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Abstract

Advanced RF systems on chip will benefit from microelectromechanical (MEMS) tunable
capacitors integrated on a CMOS or BICMOS chip with high quality factor (Q) and large tuning range.
RF circuits with on-chip CMOS/BICMOS MEMS tunable capacitors will have small footprints and will
not have the reduction in tuning range coming from fixed capacitance between off-chip circuit parts.
CMOS-MEMS micro-movers that use the principles of self-assembly and electrothermal actuation are
successfully designed, modeled, fabricated and characterized for use in RF tunable capacitors, latch
mechanisms and nanometer-scal e gap-closing structures.

The micro-movers exploit the lateral stress gradient setup by embedding metal layers into
CMOS-MEMS beams that are offset from the centerline of the beam. Built-in residual stress in the
aluminum and silicon dioxide layers creates a gradient driving self-assembly upon microstructural
release. Electrothermal actuation generates a stress gradient from the different temperature coefficients of
expansion of the offset materials. This actuation has relatively low driving voltage of around 12 V
maximum, which is compatible with | C technology and silicon substrates.

Various micro-mover designs in four different CMOS/BICMOS processes are characterized. The
largest lateral displacement from self assembly is 11 pum in a 100 um by 40 um footprint. The largest
lateral displacement from electrothermal actuation is 25.5 um in an actuator with the same footprint.
Frequency response of the micro-moversis limited by the thermal time constant with the fastest measured
3dB bandwidth of 178 Hz. The largest tuning range achieved among tunable capacitor designs is 352.4%
withaQ of 52 at 1.5 GHz.

For zero-power stand-by operation of RF MEMS capacitors, mechanical latch structures are
developed by sequencing micro-movers. Such mechanisms are also applied to assembly of lateral
nanometer-scale sidewall gaps for large capacitance and large electrostatic force per area. Mechanical

latch and nanometer-scal e gap-closing mechanisms are successfully fabricated and tested.



Chapter 1. Introduction

Over the past decade, MEMS technology has been widely used in applications such as optical
communications, wireless systems, automotive sensors, aerospace systems, micro-robotics, chemical
sensors, biotechnologies, and micro probes. MEMS applications in the RF and microwave field have seen
an incredible growth in the past 12 years stemming from the superior high frequency performance of RF
MEMS switches. During these years, other RF and microwave MEMS devices have been designed such
as tunable capacitors, inductors, micro-machined transmission lines, micro-mechanical resonators and
filters. Design, modeling, fabrication and characterization of novel RF MEMS tunable capacitors and
their self-assembly and el ectrothermal actuation mechanisms that are integrated within CMOS/ BICMOS
processes are described in this thesis.

1.1  Moaotivation

For wireless industries, there is a continuing demand for RF high performance transceivers with
lower-power, lower noise and smaller footprint. It is important to use high-quality factor (Q) passive
components such as inductors, tunable capacitors and switches in RF front-end circuits for low power and
low noise receivers. For oscillators and amplifiers, using a passive component with high-Q results in
better phase noise and power consumption. Quality factor of on-chip inductors and MOS varactors are
only the order of low 10s at higher frequencies, therefore off-chip passive components capable of higher
Q are widely used for RF front-end circuits. However, using an off-chip device increases the footprint of
the receiver. Recent MEM S-based passive components achieved Qs of 30-100 at severa gigahertz
frequencies and have the potential to be used instead of the low-Q conventional on-chip passives. RF
front-ends with these micro-machined passives still have large footprints, because they employ two
Separate die, one for micro-machined passives and one for electronics. On-chip MEMS passives are of
interest, if they can be demonstrated to achieve higher Qs and smaller footprints from the same design.

There is adso an increasing demand for multi-band radio architectures, because of the need for

integration of different wireless systems with different operation frequencies. Tunable or reconfigurable



receiver components are required for these multi-band RF front-ends. Most of the on-chip varactors have
low tuning range (<3) and non-linear behavior. Over the past years, MEM S-based tunable capacitors also
achieved large tuning ranges (>8) [1] and linear behavior [2], but previous VCO designs with
micromechanical tunable capacitors have not achieved wide tuning for VCO application [3-6]. On-chip
interconnects introduce fixed capacitance to LC tank of the VCO, which decreases the tuning range

The goal for designing a novel MEMS tunable capacitor on a CMOS or BICMOS chip is to
achieve high Q and large tuning range and to use the capacitors with on-chip MEMS inductors [7] and
other electronics to design high performance front-end circuits. RF circuits with on-chip CMOS/BICMOS
MEMS tunable capacitors will have small footprints, and will not have the reduction in tuning range
coming from fixed capacitance between off-chip circuit parts. The top metal layer in the CMOS/BICMOS
process is used to define microstructures in the post-CMOS micromachining steps, eliminating the need
for any additional masks. For the actuation mechanism, electrothermal actuators are preferred for having
low driving voltages, which enables the compatibility with integrated circuits and silicon substrate. For
zero-power stand-by operation of RF MEMS capacitors, mechanical latch structures can be devel oped.
These types of capacitor designs enable reconfigurable RF filter and VCO applications. Another
important application of the microactuators and latch mechanisms is in assembling lateral nanometer-
scale sidewall gaps for large capacitance and large electrostatic force per area. Desirable gap sizes for
resonant filter applications range from about 50 nm or less to 500 nm. Conventional optical lithography
gap width in the CMOS microstructures is around 0.5 pum, which limits the performance of these devices.
12  PreviousResearch
1.2.1 Electrothermal Microactuators

Various micro-actuation techniques such as electrostatic, thermal, piezoelectric, or magnetic have
been demonstrated. Actuators based on electrostatic forces have been commonly used, due to their low
power and high frequency operation [8-9]. Although electrostatic actuators have these advantages, they
require high voltages (>40V) that are not compatible with most integrated circuit processes. The forces

produced by electrostatic actuators are in the range from 1uN to 10uN [8-9], which are lower than the



forces produced by other types of microactuators. Large areas are needed for electrostatic actuator
designs, which make system on-chip integration less feasible economically. Magnetic actuation uses the
force of attraction and repulsion between magnetic field produced by an electric current and a magnetic
material [10]. These types of actuators require extra fabrication steps. Piezoelectric actuators also have
similar problems with processing complexity, as they require piezo-electric materials modified by high
temperature steps [11]. On the other hand, devices based on electrothermal actuation can provide large
forces, large displacements, and low area consumption [12-28]. They can also operate in an integrated
circuit voltage regime (<5V). However, therma actuators consume more power than electrostatic
actuators. Generally thermal actuators are slower than the electrostatic actuators. Usually thermal time
constants are longer than the electrical and mechanical time of constants. To alleviate this problem, the
thermal mass of the actuators should be designed as small as possible.

Some of the early electrothermal actuator designs are based on the bimorph effect, which relies
on the difference of thermal expansion coefficients between two adjacent layers on the device. By heating
these layers, a bending moment is created. However such actuators produce deflection in the direction
normal to the substrate [12]. One of the microactuator designs by Reithmuller and Benecke with 2.5 pm
thick locally deposited Au layer achieved 90um displacement by using 200 mW power from 0.05mm?
area [12]. An electrothermal design by Sun and Carr uses the out of plane actuators to produce in-plane
deflections [13]. By using both electrothermal and electrostatic actuation at the same time, this actuator
design can produce 30 pm lateral deflection with 40mW power from 0.03 mm? area [13]. Because of the
fact that processing adjacent bimorph materials is so complicated, the lateral actuation mechanism is very
difficult to achieve by using the bimorph approach. Judy et al. [14] developed an actuator, which achieved
in plane actuation by using serpentine shape actuators with complicated processing. One recent actuator
design by Oz and Fedder, which will be explained in the following chapter, uses the CMOS/BICMOS
interconnect stacks for laying the bimorph materials to make the processing easier and also achieved
lateral deflections [15]. This actuator demonstrated 3.5 pum deflection by using 18 mW power from 0.04

mm? area [15]. Lateral “heatuator” microactuators are based on the asymmetrical thermal expansion of a



microstructure, which has two different cross sections and is processed in one structural layer [16-18].
The most recent design by Comtois, Michalicek and Baron can produce 20 um deflection and 19 uN
force with 37 mW power from a small area (0.01 mm?) [18]. The 3-db bandwidth for this design is 7 kHz,
and maximum frequency for full deflection is 1.57 kHz [18]. For the beam-bent actuators, designed by
Gianchandani et al. [19] current is passed through the V-shaped beam anchored at two ends to cause a
thermal expansion at the center of the actuator. A fabricated single device can produce 5 um displacement
and 8300 pN force with 180 mwW from 0.01 mm? area, and some cascaded ones demonstrated 3 pm
deflection and 132 pN force with 40 mW from 0.7 mm“area [20]. The trade-off between power-area and
force can be seen in these actuators. The measured -3dB bandwidth for both cascaded and single devices
is 700 Hz [20]. To increase the output displacements, rotary actuators and inchworm designs are
demonstrated by using multiple bent-beam thermal actuators orthogonally [21]. For rotary actuator
designs, the displacement is increased from 3 um to 33um, but the power is also increased from 40 mw
to 375 mW as multiple actuators are used. Zero-standby power is achieved by the inchworm designs,
which means that the power is only needed during the switching time, not for the on or off cases [21].
Sun, Farmer and Carr developed asimilar zero-standby operation design by employing a mechanical latch
structure [22]. For near zero-power operation, a RF MEMS switch by Robert et al. [23] is designed by a
combination of thermal actuation and electrostatic latching. 400 mW of power is consumed for switching
operation, but only 10 V is needed for the electrostatic latch mechanism with close to zero continuous
power. The switching time for the electrothermal actuation is 200 us.

There are several examples of applicationsin MEMS utilizing electrothermal actuators including:
RF MEMS tunable capacitors [4-6], RF MEMS switches [23], an optical fiber micro switch [24], rotary
micro-engines [21], micro-tweezers [25], and positioners [26]. There are also several efforts to model
electrothermal actuators, including the physics of temperature dependent material properties and Finite

Element Analysis (FEA) modeling techniques [27-28].



122 RF MEMS Tunable Capacitors

Complete receiver systems on a single chip require voltage-controlled oscillators (VCOs) with
gigahertz freguencies, and low phase noise and tunable RF filters with low insertion loss. Tunable
capacitors with high Q are desired in VCOs and RF filters for achieving better good performance. Micro-
mechanical high-Q tunable capacitors have been used for VCO [3-6] and RF filter applications [29].
Other than the MEMS-based tunable capacitors, several other strategies, which include the
implementation of MOS varactors or switched capacitor banks, have been used to achieve wide tuning
range. Distortion and linearity are the two main problems associated with these approaches. Compared
with solid-state varactors, MEMS tunable capacitors have advantages of lower loss, larger tuning range
and more linear tuning characteristics.

In the past few years, many tunable capacitors based on MEMS technology have been designed
[1-6, 29-40]. These capacitor designs can be classified into two categories according to their tuning
mechanism; one category is gap tuning, and the other one is area tuning. MEMS-based RF tunable
capacitors can aso be classified according to their actuating mechanisms which are; electrostatic,
electrothermal, and piezo-electric.

