. However, in parallel the additional RF requirements ot 3G [20] have to

be implemented in new handsets whilst minimising price increases.

The volume market for handsets now exists but a technology such as RF MEMS
needs to provide clear cost reductions for the manufacturers. Fig. 2.1 shows a market

forecast for RF MEMS devices. In 2007, the predicted market exceeds $1 billion

dollars.
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2.2 RF MEMS switches

Switches are used to route RF signals when multiple circuits need to be implemented
on a circuit board or IC. In mobile telecommunications they are used to switch
multiband phones, providing global compatibility. Electromechanical switches have
existed on the macroscale for many years and are available as plug-in modules.
Actuated by electromagnetic relays, these are bulky and have a limited switching
speed (typically ms). However, their RF performance up to several hundred MHz and

power handling capabilities are good.

Solid-state RF switches exist in the form of PIN diodes and GaAs FETs. These
semiconductor based switches do not provide the RF isolation of electromechanical
switches but provide high switching speeds (typically ns) and on-chip compatibility.

To date, these have market saturation for modern wireless applications.

Micromachining provides the mechanism to miniaturise the electromechanical switch
to micron dimensions. Demonstrated by Peterson 1n 1978 [22], the switch was one of
the first reported micromachined devices. Peterson produced bulk micromachined
single crystal silicon switches. However, these were not designed for RF applications
and would yield a poor RF performance due to the lossy silicon structural material.

The RF switch is currently the most mature RF MEMS device with many examples in
the literature |3, 23-36].

The role of the micromachined RF switch i1s to provide a mechanism to open and

close an RF signal line. This has been implemented through a wide range of actuation

mechanisms and circuit configurations. However, two configurations are commonly

encountered. These are series metal to metal contact and capacitive shunt switch

configurations.
2.2.1 Metal to metal contact RF switches

The first device to be discussed is the metal to metal contact switch. Fig. 2.2 shows

the principle of operation for an electrostatically actuated switch. A DC voltage
10



applied across electrodes A and B causes the movable electrode. A, to be

electrostatically attracted towards the fixed electrodes B and C. When A and C make

contact an electrical short is achieved. This biasing voltage, comparable to the

threshold voltage in a FET, enables the switched to be closed.

RF.In

Fig. 2.2 The electrostatically actuated metal to metal contact switch.

The switch in fig. 2.2 is in a series configuration. This 1s best suited to frequencies
below 10 GHz [37]. The isolation of a series RF switch degrades with increasing

frequency [32]. Metal contact switches are suitable for switching DC signals as well

as RF.

The primary issue with this type of RF MEMS switch is reducing the insertion losses
by ensuring a low contact resistance. In order to achieve this, the upper electrode

needs to be in good physical and electrical contact with the lower electrode.

Electrostatic pull-in is usually exploited to increase the contact force. If a DC voltage
is applied, which causes a displacement in excess of approximately one third of the
unbiased gap, the movable electrode uncontrollably snaps down to contact the fixed
lower electrode. This is an electromechanical instability caused by the restoring spring
forcing being unable to counter the electrostatic force of attraction (see chapter 3).
Over a large number of switching cycles the topology of the electrode can alter due to

physical wear - especially for relatively soft metals such as gold [38].

11



As will be discussed 1n chapters 4, 5 and 6, micromachined electrodes are susceptible
to stiction failure. This is where the electrodes irreversible adhere together. [deally
planar surfaces are used for the contacts because they provide the minimum on state
resistance for the least contact force. However, these planar electrodes have a larger
contact area and are more likely to encounter stiction failure [39]. This is the main
lifetime limiting factor with this type of RF switch. Current state of the art contact

switches have been reported with a lifetime of 7 x 10° cycles for cold switching [40].

2.2.2 Capacitive RF shunt switches

An alternative switch approach is shown in fig. 2.3. This uses a shunt configuration
where the RF signal is controlled by two capacitance states. In the up position (i.e.
unbiased) the gap between the upper and lower electrodes is large which provides a
low capacitance to ground and the RF signal can pass unimpeded. In the down
position, the capacitive gap is reduced therefore increasing the capacitance and
shorting the RF signal to ground. As with the series contact switches electrostatic

actuation 1s predominantly used for the capacitive shunt switches.

Metal (Ground)

s
.
*
.

Insulator

P

Fig. 2.3 A capacitive shunt switch configuration.

The advantage of this capacitive approach is that the need for low resistance metal

contacts is eliminated. This enable anti-stiction measures to be utilised such as

dielectric materials in conjunction with anti-stiction coatings [41].

Unfortunately, this has not solved the lifetime issues of RF MEMS switches.

Dielectric charging has been reported after repeated operations [42]. As with stiction,

12

—



this leads to the upper electrode sticking to the dielectric. In this state the switch

remains closed.

The shunt configuration is readily compatible with coplanar waveguide (CPW)

implementation. The switch is essentially a movable airbridge. Fig. 2.4 shows a

schematic of a CPW switch implementation.

Membrane

L el Co
- [l RFoutput
e G

B
Dielectric Electrode

|

|

Fig. 2.4 A CPW capacitive shunt switch configuration (Adapted from Yao et al
[32]).

The power handling of both types of electrostatically tuned RE MEMS switches 1s
limited by self-actuation. The resonant frequency of the movable electrode 1s in the
kHz regime. An RF signal in the GHz regime is heavily damped and effectively acts
as an additional DC bias. If the rms voltage of the RF exceeds the switching voltage

then the switch will self-actuate and close. For this reason the actuation voltage of RF

MEMS switches must exceed the rms RF voltage.