Some of the early gap tuning designs have low tuning ranges, because of the parasitic
capacitances coming from interconnects [3]. The paralle-plate capacitor designs with electrostatic
actuators have a theoretical 50% tuning range limitation [3], because the electrodes snap after the gap
between them becomes 2/3 of the initial gap. The parallel-plate vertica gap device demonstrated by
Young and Boser, has a tuning range of 16% and quality factor of 60 at 1 GHz [3]. A VCO is
implemented at 714MHz operating frequency with 14 MHz tuning range and a phase noise of -107
dBc/Hz at 100-kHz offset [3]. A Modified parallel-plate RF tunable capacitor is designed to increase the
tuning range larger than 50% limit by using three paralel plates [4]. From a 4 pF capacitor design, a
tuning range of 87% with 4.4 V controlling voltage and Q of 15.4 at 1 GHz are achieved [30]. A VCO is
also demonstrated with 24 MHz tuning at 1.336GHz operating frequency and phase noise of -98.5

dBc/Hz at 100-kHz offset [30]. A paralld plate design by Zou et al. [31] used a novel electrode design to



achieve a tuning range larger than the 50% snap-in limit. For this design, larger gaps are used in the
electrostatic actuation mechanism, compared to the gaps between the electrodes of the capacitor [31].
Tuning range of 69% is achieved by using 17 V driving voltages [31]. Designs based on a cantilever
beam also achieve tuning ranges larger than 50% [32-33]. The initial design by Hung and Senturia has a
tuning range of 81.8% with 40V controlling voltage [32]. Later designs have Q of 4 at 3 GHz and large
tuning range of 354% with 40 V controlling voltage [33]. Paralel-plate capacitor designs using
electrothermal and piezo-electric actuation do not have the 50% tuning range limitation. A parallel-plate
capacitor by Feng et al. [34] based on thermal actuation has lower driving voltages around 7 V, compared
to the capacitor based on el ectrostatic actuation. It has also large tuning ranges of 270% and high-Q factor
of 300 at 10 GHz [34]. Yao et a. [35] devel oped a capacitor based on piezo-electric actuation that hasa Q
factor of 210 at 1 GHz with a6 V controlling voltage.

The area tuning RF MEMS capacitors are demonstrated to solve the snap-in tuning range
limitation, when electrostatic actuation is used [36-37]. Early devices achieve tuning range of 300% with
5 V controlling voltage. Interdigitated finger structures with 30 um thickness are used for capacitor
electrodes and the electrostatic actuation mechanism [36]. Recent designs use thicker and longer finger
blocks to increase the tuning range and the quality factor. Tuning ratio of 8.4:1 with 8 VV controlling
voltage and Q factor of 35 at 2 GHz is demonstrated by using 40 um thick finger electrodes [1]. Having a
12 pF nominal capacitance value and Q-factor of 200 at 400 MHz enables UHF filter applications for
these capacitor designs. An UHF filter with tuning range of 225-400 MHz is developed with an insertion
loss of 6.2 dB and Q factor of 100 for the operating frequency ranges [29]. The most recent capacitor
design by Rockwell Science Center achieves a linear tuning characteristic by forming a completely
electrically isolated capacitor [2]. Two sets of electrostatic comb drive actuators in opposing directions
are used to achieve a linear tuning characteristic. Another area tuning design uses the idea that the
dielectric between the electrodes is moved laterally to achieve high-Q factors [37]. Using a diglectric that
has large dielectric constant enables high-Q factors, because the same device would have bigger

capacitance with the same resistance losses. Q factors of 291 at 1 GHz and tuning range of 7% with 10 V



controlling voltage is demonstrated [37]. The biggest issue of these MEMS devices is the use of
separately fabricated CMOS/BICMOS electronics. For VCO and RF filter designs, on-chip and off-chip
interconnects between separate dies introduce large fixed capacitance to the LC tank, which decreases the
tuning range.

In this thesis work, severa CMOS-compatible micromechanical tunable capacitors are
demonstrated to solve this separate die problem [38-40]. These MEMSS capacitors can be classified as on-
chip devices, and can be easily used with on-chip inductor and CMOS/BICMOS electronics to design
VCOs and RF filters. These RF filter and VCO designs have larger tuning range, due to lower
interconnect capacitance between the capacitor, inductor and electronics. They aso have a smaller
footprint, since everything is on the same chip, which enables future system-on-chip designs.
Electrothermal actuation is chosen, for its lower driving voltage, which is compatible with |C technology
and silicon substrates.

Fabrication steps of these microactuators are similar to CMOS post-processing techniques [41].
Structures are made using the CMOS interconnect stack and released with a maskless CMOS
micromachining process. The high-aspect-ratio CMOS micromachining technology begins with a
conventional foundry CMOS process. Versions of these lateral actuators were fabricated using Austria
Microsystems (AMS) 0.6 pm CMOS, Agilent 0.5 um CMOS and TSMC 0.35 um CMOS, IBM SiGe6HP
0.25 um BICMOS and Jazz 0.35 um BICMOS processes. After the foundry fabrication, three dry-etch
steps, shown in Figure 1.1, are used to define and release the structure. Figure 1.1(a) shows the cross
section of the chip after regular CMOS fabrication. In the first step of post-CMOS processing (Figure
1.1(b)), dielectric layers are removed by an anisotropic CHF3/O, reactive ion etch (RIE) with the top
metal layer acting as an etch resistant mask. After the sidewall of the microstructure is precisely defined,
silicon trenches around the device are micromachined into the substrate using a deep RIE step (Figure
1.1(c)). The final step is an isotropic SFs/O, RIE used to etch away the bulk silicon and release the
structure (Figure 1.1(d)). Multi-layer conductors can be built in the composite structure, which enables

more flexible designs than homogeneous conducting structures. The undercut of silicon in the release step



(Figure 1.1(d)) requires the placement of sensing circuits to be at least 40 um away from the

microstructures.
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Figure 1.1. CMOS-MEMS process. (a) CMOS chip after fabrication, (b) anisotropic RIE removes dielectric layers,
(c) anisotropic RIE removes substrate, (d) isotropic RIE undercuts silicon substrate.

The remainder of this thesis reports on the development of the tunable capacitors and the micro-
mover structures. The design and modeling of self-assembly structures, electrothermal actuators, and RF
tunable capacitors will be discussed in Chapter 2. The experimenta results for different designs will be
given in Chapter 3. In Chapter 4, the results from design, modeling and experiments will be compared and

discussed.



Chapter 2. Design and modeling

There is an ever increasing need for accurate modeling of MEMS devices. Once an accurate
model is built for one device topology, the consumed time for design and optimization is reduced.
Building accurate models for design of micro-movers and tunable capacitors is an ultimate goal of the
present work. Recently, RF circuits like RF filters and VCOs can be designed by using these tunable
capacitors and micro-movers. Having accurate models for the MEMS devices helps the designers to
communicate between the device level and the circuit level and iterate between those two levels during
the design process.

The concepts of lateral self-assembling actuators, electrothermal  actuators and latching
mechanisms made from these actuators will be presented in Section 2.1. Also covered in this section are
finite-element simulation results of electrothermal actuation and analytic modeling of the thermal and
mechanical response. In Section 2.2, various topologies for tunable capacitors made with the micro-
movers will be discussed in detail. Parallel-plate anaytic models with geometric design parameters for
capacitance and quality factor are presented along with supporting finite-element simulation results.

21 Self-assembling/ Electrothermal Actuators

CMOS/BICMOS-MEMS micro-movers are capable of providing large latera displacements for
tuning capacitors, self-assembly of small gaps in CMOS/BICMOS processes, latching structures and
other applications where lateral micro-positioning on the order of 1 to 10 umis desired. Principles of self-
assembly and electrothermal actuation are used in design of these micro-movers. The new ability is to
design from layout, and thereby tailor, the lateral stress gradients and gradients of temperature coefficient
of expansion into the actuation beams. This design capability represents an advancement over prior
methods of designing electrothermal actuators and micro-movers in that enables high displacement
magnitude with small geometry and independent setting of displacement and stiffness. Prior work
exploits differences only in axia expansion coupled with mechanical lever action to produce motion. The

fabrication approach has the further advantage of being compatible with CMOS and hybrid CMOS/SiGe



bipolar processes, which enables less resistive losses and less parasitic capacitance for RF MEMS tunable
passive applications.
211 Basic Conceptsof Self Assembly and CM OS Electrothermal Actuation

Motion is induced in specific beams by designing a lateral stress gradient within beam flexures.
The lateral stress gradient arises from purposefully offsetting the lower metal layers with respect to the
top metal layer of a CMOS-MEMS beam. A similar offset idea was presented for use in a latera
capacitive infrared sensor [42]. Of particular importance is the ability to tailor the lateral stress gradient,
and therefore lateral moment, as a function along the beam length. This ability to set an internal moment
along the beam arises from different offset and width of the embedded layers. The microstructures are
made from the CMOS interconnect stack using a maskless CMOS micromachining process, however
these beams could be made in aternate custom processes. For example, the micro-movers can aso be
made in hybrid CMOS/SIGe bipolar processes. The CMOS-MEMS beams are made from meta layers
embedded within a dielectric (silicon oxide and silicon nitride). The offset layers do not have to be metal,
and do not have to be embedded in dielectric. However, this particular design technique is particularly
advantageousin CMOS-MEMS, since no special processing must be done to implement the designs.
The primary concept of the lateral actuator is illustrated in Figure 2.1. This particular design is a folded-
flexure to relieve axial residual stress, as shown in Figure 2.1(a). The metal layers inside the flexure
beams are offset to one side of the beam for half the beam length, and to the other side for the remaining
half of the length. This arrangement provides a lateral stress gradient in one direction for half of the
beams, then to the other direction for the other haf. For many CMOS-MEMS processes, the residual
stress in the offset dluminum layers is tensile, while the residua stress in the surrounding silicon oxide
layers is compressive. Therefore, the aluminum contracts and the silicon oxide expands once freed to
move. Upon release, this tailoring of stress provides a self-actuating operation, where the beams move
intoa“S’ shape, as shown in Figure 2.1(b). This shape eliminates any moments at the ends of the beam,
and therefore maximizes lateral motion with no rotation. Some residual moment may exist at the ends of

the beam due to manufacturing variation along the beam, though this is small. The design methodol ogy

10



for placement of the inner metal layers aims to set the beam moment so as to mimic bending from an
external actuating force concentrated at the central piston. Sub-0.5 micron CMOS processes generally
have lower residual stress in both the aluminum and silicon oxide layers. Some CMOS processes provide

aluminum layers with compressive residual stress. In all cases, efficient CMOS-MEMS el ectrothermal
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Figure 2.1. Primary concept of the micro-mover in CMOS/BICMOS processes, (a) before micro-structural release,
(b) after micro-structural release, (c) after actuation.
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actuators can be designed, once the behavior in agiven processis characterized.

The stiffness of the flexure in Figure 2.1 can be modified independent of the deflection. The
particular design in Figure 2.1 employs 12 beams. Additional beams, ideally in a symmetric arrangement,
may be added to increase the tiffness. This is a great advantage over electrostatic micro-actuation
schemes. Electrothermal actuation can be applied to any designed actuator. The heating isimplemented in
CMOS-MEMS by embedding a polysilicon resistor inside the beam. Current flowing through the resistor
generates the heating power. Motion is induced from the different Temperature Coefficient of Expansion
(TCE) of the metal offset layers and the rest of the beam materia (silicon oxide). In the case of CMOS-
MEMS, the offset aluminum layers have a much larger TCE than the surrounding silicon oxide. When
heated, the side of the beam with the aluminum offset will expand relative to the other side. This effect
leads to the actuated lateral motion, asillustrated in Figure 2.1(c).

2.1.2 Nanometer-scale Gap Closing M echanism

An application of the micro-movers is in assembling lateral nanometer-scale sidewall gaps for
large capacitance and large electrostatic force per area. Desirable gap sizes range from about 50 nm or
less to 500 nm. These nanometer-scale gaps are particularly useful for improving the performance of
high-frequency nanoresonator devices. Conventional optical lithography limits gap width in the CMOS
microstructures to around 0.5 pm. Smaller gaps have been made in some other micromachining
processes, for example by forming a thin sacrificial oxide layer between silicon or polysilicon electrodes.
In our assembly approach, the gap as drawn in layout is much larger than the final nanometer-scale
dimension, as shown in Figure 2.2. One electrode of the gap may be a nanoresonator, exemplified by the
fixed-fixed beam in Figure 2.2. The other electrode of the gap is connected to a micro-mover. The micro-
mover shifts the electrode in the direction to narrow the gap. A rigid limit stop sets the desired final gap
value. Since the limit stop edge and the beam edge face the same direction, any overetch or underetch in
the processing will not affect the gap dimension. Theoretically, the gap can be set to an arbitrarily small

value, however the practical minimum gap is determined by the surface roughness of the sidewalls,
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estimated to be less than 50 nm. A self-assembly micro-mover isideal for this application, requiring zero
power. However, some CMOS processes have such low residual stress gradients that making self-
assembly micro-movers is impractical. In these cases, an electrothermal micro-mover shifts the electrode
and closes the gap. To maintain the gap closure without expending continuous power in the micro-mover,
aself-aligning lateral latch mechanism can be included. The lateral latch mechanisms will be explained in
Section 2.1.4.2.

resonator beam

Before release: /

limit stop

After release:

nanometer-scale gap

Figure 2.2. Nanometer scale gap closing mechanism by using self-assembly.