This forces the biasing voltages high. The gap cannot be reduced to decrease the
biasing voltage because this reduces the switch isolation. Instead, either larger

actuation electrodes or improved upper electrode suspensions have to be used.

13



Switching speed 1s an 1mportant figure of merit for RF MEMS switches. It is
challenging for a mechanical system to compete directly with an electrical based

switch. However, figures are typically in the pus regime [2].

The actuation mechanism for the switches tends to be exclusively electrostatic.
Although electrothermal actuation can be used, it 1s too slow and has a high power
consumption but can allow a low operating voltage. Electromagnetic systems provide

a high contact force but are difficult to fabricate and again have a much higher power

consumption than their electrostatic counterparts.

2.2.3 Commercialisation of RF MEMS switches

In the final quarter of 2003, Teravicta Technologies [11] began to ship RF MEMS
switches to customers. The TT612 was the first micromachined switch to reach the
marketplace. It is an electrostatically actuated cantilever based single-pole double-

throw (SPDT) switch. A metal contact configuration 1s used.

These micromachined RF switches are in direct competition with the solid-state
equivalents. However, currently they are only being sold as discrete devices for circuit

board mounting. Table 2.1 shows a comparison of the key performance parameters of

the TT612 against a solid-state GaAs equivalent.

TT612 FMS2001QFN
Freq. (GHz) DC -6 DC-2.5
Insertion loss (dB) 0.15@ 1 GHz, 0.3@ 6GHz 0.6@ 2.5 GHz
Isolation (dB) 30@1 GHz, 24(@ 6 GHz 30 @ 2.5 GHz
Bias voltage (V) 2.7-3.5 2.7

Table 2.1. This table compares key performance parameters of the RF MEMS
switch from Teravicta Technologies (TT612) against a Filtronic pHEMT MMIC

SPDT switch (FMS2001QFN) [43].

The first commercially available RF MEMS switch shows insertion loss and

frequency operation advantages over a GaAs equivalent. However, there 1s no gain 1n

14



isolation. The main advantage of using a lower insertion loss switch for wireless

devices is an improvement in battery lifetime.

For the RE MEMS switches to succeed in the market place they ideally need to be

integrated into existing RFICs. As discretes they eliminate the kev attractions of

MEMS to the wireless industry of cost and space reduction.

2.3 Micromachined Resonators

Mechanical resonators provide the capability for stable frequency generation, filtering
and mixing in a single device. Ideally the resonant frequency is independent of

external conditions and mechanical losses are negligible.

Mechanical resonators are commercially available as quartz, surface acoustic wave
(SAW) and cavity resonators. The quartz crystal oscillators cannot be readily
integrated on-chip. SAW based resonators can be fabricated on GaAs substrates [44].
However, the SAW devices typically require large substrate areas of up to lcm®
which limits their attraction for integration. Waveguide based cavity resonators are
suitable for operation above 2 GHz. Generally, these are costly large scale devices.

However, attempts to miniaturise them to dimensions comparable to SAW devices

have been successful [45].

Research into micromechanical resonators i1s well advanced due to sensor
applications. Many MEMS accelerometers and gyroscopes are excited into resonance

during operation [46]. This has the effect of increasing their sensitivity.

7 3.1 Microelectromechanical beam resonators

Fig. 2.5 shows a simple beam resonator configuration fabricated by Wang et al [47].
The upper movable beam is clamped at both ends. The lower electrode 1s used to

provide an ac signal to excite the beam into resonance.
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Fig. 2.5 A simple micromechanical resonator arrangement from Wang et al [47].

The MEMS resonator shown in fig. 2.5 has the opposite requirements to the RF
switches outlined in the previous subsection. In this case the movable beam must be

designed with as high a resonant frequency as possible.

A DC biasing voltage 1s usually applied to the lower electrode. This is to stop the
double actuation of the free beam during ac biasing (for a sinusoidal ac voltage, both
the positive and negative swings cause electrostatic attraction). This leads to device
actuation at twice the true applied frequency. By applying a DC bias to the resonator
electrodes with a magnitude greater than that of the ac voltage, the input signal can be

shifted either to fully positive or negative, thus solving the frequency problem.

The beam resonator can be tuned during resonance by applying DC biasing voltage
between the beam and the lower electrode. The resonator in fig. 2.5 has a resonant

frequency of 54.2 MHz and a mechanical quality factor, O, of 850. These types of

resonators are aimed at VHF applications.

MEMS beam resonators must operate in a vacuum environment, as air damping

increases mechanical losses and impairs the mechanical quality factor, ). Hermetic

sealing of devices 1s expensive.

Various materials have been reported for the beam. In MEMS resonators, polysilicon

is commonly used because it has excellent mechanical properties [48]. Metals suffer

from fatigue and creep during prolonged operation at resonance [49].
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2.3.2 Thin film bulk acoustic resonators

T'he beam approach is physically limited in frequency to the VHF regime. Therefore

alternative designs have been developed which can achieve resonant frequencies

nearing 1 GHz.

T'he general thin film bulk acoustic resonator (FBAR) structure is shown in fig. 2.6.
The FBAR works using a metal - piezo - metal sandwich. An RF signal across the
metal electrodes excites the piezoelectric material. Therefore electrical energy is
converted into mechanical. The FBAR is fabricated on a thin membrane which
1solates the device acoustically from the substrate. This significantly reduces

mechanical losses and increases the QO [50].
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Fig. 2.6 A typical FBAR resonator arrangement

2.3.3 Micromechanical disk resonators

In recent literature Wang et al have reported a micromechanical disk resonator with a
resonant frequency of 1.51 GHz and a Q of 11,555 [51]. This represents state-of-the-
art at <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>