2.1.3 Modeling of Micro-moversfor Self-assembly and Electr other mal Actuation

Micro-mover designs were fabricated in several processes, including the AMS 0.6 pm CMOS
process, Agilent 0.5 um CMOS process, TSMC 0.35 pm CMOS process, IBM SiGe 6HP 0.25 pm
BICMOS process and Jazz 0.35 um BICMOS process. For the modeling of the micro-movers, designsin

Jazz 0.35 pm BICMOS process will be analyzed.
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Displacement magnitudes of the lateral self-assembly and actuation are verified quantitatively by
finite element analysis (FEA), using Coventorware [43]. For FEA, a simulation temperature, Tsy, iS
calculated to model the lateral actuation magnitude upon release of the actuator.

T =—Tog+ Ty, + T4 (2.1)

where, Tgm, is the simulator initial temperature, which is 273K, and Ty is the ambient
temperature. T, denotes the characteristic temperature, defined as the temperature at which a beam with
embedded offset metal layers exhibits zero deflection relative to layout. Information about analytical
equations for temperature dependant residual stress gradients can be found in [44, 45]. Design parameters
for the micro-mover structure are shown in Figure 2.3(a) by using a half part of the micro-mover in
Figure 2.1. Lyeam is the beam length in the actuator, Wyean iS the beam width set by the top metal layer in
the actuator, Wrean2 1S the beam width for embedded lower metal layers in the actuator with lateral offset,
Loae IS the plate length in the actuator, Wy« is the plate width in the actuator, Nyean iS the number of
paralel beams in the actuator and dois iS the offset, which is shown in Figure 2.1. The thermal
coefficient of expansion (TCE) values, that are used in the simulations are 28.3 W/K for metal layers and
0.4 WK for oxide layers.
2.1.3.1 Smulationsfor the Displacement from Self-assembly

To perform a simulation in Coventorware, the characteristic temperature for that type of actuator
must be known. This information can be measured from lateral curl of a simple beam test structure, by
determining the temperature at which the structure is completely straight. Figure 2.3(b) is a scanning
electron micrograph of test cantilever structure at room temperature. The verniers at the tip of the beam
aid in measuring lateral displacement. By using these verniers 0.1 um resolution can be achieved. The
beam width and composition of embedded metal layers must be same as the beams to be used in the
actuator design. Characteristic temperatures for different types of beams are listed in Table-2.1. To
simulate the lateral displacement for the self assembly, these characteristic temperatures are entered into

(2.1), with T4 equal to the room temperature (294 K). Figure 2.3(c) isasimulation result for lateral self-
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Jazz 0.35 um BICMOS process, (d) lateral displacement of electrothermal actuation at 425 K temperature.
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the tip of the actuator is 12.4 um. There are two other parameters, that can also affect the displacement
magnitude of the self-assembly: having or not having a field oxide layer underneath the lowest metal
layer and similarly having or not having vias between metal layers. The designsin Table-2.1 do not have
vias between metal layers or field oxide under the lowest metal. For Device#lA, device#8A and
device#4B from Table 2.1 the top metal layer is metal 3, and lower embedded metal layers are metal 1 and
metal 2.
2.1.3.2 Smulationsfor the Displacement from Electrothermal Actuation

Figure 2.3(d) is a simulation result for lateral displacement from electrothermal actuation at
425 K for device#1A. From Figure 2.3(d), the electrothermal lateral displacement at the tip of the actuator
is -8.06 um. Electrothermal displacement values may be defined alternatively as the displacement
difference relative to the self-assembly position at ambient temperature. For the electrothermal actuation
in Figure 2.3(d), the total displacement isthen 12.4 um + 8.06 um = 20.46 um. Simulated el ectrothermal
lateral displacements of two different actuator designs at different ambient temperatures (325 K, 350 K,
375 K, 400 K, 425 K, 450 K) are given in Table-2.2. The designs in Table-2.2 do not have vias between
metal layers or field oxide under the lowest metal.
2.1.3.3 Analytical Modeling of Thermal Time Constants and Frequency Response
Thermal Time Constant

The thermal time constant of the device is the total effective heat capacitance divided by the
thermal conductance of the device to substrate. The thermal time constant of the device can be modeled to
first order using the thermal equivalent circuit shown in Figure 2.4(a).

The thermal conductance, G, in the equivalent circuit is the sum of the heat conductance, G ,
through the actuator structure and then to the substrate, and heat conductance, G, , through air to the
substrate. In calculating the thermal capacity, C, an assumption is made that the total thermal capacity of

beams and plates is lumped in the moving center plate.
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Figure 2.4. (a) Thermal equivalent circuit for the microactuator for calculations of thermal time constant, (b) Model
for calculation of mechanical resonance frequency.

Lateral
Device Loeam | Wheam1 | Woeamz | Lplate W piate dotist | Npeam | Measured displacement
Number To from self-
assembly
1A 20pum | 1.2pum | 0.6 um | 40pum | 10pum | 0.3 um 5 367 K 12.4 um
8A 200pum | 1.5um | 0.9um | 40um | 10um | 0.3 um 5 306 K 2.0 um
4B 100um | 1.5um | 0.9um | 40pum | 10um | 0.3 um 5 306 K 0.4 um

Table 2.1. Latera displacement from self-assembly for three different micro-mover designs in Jazz 0.35
pm BICMOS process, with their design parameter information.

Device Lpeam | Whpeami | Wheam2 L plate Woiate | Nbeam | L ateral electrothermal actuation
Number Temperature Lateral
of the actuator displacement
325K 4.3 um
350K 8.33 um
1A 200um | 1.2um | 0.6 um | 40 um | 10 um 5 375K 12.27 pm
400 K 16.43 um
425K 20.46 um
450 K 24.48 um
325K 2.9 um
350K 5.5 um
8A 200pum | 1.5pm | 0.9 pum | 40pum | 10 pum 5 375K 8.1pum
400 K 10.5 ym
425K 12 ym
450K 15.4 pm

Table 2.2. Lateral displacement from electrothermal actuation for two different micro-mover designsin
Jazz 0.35 um BICMOS process at different temperatures, with their design parameter information.
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C=V_,Cx (2.2)

where, c« is the effective volumetric heat capacity of the actuator and V. is the total volume of the

actuator, including all beams and plates.

— ((tol + t02 +t03 )Cox + (tml + tm2 + tm3 )Cm)

(2.3)
(tol + t02 + toS + tml + tm2 + tms)

where, ¢, and co are the volumetric heat capacity of the metal and oxide respectively and tox, toxe, toxa, tms

tre, trg @re the thicknesses of the oxidel, oxide2, oxide3, metall, metal2 and metal 3 respectively.

L plate Lbeam

2N N W
G,y = Ky ((tol Ft, +t g+t o+t +tm3)( plate 4. _"beam” Theant B (2.4)

K — ((tol +t02 +t03)K0x + (+tm2 +tm3)Km) (2 5)
“ (tol +to2 +t03 +tml +tm2 +tm3) .

where, ko and k, are the thermal conductivities of the oxide and metal respectively.

Gair = Gairl + Gairz = Kair g\lnder + Kairéb‘side (26)

where, k4 isthe thermal conductivity of the air, d is the etch depth underneath the microactuator, Aynger 1S
the area of the surface underneath the actuator, g is the gap between the moving center plate and the static
center plate and Agqe iS the side area of center plate which face the static center plate. The thermal time

constant is
C
T=— 2.7
G (2.7)
The calculated values are G, = 4.052x10°W/K, C = 6.51x108JK and G, = 1.78x10°W/K. The other

calculated values are 7 = 1.25ms and the 3dB bandwidth, fsge=1/(2n 7 ) = 127 Hz. f5s is the frequency

at which the sinusoidal input displacement is 1/ J2 of thedc frequency displacement.
Freguency Response;
The system is dominated by the first-order thermal response at frequencies below the mechanical

resonance. For afirst-order system, the transfer function is expressed as
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1

H, (s) = 2.8
(9=—"— 29
The second-order mechanical response must be considered at higher frequencies
1
H,(s) = < . (2.9)
1-—5+20—
o] 600

where, w, is the mechanical resonant frequency and ¢ isthe damping factor. The total transfer function

is the product of (2.8) and (2.9). To calculate the mechanical resonant frequency, the actuator can be
modeled as two guided-end beams on each side asin Figure 2.4(b), and the plates can be considered rigid.

The mechanical resonant frequency is

4N, EW_ °
. = beam beaml (2.10)

° 61
pream3|:(35 Nbeam + 1j2vaeam Lbeam + a/\/platel‘platej|

where, E isthe Y oung's modulus, estimated to be 60 GPaand p isthe density of the structure, estimated

to be 2400 kg/m®. The calculated value for the resonant frequency is 35.9 kHz, with the design
parameters: Lpeam= 168 UM, Wheam= 1.5 pm, Woeamp= 0.9um, Lpiae= 43 UM, Wpjae = 12 pm, and Npeam= 5.
214 Latch Mechanism for Low Power Operation

Electrothermal actuators consume far more power in continuous operation compared to
electrostatic actuators, which require only power during switching. The continuous power required to
sustain displacement for electrothermal actuators can be reduced to mW levels, however thisis still too
large for many applications. For example, it is desirable to use zero continuous power for tunable RF
capacitors to compare well with the low power of varactor diodes. It is therefore advantageous to find a

method to selectively latch the micro-movers into desired positions so that power does not have to be
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continuously supplied. Many variations of latch mechanisms can be designed. We can mainly categorize
them in two classes, vertical latches, and lateral latches.
2.1.4.1 Vertical Latch Mechanism

The basic concept of the vertical latch mechanism comprises avertical electrothermal beam and a
latch actuator, as shown in Figure 2.5(a). After releasing the structures, the vertical electrothermal

(a) Before release WVertical electrothertnal beam

Limit stop
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--------------------------------------------------- ol S A A o A i A
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A o A o o A A A A A TR R R R AR AR AR R TR R AR R R AR LR [ g g g g L

Beam latched in above or bel ow
state (shown in bel ow state)

Full back actuator for
latch reset

o, RARREIR B RN

Eeam latched in above or below
state (shown in above state)

Full back actuator for
latch reset

Figure 2.5. Sequential stepsfor vertical latch mechanism, (a) before release, (b) after release, (c) after actuation.
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beam curls up, because of the vertical stress gradient. After release the latch actuator moves closer to the
beam. For this step of action, the latch actuator moves laterally by self-assembly and the beam curls down
by vertical electrothermal actuation, thereby holding the beam below the latch (Figure 2.5(b)). The beam
is moved and held above the latch through the sequence of heating the latch actuator, turning off heat to
the beam, then turning off heat to the latch actuator (Figure 2.5(c)).
2.1.4.2 Lateral Latch Mechanism

The basic concept of lateral latch mechanism can be presented as a “peg” in a dot, which is
shown in Figure 2.6. The peg can be any shape that mates together with the corresponding slot shape. A
simple rectangular shape is shown in Figure 2.6. The peg may be located on the latch micro-mover with
the dlot located on the device micro-mover, as shown in Figure 2.6, or their respective location may be
swapped. The two micro-movers start at zero power with the peg and one of the dots in an engaged
position. This engaged position may be formed through self-assembly of the micro-movers, as shown in
Figure 2.6, or may be formed as drawn in the layout if there is little or no motion from self-assembly. The
device is then set to a new position by a set of sequential steps. In the first step, the latch micro-mover is
electrothermally actuated, pulling the slot away from the peg. In the second step, the device micro-mover
is electrothermally actuated to a new position corresponding to a different second dot. In the third step,
heating power to the latch micro-mover is turned off, and the peg becomes engaged with the second dlot.
In the fourth step, heating power to the device micro-mover is turned off, and the slot and peg contact
each other keeping the device in its new position. The latch micro-mover must be designed with adequate
mechanical stiffness to hold the peg in place. As a guideline, the stiffness of the latch mechanism in the
direction of the device micro-mover displacement should be at least 10 times greater than the stiffness of
the device micro-mover. A bi-stable latch mechanism with two dlots is shown in Figure 2.6, however any
number of slots can be designed as long as the micro-mover stroke can accommodate the slot placement.
Any number of latch mechanisms can be used with a given device, aslong asthere is layout areato fit the

required micro-movers.
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2.2 RF MEMSTunable Capacitors

Electrothermal actuators described in Section 2.1.1 are used in RF MEMS tunable capacitors as
the tuning mechanism. The designed tunable capacitors can be classified into two categories based on
their tuning schemes, as: “gap & area tuning” and “gap tuning”. The parallel-plate capacitance equation
without the fringing effectsis

_ £ A

g

C (2.12)

where A is area between paralel plate electrodes, g is the gap between parallel plates, g is the
permittivity of free space = 8.854 pF/m and ¢, is the dielectric constant of material between plates.
Capacitance can be changed by changing or moving the material between the parallel plates, changing the
gap or changing the area of the electrodes (Figure 2.7). In gap & area tuning topologies, both geometric
parameters are changed simultaneously to achieve high ratios between maximum and minimum
capacitance. In this section, all of the topologies explored for these two categories will be explained, but

modeling of only the more mature capacitor designs will be given due to the drawbacks of the initia

topologies.
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Figure 2.7. Different tuning techniques, (a) dielectric tuning, (b) gap tuning, (c)area tuning, (d) gap &area tuning
(Dashed electrodes are the showing the initial position of that electrode).
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221 Gap & AreaTuning Topologies
1% Generation Capacitorswith Gap & Area tuning:

There are two different designs for 1% generation capacitors. The layout of the first design is
shown in Figure 2.8(a). Interdigitated beams are used for producing the capacitance. Half of the beams
are anchored to the outer frame, and the other half are anchored to the inner frame. The outer frame is the
static frame and the inner frame is the moving frame. The area & gap tuning is designed by using a
polysilicon resistor as a heater inside the inner frame. Upon heating the inner frame and inner beams by
that polysilicon resistor, the interdigitated beams anchored to the inner frame curl down vertically due to
their multilayer nature and also curl sideways due to lateral offset on the beams. When the inner beams
curl down, the area between inner and outer beams decreases. The inner beams curl sideways, which
results in a gap change between electrodes. Two electrothermal actuators are used for a second gap tuning
mechanism for this topology. The outer stator frame is designed as three parallel beams to be curled same
as the inner beams, which is important for curling match between inner and outer beams. There are two
main drawbacks of this design. First, the inner beams curl down and curl sideways upon heating the inner
frame. Curling down decreases the area and results a reduction in the capacitance. Curling sideways
decreases the gap between beams, which increases the capacitance. These two effects are happening at the
same time, and working against each other, to reduce the potential tuning range. The second drawback is
related to the electrothermal actuator. Fixed-fixed beams used in the actuator displace less than a folded-
flexure design.

The second design of the 1% generation gap & area tuning capacitors is shown in Figure 2.8(b).
Again interdigitated beams are used for producing the capacitance. The two drawbacks from the previous
design were solved. Folded-flexure actuators are used. No lateral offsets are designed into the beams, so
there is no lateral curl in the actuator and a mechanical latch mechanism is applied to the design, which
was explained more detail in Section 2.1.4. The stator beams are anchored to two outer frames instead of
one, and the rotor beams are anchored to an inner frame. An electrothermal heater in the inner frame

provides vertical actuation for areatuning. A folded-flexure electrothermal actuator located at the base of

24



the inner frame is used to change the gaps between the beams. The drawback of this design is the large
curl mismatch between the stator and rotor beams, since these beams are not anchored along a common

axis. This curl mismatch resultsin a greatly reduced overall capacitance.

tuning actuators beams outer stator frame outer stator frame beams latch actuator

| 7 S G S [ tuhigg actuator Inner frame  outer stator frame
anchors inner frame| outer stator frame

@ (b)

Metal-3

Dielectric

Metak2

Metal-1

(©

Figure 2.8. Layouts of 1% generation gap & area tuning RF MEMS capacitors, (a) first design in Austria Mikro
System (AMS) 0.6 um CMOS process, (b) second design in Agilent 0.5 um CMOS process, (c) close view of the
beam part with the engaged offset.

A vertical latch mechanism similar to the one in Figure 2.5 is used in the second design. The
vertical electrothermal beam in Figure 2.5(b) corresponds to the inner frame in Figure 2.8(b). For the first
state, when the inner frame latches below the latch actuator, the rotor beams move to a vertical level that

is lower than the stator. At that position, the area between the beams decreases, which results a decrease
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in capacitance. For the second state, when the inner frame latches above the latch actuator, the stator and
rotor beams are aligned in the same vertical plane. At that position, the area between the beams is
maximum, and therefore capacitance is also maximum.
2" Generation Capacitorswith Gap & Area tuning:

There are two different designs for the 2™ generation capacitors. The layout of the first design is
shown in Figure 2.9(a). An array of interdigitated fingers is used for producing the capacitance of the
designs. Thefinger array improves the tuning range, compared to the ones with interdigitated beams. By

tuning actuator fingers inner yokes outer frame

inner yokes

anchor outer yokes latch actuator irmer frame

@ (b)

(©)  inner yokes inner yokes (d)

Figure 2.9. Layout of 2" generation gap & area tuning RF MEMS capacitors, (@) first design in TSMC 0.35 um
CMOS process, (b) layout configuration of fingers, (c) disengaged configuration of fingers, (d) engaged
configuration of fingers.
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using the interdigitated fingers, the capacitance per unit area is increased compared to the interdigitated
beams from the 1% generation designs, which results in the tuning range improvement. Folded flexure
electrothermal actuators are connected to each side of the inner rotor frame. The operation of the fingers
is illustrated in Figure 2.9 as layed out (b), engaged (c) and disengaged (d). When the capacitors are
released, the inner frame and fingers are intended to self-assemble to disengage the fingers (Figure
2.9(c)). When the gaps between the finger ends and between the inner and outer beams are 2.3 um, the
minimum capacitance should be seen. This configuration is named as “disengaged” (Figure 2.9(c)).
Electrothermal actuation is intended to displace the inner frame to engage the fingers (Figure 2.9(d)). The
gap between the fingers is designed to be 0.4 um and the gap between the inner and the outer beams
should be 8 um. This design is classified as gap & area tuning, but after the gap between the fingers
becomes 0.4 pum, it is actually only area tuning. The second design of the 2™ generation gap & area tuning
capacitors is aimed for a 0.1 pF to 1 pF capacitance range, which is useful for RF filter design. The 1%
design isaimed for 50 fF to 300 fF capacitance range, because for these ranges the capacitor areais small,
which resultsin less curl mismatch between the two electrodes of the capacitor.

Both 2" generation (Figure 2.9) gap & areatuning capacitors include lateral latch mechanisms. In
the first design (Figure 2.9), the dimensions of the peg dots in the latch mechanism were not designed
correctly. The latch mechanism should be symmetric to the y-axis and have at least two groups of peg-
slots. These two mistakes were solved for the second design of the 2™ generation gap & area tuning
capacitors.

The second, revised, design used a lateral latch mechanism similar to the one in Figure 2.6. The
plate with a peg, which is fixed from one side in Figure 2.6, corresponds to the inner frame in Figure
2.10(a). The latch mechanism for this capacitor is symmetric to y-axis and has two groups of peg-slot
structures. The inner frame has two positions, like the plate-actuator in Figure 2.6. For the first position,
when the pegs latch in the slot after self-assembly, the fingers connected to the inner beam move to a

disengaged configuration, as shown in Figure 2.9(c). At that position, gaps between the fingers become
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4 um, which results in the minimum capacitance. Similarly for the second position of the latch, after
sequential steps like the ones in Figure 2.6, the fingers connected to inner beam move to an engaged
configuration, as shown in Figure 2.9(d). At that position, gaps between the fingers become 0.6 pm,
which results in the maximum capacitance.

There are two important dimensions of the lateral latch structures, those are distance a and
distance b, as shown in Figure 2.10(b). Distance b is equal to the displacement of the rotor beams from
initial layout to the disengaged configuration (2 pum). Distance a is equal to the displacement from the

disengaged to the engaged configuration (18.4 um).

tuning actuator fingers inner beams outer frame

distance a distance b

\

latch latch

anchor  outer beams  gepyator mechanicm inner frame
@ (b)

Figure 2.10. (a) layout of 2" generation gap & areatuning RF MEMS capacitors Jazz 0.35 pm BICMOS process,
(b) closer view of latch mechanism.

2.21.1 Analytical Calculationsfor Tuning Ranges and Quality Factors
Building analytical calculations for capacitance specifications is one of the important pieces in
the design process. For RF filter and VCO circuits, a lot of iteration is required for setting center

frequencies, tuning ranges and other circuit specifications like phase noise for VCO'’s or quality factor for
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RF filter’s. Using finite element analysis (FEA) for these iteration processes is time consuming, so it is
difficult to make all desired iterations by using FEA. This need motivates analytic models for important
capacitor specifications, like Cuax, Cyin and quality-factor versus frequency. In Section 2.2.1.2, after the
simulation results are presented, a comparison between those simulation results and analytic results from

this section will be shown.
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Figure 2.11. Different configurations to show main and 2™ order parameters for 2" generation gap & area tuning
capacitors, (a) layout view, (b) closer view of finger parts in layout configuration, (c) closer view of finger partsin
engaged configuration, (d) closer view of finger partsin disengaged configuration.

29



Analytical Equations for Cyax and Cyn:

The most mature gap & area tuning capacitors will be analyzed to calculate the maximum and
minimum capacitance. Two equations for the parallel plate will be used for analysis. The first equation
(2.11) neglects the fringing field effects, and the second equation (2.12) is making simple assumption of

fringing fields [46]
C =¢g,¢, {& +2h+ ZL} (2.12)
g

where g is the gap between paralel plates, h is thickness, L is the length, A (A=hxL) is area between
paralel-plate electrodes. A closer view of the capacitor is shown in Figure 2.11 to illustrate the design
parameters. The definitions, symbols, and the values for the main parameters to calculate Cyax and Cyin

are shown in Table-2.3.

Definitions of main parametersfor 2" generation gap & | Parameter Parameter values
area tuning RF MEM S capacitor symbols

Finger width Wi 2.6 um
Finger length L¢ 15 um

Number of finger groups N 5

Number of fingersin one group n 40
Gap between the finger on the side (engaged configuration) 01 0.6 um
Gap between the finger at the tip (engaged configuration) 0> 0.6 um
Distance between fingers (layout configuration) d; 2.0 um
Distance between beams (layout configuration) d; 6.0 um
Minimum displacement needed for self-assembly ds 2.0 um

Total thickness h ~10.0 um (confidential)

Beam width W, 6.0 um

Table 2.3. Definitions, symbols, and values for main parameters of 2™ generation gap & areatuning RF
MEMS capacitors.

There are some other 2™ order parameters, which can be calculated from these main parameters
and are defined in Table-2.4. These parameters will be used in the equations for calculating Cyax and
Cwmin . The equations for these 2™ order parameters are shown from (2.13) to (2.19), and al 2™ order

parameters are expressed by main parameters:
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Definitions of 2" order parametersfor 2™ generation gap &
areatuning RF MEM S capacitors

Parameter symbols

Finger gaps at the tip (disengaged configuration) O3
Gap between two finger tips (disengaged conf.) 04
Gap between two finger sidewalls (disengaged conf.) Os
Gap between finger tip and sidewall (disengaged conf.) Os
Gap between the beams (engaged configuration) 07
Gap between the beams (disengaged configuration) Os
Beam length Lp

Table 2.4. Definitions and symbols for 2™ order parameters of 2™ generation gap& area tuning RF

MEMS capacitors.

0, =L, +d, +d,

94 :\/(\Nf + 91)2 +(d2 _ds)z

Js :\/(Lf +d2 _d3)2 +(gl)2

o]

g, =L, +d; +d,

gszdz_ds

L, =2(n _1)(Wf + 91)

(2.13)

(2.14)

(2.15)

(2.16)

(2.17)

(2.18)

(2.19)

Displacement d; is the amount that the inner frame moves from layout configuration to

disengaged configuration. In Figure 2.11, all main and 2™ order parameters except ds are indicated in

layout view (@), in the engaged configuration (b) and in the disengaged configuration (c).

Cwuax Calculation

Cuax isthe total capacitance of the MEMS capacitor when it isin engaged configuration. For the

1% method, (2.11) will be used to find capacitance without fringing fields. When calculating the Cyax, it

can be distributed to three parts: Coga iSthe total capacitance between the finger parts, Cengz is the total
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capacitance between the trusses and Cengss iS the total fixed capacitance between one side of the electrode

to the substrate and ground parts around capacitors. Using (2.11), Cengss is calculated as 31 fF.

2(Nn—1NehL, 2(n—1)NehWw,
Congar = + (2.20)
9 92

NehL
gz = ———+ (2.21)
g;

C

The maximum capacitance is
CMAX = Cengal + Cengaz + Cenga3 (222)

using the main parameters values Table-2.3, the maximum capacitance value is calculated as 868 fF.

When fringing fields are not neglected, (2.12) is then used for the parts of the capacitance with

fringing are
hL, hW,
Cagar = 20-DNg| —+2h+ 2L, [+2(n-1)Ne +2h+ 2W, (223)
9 9.
Congaz = Ng(% +2h+ 2LbJ (2.24)
9,

and Cenggs is calculated as 39 fF. The maximum capacitance with fringing field is calculated as 1298 fF
from the Table-2.3 parameters. The fringing capacitance accounts for 33.12% of the capacitance.
Cwmin Calculation

Cwuin isthe total capacitance of the MEMSS capacitor when it is in disengaged configuration. First,
the minimum capacitance, neglecting fringing will be calculated using a simplistic parallel-plate
portioning as shown in Figure 2.12(a). Cyny can be distributed to three parts: Cysen1 i the total capacitance
between the fingers. Cysnz IS the total capacitance between the yokes and Cgsnz iS the total fixed
capacitance between one side of the electrode to the substrate and ground parts around capacitors. Cgisent

is sum of Cdisenla; Cdigenlb, Cdisenlc’ and Cdisenld’ as defined in Figure 2.12(&).
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Figure 2.12. Models to calculate capacitance for disengaged configuration, (a) 1% method, (b) 2™ method.

W, W, L, W,
Cdisenl = Cdisenla + Cdisenlb + Cdmnlc + Cdisenld = 2N(n _1)5h —t+t—+—+2— (2.25)
g d4 Os Js
Coisenz = Nehl, (2.26)
Os
Cuin = Caisenn T Caisenz + Coigens (2.27)

From the main parameters values in Table-2.3, the minimum capacitance is 128 fF, where Cgsens IS
calculated to be 31 fF.
To calculate Cgisen; With fringing fields, the model in Figure 2.12(b) should be used rather than the

onein Figure 2.12(a). If we take the same model, the fringing fields are included more than one time.

hiW, + L, +
Cyen = 2(N-1Ne W, L, gl)+ 2h+2(W, +L, +g,) (2.28)
Li +0
Ciisnz = Ng(E +2h+ 2Lb] (2.29)
Os

where Cgisenz IS calculated as 39 fF. The Cyn value with fringing fields is calculated as 313 fF from the
values in Table-2.3. These four analytically calculated results will be compared with FEA simulation

resultsin Section 2.2.1.2.
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Analytical Equations for Quality Factor:
The quality factor (Q) isameasure of the loss of RF MEMS capacitor, and is defined as

_ average energy stored

(2.30)
energy loss /cycle

The tunable capacitor is modeled as the series L, C and R model shown in Figure 2.13(a). Impedance, Z,

of the capacitor is

. 1
Z= L, ——— 2.31
Rs + J(a’ s a)Cj (2.31)
The capacitor Q isthen
_m(z) 1 (2.32)
Re(Z) «CRq

The 2™ generation gap & area tuning capacitor will be analyzed to calculate Q versus frequency
from 400MHz to 6GHz. The definitions, symbols, and the values for Jazz process of these new
parameters to calculate Q are shown in Table-2.5. Rs in (2.32) is the total resistance coming from metal
interconnect used in the capacitor. The assumption is made that metal layers in parallel and connected
electrically through vias behave as the parallel combination of individual metal lines. Ree1, Renez, Ranes @nd
Raes @re the sheet resistances of metall, metal2, metal3 and metal4 respectively. Rs has a component

from the actuators, Rauaor @nd a component from finger-frame parts, Ryinger frame -

Definitions of parametersfor 2" generation gap & area | Parameter Parameter valuesin
capacitor to calculate Q symbols Jazz 0.35 um
BICM OS process
Beam length in the actuator L beam 200 pm
Beam width for metal 3 in the actuator Woeamt 1.5um
Beam width for lower metal layersin the actuator Woeam2 0.9um
Plate length in the actuator L piate 40 pm
Plate width in the actuator Woiae 10 um
Number of parallel beamsin the actuator Npeam 5
Width of the both moving and static frames Wsrame 12.0 um
Length of the static frame L tramer 250.0 um
Length of the moving frame L trame2 360.0 um

Table 2.5. Definitions, symbols, and values for parameters to calculate Q of 2™ generation gap& area
tuning RF MEMSS capacitors.
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Figure 2.13. (a) series model for capacitor, (b) capacitor layout to show the parameters that are used for calculating
Q, (c) closer view of the actuator to show more parameters.

RS = 2Ractuator + Rfinger_frame (233)
I:aactuator = I:ebearn + Rplate (234)
2L 2L e .

Rigam = 22— (Ryea ) + ° ( Rew pe: ] (2.35)
N peam\WVoeam N peamWVoeamz \ Rener + Ronez
2L

Ryse = o ( Roes Raez ] (2.36)
Wplate Rshes + R::hez

I:zfinger_frame = Rfinger + Rframe (237)
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Reme = 2Nbo (R, ) tomt t Lraee 239

e Wb Wframe
2L,
Rfinger = W_f nN (R§1eT ) (239)
R§1e-|- Rshel RSheZ Rﬂ‘le&’ RsheA (2 40)

" RuezRouaRons * RoesRaoRass *+ RosRee Roes + Rona Rz Ry

L beam: Wheam1, Wheamz, Lpiater Woiate, Nbeam, Wirame, Liramer @Nd Lramez @re defined in Figure 2.13(Db, c). Ly, Wy,
n, N, L,, W, were defined in Table-2.3 previously. The calculated Rs is 22.67 ohm for the capacitor in
Jazz 0.35 pm BICMOS process and which is distributed as Racuaor = 1.85 0hm and a Reinger frame =

B0 1

50 4

I
[

Qualty Factor
8

o]
[

10 4

Frequency (GHz)
Figure 2.14. Calculated quality factor versus frequency of 2™ generation gap & areatuning RF MEM'S capacitors.

18.97 ohm. This calculated Rs value of 22.67 ohm and the C = Cy,y value of 313 fF are plugged into
(2.28) for frequencies from 400 MHz to 6 GHz to generate a Q versus frequency plot in Figure 2.14. A
comparison between this cal culated Q and the measured Q will be presented in Section 3.2.1.
2.21.2 Simulation Resultsfor Calculating Capacitance

Simulations for maximum and minimum capacitance will assess the accuracy of the analytical
models. Simulating a whole capacitor design for Cyax and Cyy can take up to 24 hours, and sometimes

simulation results in “out of memory” errors. Decreasing the number of elements or nodes in the FEA
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model is one method to solve the time issue, but then decreasing the number of nodes can result in a
decrease in the accuracy of the simulation. Splitting the capacitor model into small pieces helps to solve
the time and accuracy issues. By using the parameters from Table-2.3, Table-2.4 and Table-2.5. By using
these parameters, a capacitor 3-D model is built and then split into pieces. FEA simulations for Cyax and
Cwin With these pieces were performed with Coventorware software [43]. In Figure 2.15, the 3D models
of fingers and beams are shown for engaged and disengaged configurations. The results for these
simulations are presented in Table-2.6 along with analytic values for Cyax and Cy,ny from the previous
section. This comparison shows that analytic values without fringing match best within the simulated

results.

engaged
configuration

disengaged
configuration

(@ (b)

Figure2.15. (a) 3-D simulated split part for disengaged configuration, (b) 3-D simulated split part for engaged
configuration.

Simulated with Analytic Calculation | Analytic Calculation
FEA (without fringing (without fringing
(Coventorware) fields) fields)
Cwin (disengaged) 117 fF 128 fF 313 fF
Cuax (engaged) 969 fF 868 fF 1298 fF

Table 2.6. Comparison between simulated and calculated Cyny Cyax results for 2nd generation gap& area

tuning capacitors.
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222 Gap Tuning Topologies

For the gap tuning topologies, only the gap between the electrodes is changing to achieve high
ratios between maximum and minimum capacitance of the designs. A single topology, shown in Figure
2.16(a) was explored, with design sizes for two targeted Cyax/Cwvin ranges: 0.1 pF to 0.4 pF and 0.2 pF to
1 pF. Only the 0.2pF to 1pF design will be analyzed here. The layout of this design is shown in Figure
2.16(a). Long interdigitated fingers are used for producing the capacitance. The stator fingers are
anchored to the outer frame, and the rotor fingers are anchored to the inner frame. The “engaged” gap is
designed to be 0.2 pum (maximum capacitance) and the “disengaged” gap is 5pm (minimum capacitance)
with rotor fingers midway between the stator fingers.

Lateral latch mechanisms are included in the gap tuning capacitors. The latch mechanism for
these two capacitors is completely same with the latch explained in Section 2.2.1. For the 0.2 pF to 1 pF
design, distance ais 4.8 um and distance b is 2um.
2.2.2.1 Analytical Calculationsfor Tuning Ranges and Quality Factors
Analytical Equationsfor Cyax and Cyn:

Cwmax Calculation
A closer view of the 0.2 pF to 1 pF capacitor is shown in Figure 2.16(b, c) to illustrate the design

parameters. The definitions, symbols, and the values of the main parameters are shown in Table-2.7.

Main parameters Parameter Design #1 Design#2
symbols
Number of beam groups N 12 16 pm
Beam length Ly 240 ym 210 um
Small gap between the beams (engaged configuration) O1 0.2 0.2um
Large gap between the beams (engaged configuration) Oz 9.8 um 58um
Gap between the beams (disengaged configuration) Os 5.0 um 3.0um
Total thickness h ~10.0 um ~10.0 um

Table 2.7. Definitions, symbols, and values for the main parameters of for two design of 0.2 pF to 1 pF
gap tuning RF MEMS capacitor.

Fringing fields will be neglected in a first calculation of maximum capacitance, Cyax. Cuax IS

distributed into two parts: Cenga 1S the total capacitance between the fingers coming from the small and
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large gap side, and Cqgx i the total fixed capacitance between one side of the electrode to the substrate

and ground parts. Cege IS calculated as 29 fF.

tuning actuator Lb fingers outer frame O3

(b)
H‘ ‘ ‘ \ o000 > N
\ y X = ey \2
anchor latch latch .
actuator mechanizm inner frame b,
(a) (C)

Figure 2.16. (a) Different configurations to show main parameters for 2™ gap tuning capacitors (a) layout view, (b)
closer view of beam parts in disengaged configuration, (c) closer view of finger partsin engaged configuration.

Ce|"|ga_’|_ _ ij‘lLb N Nf,hLb (2.41)
9, 9
CMAXl = Cengal + Cengaz (2.42)

Using parameter values from Table-2.7, the Cyax vaue without fringing is 1284 fF for design#1

and 1514 fF for design#2. The capacitance including fringing field, uses a different equation for engaged

capacitance

Conges = NS[% +2h+ 2Lbj + Ne{% +2h+ 2Lb] (243
9, 9,
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Cenga is calculated as 29 fF. The maximum capacitance value with fringing is calculated as 1398 fF for
design#1 and 1645 fF for design#2.
Cmin Calculation

The minimum capacitance neglecting fringing fields, can be distributed to two parts Cgisens and

Cuisenz , COrresponding to the partitioning from the Cyax calculations.

2Nehl,
SF

Cdi$n1 = (2.44)

Ciisenz IS calculated as 37 fF. the Cyn Value without fringing is calculated as 128 fF for design#1 and 221
fF for design#2.

With fringing fields

Chicen = 2Ng(% 2h+ 2Lb] (2.45)
g3
and Cgisnp IS calculated as 37 fF. The Cyy value with fringing is calculated as 242 fF for design#1 and
354 fF for design #2.
Analytical Equationsfor Quality Factor:

The calculations of Q for gap tuning capacitor design in Jazz 0.35 pm BICMOS process are
similar to these done in Section 2.2.1.1. Calculations from (2.36) to (2.38) for Rauaor @€ same with this
capacitor design. The parameter values of the gap tuning designs are: Lpeam = 180 pm, Npeam = 4, W = 3
MM, Lramer = 190pum and Liramez = 290um. The calculated value for Raaor 1S 2.064 Q. The equation for Rg

and Ryame are different and given by

RS = 2Ractuator + Rbeam_ frame (246)
Rbeam_ frame — Rbeam + Rframe (247)
Lframel + Lframe2
Rirame = (Raer) (248)
Wfran‘e i
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R

(2N +1)L, (

frame —

W, (Reer)

(2.49)

The calculated Rs value of 20.42 Q and the C value of 221 fF were plugged into (2.28) for

frequencies from 400 MHz to 6 GHz to generate the Q versus frequency plot in Figure 2.17.

Qualty Factor
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Figure2.17. Analytically calculated quality factor versus frequency of gap tuning design#2.

2.2.2.2 Simulation Resultsfor Calculating Capacitance

FEA and calculated results for design#1 are shown in Table-2.8. The analytic calculation without

fringing fields comes closest to the FEA results.

Simulated with Analytic calculation | Analytic calculation
FEA (without fringing (with fringing
(Coventorware) fields) fields)
Cwin (disengaged) 180fF 128 fF 242 fF
Cuax (engaged) 1026 fF 1284 fF 1398 fF

Table 2.8. Comparison between simulated and calculated Cyny Cuax results for gap tuning design#1.
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Chapter 3. Experimental results

Characterizing the fabricated devices is an important step in the design flow. To assess the
accuracy of the models from Chapter 2, characterization results will be examined by comparing them with
the analytical and simulation results. In Section 3.1, experimental measurement of the displacement and
frequency response of micro-mover test structures will be presented. The performance of tunable
capacitors that use the micro-movers and latch mechanisms will be presented in Section 3.2.

3.1 Characterization of Self Assembling and Electrothermal Actuators

Characterization results for various micro-mover designs in different CMOS/BICMOS processes
will be presented in this section. Three basic characterizations include self assembly lateral displacement,
electrothermal lateral displacement versus temperature (or input power) and frequency response to
measure thermal time constant and mechanical resonance frequency. For some recent micro-mover
designs, a brief comparison between the measured results and the analytic-simulated results will be
presented. More detailed comparisons and discussions will be presented in Section 4.1.

3.1.1 Lateral Displacement from Self-assembly

The scanning electron micrographs (SEM) of fabricated micro-movers in the AMS 0.6 um
CMOS process and the Agilent 0.5 um CMOS process are given in Figure 3.1(a, b). Self-assembly
displacements in these processes are measured by taking close-up SEMs of the moving piston and
comparing with the layout view. In the AMS 0.6 um CMOS process, measured lateral self-assembly
displacement is 6.8 um for a 3-metal micro-mover with the design parameters: Lpeam= 100 um, Wyegmi=
1.5 um, Wheamz= 0.9um, Lpae= 40 pm, Wiiae = 8 pM), doftset = 0.3 UM and Npea= 3. In the Agilent 0.5 pm
CMOS process, measured lateral self-assembly displacement is 2.3 um for a micro-mover with the same
design parameters. The direction of the self-assembly is as predicted in Section 2.1.1 in the AMS 0.6 um
CMOS process and that shows that the all-oxide side of the beam is more compressive than the side with

embedded metal layers. The self-assembly direction is in the opposite direction in the Agilent 0.5 um
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CMOS process, indicating that the all-oxide side of the beam is less compressive than the side with the
embedded metal layers.

Scanning electron micrographs of fabricated micro-moversin the TSMC 0.35 um CMOS process
are given in Figure 3.2(a, b). In the TSMC 0.35 um CMOS process, the measured lateral self-assembly
displacements are 0.3 pum for both full and half size 4-metal micro-movers with the same design

parameters as above. The direction of the self-assembly is same as predicted in Section 2.1.1.

6.8 um self actuation
2.3 pym self actuation

anchor

@ (b)

Figure 3.1. Scanning electron micrograph of fabricated micro-movers, (@) in AMS 0.6 um CMOS process, (b) in
Agilent 0.5 um CMOS process.

0.3 pym self actuation

@ (b)

Figure 3.2. Scanning electron micrograph of fabricated micro-moversin TSMC 0.35 um CMOS process, (a) full-
size actuator, (b) half-size actuator.

The scanning electron micrographs of a fabricated micro-mover in the Jazz 0.35 um BICMOS
process are given in Figure 3.3(a). The verniers at the side of the moving piston and at the static parts aid
in measuring lateral displacement, as shown in Figure 3.3(b). By using these verniers, 0.1 um resolution

can be achieved. The comparison between the measured and simulated self-assembly displacements for



Device#lA, #8A and #4B is shown in Table-3.1. Measured and simulated results are matching well

within 10% to 20%. Measured self-assembly displacement for some other micro-mover designsin the

(b)
Figure 3.3. (a)Scanning electron micrograph of fabricated micro-movers in Jazz 0.35 um BICMOS process, (@)
SEM of the verniers at the tip of the actuator and static parts.

— e —

Device L peam Wheam1 | Wheam? Lplate Wplate offset Nbeam M easur ed Simulated
Number Lateral self- | Lateral self-
assembly assembly
displ. displ.
1A 200um | 1.2pum | 0.6pum | 40um | 10um | 0.3 um 5 10.5 um 12.4 ym
8A 200um | 1.5um | 0.9um | 40um | 10um | 0.3 um 5 1.8 um 2.0 um
4B 100pm | 1.5pum | 0.9 pum | 40pm | 10pum | 0.3 um 5 0.3 pum 0.4 pm

Table 3.1. Comparison between simulated and measured lateral self-assembly displacement for three

different micro-mover designsin Jazz 0.35 pm BICMOS process, with their design parameters.

Device Metal Wheeamt | Wheeam2 |  Lpeam Woiate Loiate | Nbeam Via M easur ed
# composition between Lateral self-
metal assembly
layers displ.
6B M1-M2(offset), | 1.5um | 0.9 um | 200um | 10um | 40 um 5 Yes 11 um
M3(top)
5C M1-M2(offset), | 1.5um | 0.9 um | 100 um | 10um | 40 um 5 Yes 2.8 um
M3(top)
4C M1-M2(offset), | .5um | 0.9 um | 100 um | 10um | 40 um 3 No 0.3um
M3(top)
7B M1-M2(offset), | .5um | 0.9 um | 100um | 10um | 40 um 7 No 0.3um
M3(top)
5B M1-M3(offset), | 26 um | 1.5um | 100pum | 10um | 40 um 3 No 0.5um
M4(top)
6A M1-M2(offset), | 26 um | L.5um | 200 pm | 10 um | 40 pm 3 No 2.1 pum
M3(top)
3A M1(offset), 15pum | 09 pum | 200pm | 10 pum | 40 um 5 No 1.1um
M2(top)

Table 3.2. Comparison between simulated and measured lateral self-assembly displacement for different
micro-mover designsin Jazz 0.35 um BICMOS process, with their design parameters.




Jazz 0.35 pm BICMOS process are given in Table-3.2, with their design parameters. The designs in
Table-3.2 do not have field oxide under the lowest metal layer.
3.1.2 Lateral Displacement from Electrothermal Actuation

Lateral displacements from electrothermal actuation in the TSMC 0.35 um CMOS process and
the Jazz 0.35 pm BICMOS process will be presented in this section. Figure 3.4 is showing the
electrothermal lateral displacement versus input power both half-size and full-size actuators in TSMC
0.35 um CMOS process. Both actuators have the same design parameters. Lpeam= 100 pum, Wyeam= 1.5
MM, Wpeamz= 0.9um, Lgiae= 40 pm, Wpige = 8 pm, and Npean= 3. The full-size actuator has approximately

60% of the displacement at the same power input.

B

[ —— full actuator
| —=— half actuator

Lateral Displacement (um)

[1] 2 4 6 8 10 12 14 16 18
Input Power (mw)

Figure 3.4. Electrothermal lateral displacement versus input power for half-size and full-size actuators in TSMC
0.35 pm CMOS process.

The latera displacements from electrothermal actuation in Jazz 0.35 um BICMOS process are
measured at different temperatures (325 K, 350 K, 375 K, 400 K, 425 K, 450 K). The comparison
between the measured and simulated electrothermal lateral displacements for Device#1A and #8A is
shown in Table-3.3. Measured and simulated results are matching well within 10% to 20%.

3.1.3 Frequency Response and Thermal Time Constant
Mechanical frequency response due to thermal heating can be determined by measuring the

lateral displacement optically at different frequencies using a MIT microvision system [47]. Measurement
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Lateral displacement {um)

results are shown in Figure 3.5(a, b) for a micro-mover in the Jazz 0.35 um BICMOS process with the
design parameters: Lpeam= 168 pm, Wpeam= 1.5 pm, Wheamp= 0.9um, Lpae= 43 pm, Wyige = 12 pm, and

Nbeam: 5.

fads

AN fre
0.1 -

0.01

Lateral displacement {(pm})

10 100 10 0.001

1 1I0 1(;0
Freauency (kHz)
@ (b)
Figure 3.5. Mechanica frequency response of the micro-mover during the electrothermal actuation. (a) 10 Hz to
600Hz. (b) 3 kHz to 200 kHz.

Frequency (Hz)

For the first step of characterization, measurements are taken from 10 Hz to 600 Hz to capture the
fage bandwidth and the thermal time constant. The measured values are fagg = 178 Hz and 7 = 1.12 ms.
Measured and analytically calculated 7 results are matching within 11.6%. For the second step of
characterization, measurements are taken from 3 kHz to 200 kHz to capture the mechanical resonant
frequency. The measured value is fe = 26.3 kHz, while the calculated value using layout dimensions is
36.9 kHz. Because of the considerably big difference between measured and calculated value, the
parameter, Wpean, iS Mmeasured by taking a close view of the beam (Figure 3.6(a)). The measured value is
Wheam1 = 1.3 um. When this measured value is entered to (2.10), the calculated value is found to be 30.5
kHz. With this consideration, measured and analytically calculated results are matching to within 15.9%.
3.1.4 Nanometer-scale Gap-closing M echanism

A 1% generation nanometer-scale gap-closing mechanism is designed in the TSMC 0.35 pum

CMOS process. Because of the small lateral displacement from self-assembly, the micro-movers did not
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close the gap. The 2™ generation gap closing mechanism is fabricated in the Jazz 0.35 pm BICMOS

process within a resonator application. From the SEM in Figure 3.6(b), the nanometer-scale gaps are

observed. The gap between the resonator electrode and the micro-mover was 1.1 um, and the gap between

the micro-mover and the limit stop was 0.8um. After released the structure, 0.3 um nanometer-scale gap

is achieved.
Device Lpeam | Whpeami | Wheam2 L plate Woiate | Nbeam L ateral electrothermal actuation
Number T of the | Measured Simulated
actuator lateral lateral
displ. displ.
325K 5.5um 4.3 pm
350 K 10.5 ym 8.33 um
1A 200pum | 2.2pum | 0.6 um | 40um | 10 um 5 375K 16 ym 12.27 pm
400 K 21 um 16.43 um
425K 25.5 um 20.46 um
450 K 24.48 um
325K 4 pm 2.9 um
350 K 7.5 um 55um
8A 200pm | 1.5pm | 0.9um | 40pum | 10 um 5 375K 10.5 ym 8.1um
400 K 13 um 10.5 um
425 K 15.5 um 12 um
450 K 15.4 um

Table 3.3 A comparison between measured and simulated lateral displacement from electrothermal
actuation for two different micro-mover designs in Jazz 0.35 pm BICMOS process.

electrode of
the resonator

nanometer-
scale gap

limit
stop

Det WD Exp I

Det WD BExp 1 1um

AccV  Magn
200 kv 22152x SE 243 1

AccY Magn

Beam 20.0kV 5288x  SE 2421 Deviced

Figure 3.6 SEMsin the Jazz 0.35 pm BICMOS process, (a) the beam in the actuator, (b) nanometer-scale
gap-closing mechanism.
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3.2 Characterization of RF MEMS Tunable Capacitors

Characterization results for various capacitor designs in different CMOS and BICMOS processes
will be presented in this section. The designs are listed in Table 3.4 with selected measured values. These
characterizations include quality factor versus frequency for 400 MHz to several gigahertz (3-6 GHz) and
capacitance versus control voltage. Data for quality factor and tuning characteristic measurements were
taken by measuring the scattering(S)-parameters with an Agilent EB364A network analyzer. Custom
matlab code, listed in Appendix 1, converts from S-parameters to quality factor and capacitance values.

The detailed post-CMOS micromachining flows are given in Appendix 2 for each foundry process used.

Design # | Tunin Process Layout Cuin | Cumax Q@ Power | Viune
g dimensions | (fF) | (fF) | 15GHz | (mW) | (V)
Range (Lmx>pm)

AMS1 14.4% AMS 0.6 um CMOS 170x220 153 175 24 25.5 12
Agilentl | 35.9% Agilent 0.5 um CMOS 230x270 209 | 284 28 72 24
TSMC1 | 352.4% TSMC 0.35 um CMOS 228x250 42 148 52 34.2 12

Jazz1 36% Jazz 0.35 um BICMOS 390x500 280 | 380 5 12 4
IBM1 18% IBM 6HP 0.25 um BICMOS 220x350 265 | 313 17 13 4

Table 3.4 Selected characterization results for different designs.
3.21 Gap & AreaTuning Topologies
1% Generation Capacitorswith Gap & Area tuning:

There are two different designs for 1% generation capacitors, one, AMSL, in the AMS 0.6 um
CMOS process and a later design, Agilentl, in the Agilent 0.5 um CMOS process. The scanning electron
micrographs of fabricated 1% generation capacitors are shown in Figure 3.7(a) and Figure 3.8(a). During
CMOS post-processing, no releasing problems were observed.

Design AM S1 has a measured off capacitance of 153 fF and a measured Q of 24 at 1.5 GHz. The
capacitance change at 1.5 GHz is measured from 153 fF to 175 fF within a 12V control voltage and
25.5 mW actuator power. Measured tuning range is 14.4%, which is smaller than expected due to the
lateral finger curl and fixed-fixed actuator issues explained in Section 2.2.1. The fingers exhibit excessive
lateral beam curling, as shown in Figure 3.7 (b), to the point where the fingers touch each other by self-

assembly. The snapped beams cannot move from their positions, and so cannot be tuned (Figure 3.7(b)).
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Figure 3.7. Scanning electron micrograph (SEM) of fabricated 1% generation gap & area tuning RF MEMS
capacitors, (a) AMS1 designin AMS 0.6 um CMOS process, (b) close view of snapped interdigitated beams in the
AMS1 design.

Design Agilentl has a measured capacitance change at 1.5 GHz 209 fF to 284 fF within a 24 V
control voltage, and 72.4 mW actuator power, corresponding to a measured tuning range of 35.9%. The
tuning characteristic is shown in Figure 3.9(b). The observed behavior between capacitance and
controlling voltage is opposite from the original design intention. Increasing heating power was expected
to decrease the capacitance, as the finger gap increased. The reason for the measured behavior is due
initial curl mismatch between adjacent fingers. When the inner frame is heated, it curls down as expected.
However, the fingers also curl down, since they are also heated. The net effect is that the finger sidewall
overlap area increases with heating. The vertical latch mechanism did not work, because the
electrothermal actuators in Agilent 0.5 pum CMOS process displaced laterally in an opposite way of the
intended direction upon release. Measured S, parameters of the Agilent1 design is shown in Figure 3.8(b)

from 45 MHz to 3 GHz.
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Figure 3.8. (a) Scanning electron micrograph (SEM) of a fabricated Agilentl design, (b) Measured Sy; parameters
of the Agilent1 design.
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Figure 3.9. RF characterization of the Agilentl design, (a) measured quality factor from 400 MHz to 3GHz, (b)
measured tuning characteristic (capacitance versus controlling voltages).
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Measured Q values at minimum capacitance versus frequency from 400MHz to 3GHz are shown
in Figure 3.9(a). The device has a Q above 38 up to 1 GHz and is 28 at 1.5 GHz. The power and the
controlling voltages are larger for Agilentl design, because the area of the capacitor and capacitance
range of the Agilentl design is bigger than the ones for AMSL design.

2" Generation Capacitorswith Gap & Area tuning:

The 2™ generation capacitors are the TSMC1-4 and Jazz1 designs listed in Table 3.4 and Table
3.5. No releasing problems were observed for the TSMC 0.35 um CMOS process.

Four different test capacitors were designed for the finger design topology in the TSMC 0.35 um
CMOS process. Three design parameters are changed. The first parameter is the type of the tuning
actuator, called “half-size” and “full-size”. A capacitor with a full-size actuator is shown in Figure
3.10(a), and one with a half-size actuator is shown in Figure 3.10(b). The second parameter, the number
of finger yokes, is either 4 or 6. One finger yoke isidentified in Figure 3.11(a). The third parameter isthe
offset of the lower metal layersin the electrothermal actuator parts. Some of the capacitors have offset on
one side of the actuator beams, while others offset on the opposite side. When these capacitors were
designed, the direction of electrothermal motion and self-assembly was not known. The summary of the
experimental results of different TSMC test devices for area, Cyax, Cwmin, tuning range, controlling

voltage (Vtung), actuator power and Q are shown in Table-3.5.

Design # Tuning Actuator, L ayout Cuin | Cuax Q@ Power | Vtune
Range Finger Yokes dimensions | (fF) | (fF) | 1.5GHz | (mW) | (V)
(Lm>pm)
TSMC1 352.4% Full, 6yokes 228%250 42 148 52 34.2 12
TSMC2 352.4% Full, 4yokes 228x230 40 98 40 27.1 12
TSMC3 352.4% Half, 6yokes 150%250 53 108 35 224 6
TSMC4 352.4% Half, 4yokes 150%230 35 102 48 18.3 6

Table 3.5. Experimental results for tunable capacitorsin 0.35 um TSMC CMOS process.

Measured tuning ranges are larger than those for the prior AMS1 and Agilentl designs. The main
reason for this improvement in tuning range is the finger-yoke design. The measured tuning

characteristics for the TSMC1 and TSMC4 devices are shown in Figure 3.12(a) and (b) respectively. For
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both of the devicesin Figure 3.11 and Figure 3.12, the opposite offset direction compared to the layout of

the actuator in Figure 2.1 was designed. Unfortunately the measured motion is the opposite of the desired

Full-gize actuators  Fingers  Latch mechanism Half size actuators Fingers T T
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Figur e 3.10. Scanning €lectron micrograph (SEM) of afabricated TSMC1 and TSMC3 gap & area tuning capacitor,
() TSMC1 capacitor with full-size actuators (b) TSMC3 capacitor with half-size actuators.

motion to engage the fingers. The correct orientation of the offset of metal layers in the actuator beams
was not known when designed. In Figure 3.12, after releasing the capacitor, the inner frame displaces due
to self-assembly and the fingers move to their engaged position. The fingers become disengaged, when
the controlling voltage is around 3 V for the capacitor design with half size actuators and 6 V for the one
with full-size actuators. The gaps between the fingers and between the inner and outer beams are 2.3 um,
when the minimum capacitances are encountered, as seen in Figure 3.12. If the controlling voltages are
increased, the inner frame moves further and maximum capacitance is achieved when the inner yokes and
outer yokes get closer to each other. For the engaged position, the capacitance values are 4 times lower
than expected, because the finger did not engage all the way. The fingers only engaged 1 pm into 4.6 um
deep-gap. Processing issues contributing to the inability to engage included the presence of a polymer

film on the sidewalls of the fingers and the bloating of the top metal-4 layer. The net effect isthat the
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Figure 3.11. (a) one finger yoke in a capacitor, which has 4 finger yokes, (b) measured quality factor from 400 MHz
to 3GHz for TSMC4 capacitor with half-size actuators and 4 finger yokes.
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Figure 3.12. Measured tuning characteristic (capacitance versus controlling voltages) of 2™ generation gap & area

tuning capacitors, (a) TSMCL1 capacitor with full-size actuator and 6 finger yokes, (b) for TSMC4 capacitor with
half-size actuator and 4 finger yokes.
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fingers are wider than the layout dimension by about 0.3 um. The latch mechanism did not work, because
of the incorrect design orientation of the actuator metal offsets.

Measured Q values (at minimum capacitance) versus frequency from 400MHz to 3GHz for the
TSMC4 device, which employs 4 finger groups and half-size actuators are shown in Figure 3.11(b).
These 2™ generation capacitor designs have higher Q values and less power consumption compared to 1%
generation designs. All 4 metals layers are used in parallel to decrease the series resistance. In contrast,
the 1% generation designs employ only three metal interconnect layer in parallel.

The scanning electron micrograph of a fabricated Jazzl 2™ generation capacitor is shown in
Figure 3.13(a). During BICMOS post-processing, some micro-masking was observed, as indicated in
called micro-masking Figure 3.13(b). The micro-masking problem mainly depends on the die area
dimensions of the BICMOS chip. For the Jazz process, the die dimensions are 5mm by 5mm, which is
bigger than the prior runs in the other foundries (3mm by 3mm). There are two ways to solve this
problem by reducing these dimensions; one way is to dice the chip to 4 small quarters, and the second
way used here is to block the undesired areas on the chip by using captone tape before the post-
processing.

The latch mechanism worked for the disengaged state, but did not work the intended way for
engaged state. The observed self-assembly direction isthe same as predicted. Starting from layout view in
Figure 2.10(b), the tuning frame moves in the east direction, and the latch actuator displaces to north
direction. After these two sequences, the latch mechanism for the disengaged state is shown in the SEM
(Figure3.13(c)). For the intended engaged state, the fingers move west and engage together by using
electrothermal actuation, but due to the finger width bloating, the fingers did not engage. An alternate
way to get a higher capacitance from the same capacitor design is to use self-assembly to close the gaps
between the inner yokes and outer yokes. Thisis a different state than these intended one, but it worked as
shown in (Figure 3.13(d)). This state is named the “engaged-yokes’ state. The measured capacitance is
280 fF for the disengaged configuration and 380 fF for engaged-yokes state corresponding to a tuning

range of 36%. This is lower than predicted, since the fingers did not engage. A comparison for Cyn
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between the measured, simulated (FEA) and analytically calculated resultsis shown Table 3-6. Analytical
equations with fringing fields match with the measured results better than the simulation and analytic
calculation with no fringing. A comparison between the measured and analytically calculated Q values (at

minimum capacitance) versus frequency from 800MHz to 6GHz is shown in Figure 3.14. Measured and

Det WD Exp ——— bum
SE_134 0 chip1_Capacitor 7t
i = A . 7!: . & i
AccV  Spot Magn  Det WD Exp 1 100m

20.0kV 5.0 200x SE 30.0 0 Released Capacitor

I

€Y (b)

AccV  Spot Magn Det WD Exp —— 20pm AccV Spot Magn  Det WD Exp 20 um
20.0 kv 5.0 800x SE 3000 Latch for released capacitor 20.0kV 5.0 900x SE 299 0 Latch Mechanism in Capacitor

(© (d)
Figure 3.13. Scanning electron micrograph (SEM) of afabricated Jazz1 capacitor, (a) rel eased tunable capacitor, (b)

micro-masking problem, (c) capacitor in disengaged state, (d) capacitor in engaged-yokes state (not intended
originaly).
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calculated results are matching well at 5-6 GHz, but the measured Q stays at around 5 for lower

frequencies.
Simulated with Calculated Calculated M easured
FEA , o . o
(without fringing (with fringing
(Coventorware) fields) fields)
Cwin (disengaged) 117 fF 128 fF 313fF 280 fF

Table 3.6. Comparison between simulated, cal culated and measured Cyy results for the Jazz1 2™
generation gap & area tuning capacitors.

30 T T T T T T T T |
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Figur_e 3.14 Comparison between calculated and measured Q versus frequency for the Jazz1 gap & areatuning
capacitor.
3.2.2 Gap Tuning Topologies

For gap tuning topologies, the first capacitor (IBM1) was designed in IBM SiGe6HP 0.25 um
BICMOS process, and the second capacitor (Jazz2) was designed in Jazz 0.35 um BICMOS process. The
SEM of fabricated IBM 1 capacitor is shown in Figure 3.15(a). During BICMOS post-processing, a micro-
masking problem similar to that encountered with the previous Jazz chips was again observed. For the die
in the IBM 6HP process, dimensions are 3mm by 3mm and the problem was solved by using the dicing

method. The latch mechanism worked for disengaged state, but did not work the intended way for the
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engaged state (Figure 3.15(b, c)). The behavior is similar to the engaged-yokes state in Figure 3-13(d) for
the Jazz1 design. The capacitance is 265 fF in the disengaged position, and 313 fF in the engaged-yokes

position, resulting in atuning range of 18%. The measured quality factor is 15 at 1.7 GHz for Cyn.

AccV  Spot Magn  Det WD Exp I'—‘| 100 pm

200kV 3.0 300x SE 150 1 tun cap3

(b) (©)
Figure 3.15. Scanning electron micrograph (SEM) of a fabricated IBM1 gap tuning capacitors, (a) released tunable
capacitor, (b) capacitor in disengaged state, (c) capacitor in engaged-yokes state.
The Jazz2 capacitor did not release, due to polymer layers on the sidewalls of the fingers. The
tuning operation has not been achieved, because of that processing problem. A comparison between the
measured and analytic Q values (at minimum capacitance) versus frequency from 1.2GHz to 6GHz is

shown in Figure 3.16. Measured Q is about a factor of two greater than the calculations over the entire

frequency range.
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Figure 3.16 Comparison between calculated and measured Q versus frequency for Jazz2 gap tuning capacitors.
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Chapter 4. Discussion and Conclusions

4.1 Discussion

Micro-movers with different design parameters are fabricated and tested to understand the scaling
laws for self assembly and electrothermal actuation as a function of these parameters. To understand the
scaling of self-assembly with beam length, Lpeam, three direct comparisons can be made from results in
Table 3.1 and Table 3.2: between Device#8A and #4B, between Device#6B and #5C and between
Device#5B and #6A. When the parameter value for Lpem iS doubled, the lateral self-assembly
displacement increases almost four times. Similarly to understand the scaling of self-assembly with the
design parameter of having vias between meta layers, two comparisons can be made: between
Device##f8A and #6B and between Device#dB and #5C. Having vias on the beams of the actuator
increases the lateral self-assembly displacement around seven times, compared to the designs without
vias. To understand the scaling of self-assembly and electrothermal actuation with the beam width,
Wheam1, @nd embedded metal width, Wpearnp, ONly 0ne comparison, between Device#8A and #1A, can be
made. Changing Wyeamy from 1.5 um to 1.2 pm and Wpeamz from 0.9 um to 0.6 um at the same time
increases the lateral self-assembly displacement by 5.8 times, and the electrothermal displacement by 1.5
times.

There are some limits for the design parameters of micro-movers related to process limits. The
embedded metal limit, Wyeamz, cannot be less than 0.5 pm for most of the commonly used CMOS and
BICMOS processes. To get the same ratio between Wyeami and Whieamz 8s in Device#1A and Device#8A,
Wheam1 Should be between 0.8 pum or 0.9 um. A design with these small parameter values will be more
sensitive to process variations, like misalignment and bloat, which can be 0.1 pm to 0.2 um depending on
the processes. Misalignment would result in undesirable asymmetric beam-bending behavior for the
folded-flexure micro-mover design.

To achieve faster switching time from micro-mover designs, the thermal capacitance must

decrease, or the thermal resistance must increase as seen from (2.7). Increasing thermal conductance
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results in less thermal isolation, which raises the power required for actuator operation. That technique
can be efficient for some applications like mechanical latch structures, but it is not efficient in general.
Thermal capacitance, C, can be decreased by changing the design topologies. Heating only the beamsin
the actuator instead of the whole actuator would be one technique to decrease C. By using this technique
to modify the micro-mover design in Section 2.1.3.3, the calculated C can be reduced to 4.61x108¥K and
fags can be increased to 180 Hz from 127 Hz. The improvements are more impressive for the designs with
vias between metal layers. For the same displacement, those designs have smaller Ly cOmpared to the
designs without vias. Having smaller L ey decreases dramatically the thermal mass coming from beams
in the actuator.

The lateral latch mechanism for the most mature design operates sequentially as intended. The
most important reason for the failure for earlier designs is that the latch mechanisms were designed
without the detailed characterization of self-assembly and electrothermal actuation. For some processes
such as the TSMC 0.35 um CMOS, the self-assembly displacement is so small, it is difficult to design a
compact mechanical latch.

The quality factor for the most mature gap tuning actuator is quite high compared to the earlier
designs. The measured Q is 52 at 1.7 GHz for 400 fF nominal capacitance (Figure 3.16). Q of 52 at
1.5 GHz for 42fF nominal capacitance is also achieved for agap & area tuning capacitor designin TSMC
0.35 um CMOS (Table-3.5). When comparing Q values at a frequency from different capacitor designs,
the nominal capacitance value should also be same for both of the cases, because capacitance affects the
Q, ashown in (2.34). Scaling the capacitance, the most mature design has 10 times better Q than the
earlier gap & areatuning design. To increase the Q, series resistance through the capacitor is reduced. The
sheet resistance is very small for thick meta layers in advanced BICMOS processes, like the Jazz
0.35 um BICMOS. A great improvement in Q (2 times better) is achieved by using the static frame as the
signal electrode, and the rotor frame as the ground electrode. This technique is used in the most mature

gap tuning actuator.
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The largest tuning factor from designsto date is 352% for agap & area tuning capacitor design in
TSMC 0.35 um CMOS (Table-3.5). This range is large, compared to the previous work. The most
important drawback of this design is the small magnitude of the maximum and minimum capacitance
value, which makes it impossible to be used for RF filters and VCOs in the 1 GHz to 5 GHz frequency
range. Even if these designs are used in the LC tanks with big inductors, poor Q value of the capacitors at
those high frequencies makes it impossible to be used for high performance circuits. The tuning range for
the most mature gap & areatuning capacitor in the Jazz 0.35 um BICMOS is expected to be 800%, but it
is measured as 36%. The reason for this low tuning range is that the fingers do not engage together. A
polymer layer deposited on the sidewalls of the fingers during post-CMOS processing makes 0.6 um gap
smaller. Additionally, the top thick metal layer is bloated. The measured width of the fingers with this top
metal layer is larger than its width in the layout, which makes the gap even smaller. New capacitors can
be designed with bigger finger gapslike 1.0 um to make the design less sensitive to those two problems.

If gap & area and gap tuning topologies are compared for tuning range, gap & area tuning ones
are better, due to having two different tuning mechanisms at the same time. If the same comparison is
made for Q, it isfound that gap tuning is better, since there is |ess series resistance of fingers for the same
capacitance value. If the information from self assembly and electrothermal actuation directions are not
known by the designer during the design process, the gap areatuning is better, asit is not sensitive to the
direction of self-assembly and electrothermal actuation.

The measured and simulated minimum and maximum capacitance values are matched within
10%, as shown in Table 3.6. To increase the accuracy of these analytic calculations, the models built in
Chapter 2 must be revised and fringing effects must be included that are more accurate.

4.2 Conclusions

This research demonstrated a technology to design micro-movers fabricated on CMOS/BICMOS
chips, which can be used for various applications, like tunable passive devices, RF switches or micro-
probes, mechanical latch structures. The tuning range and Q specifications of the fabricated devices point

to asignificant improvement in power and agility of VCO's and RF filters that use these new RF-MEMS
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components. Future work should be done to increase the efficiency of Capacitance/Area. The reduction of
parasitic capacitance on chip will greatly improve the overall Q of applicationsin LC tanks.

Mechanical latch and nanometer-gap closing mechanisms are proven feasible. More work to
refine designs must be done. One future work can be done to employ new micro-mover designs like the
ones with vias between metal layers by these mechanisms to give the same displacements from smaller
area. This way the overall area for the designs can be reduced. Designing a technique to package these

mechanisms and also the tunable capacitor should be investigated to reduce cost per device.
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Appendix 1. Matlab codefor converting S-parametersto quality factor and

capacitance values

sdata=dlmread(‘'calib6GHZ.txt');

% sdata reads the s paramters data from the file,calib6GHZ.txt, that is generated during
% RF testing by network analyzer

freqg=sdata(:,1);

Sreal=sdata(:,2);

Simag=sdata(:,3);

%first column data in the file is frequency information and written into the
%freq matrix. Similarly for real part of the S-parameters at that frequency value
%is written into a Sreal matrix.

for | = 1:201

Stot(1)=Sreal (1)+Simag(l)*i;

%Stot is the S parameter information with real and imaginary parts for 201 measurement data points.
Znum()= (1+Stot(1));

Zden(1)= (1-Stot(1));

ZL1(D= (Znum(l)/Zden(l));

ZL2(1)=50*ZL1(l);

%The conversion are calculated at this step for 201 data points.

end

ZL3=27L2;

for | =1:201

Qdev(l)=imag(ZL 3(1))/real (ZL3(1));

%0nce the z parameters are calculated, quality factor is calculated from

%the ratio of imaginary to real parts.

ZL4()= U(imag(ZL3(1))* 2* pi);

Cdev(l)= ZLA4(l)/freq(l);

%0nce the z parameters are calculated, cpacitance values are calculated from
%dividing the imaginary part by (2* pi* frequency).

end
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Appendix 2: Post-CMOS/ BICMOS Micromachining Recipes

AMS 0.6 um CMOS Process
Step Chemical Flow rate Pressure Sys. power | Timeor platten
power
O, Plasma 0O, 50 sccm 150 mT 100 W 10 min
I nter connect O, 32 sccm 125 mT 100 W 130 min
dielectric etch CHF; 22.5 scem 100 mT 100 W 10 min
Polymer EKC 6800 Solution Dipin Teflon Beaker 25 min
solution rinse
STSDRIE etch | SFs 130 sccm Etch 7 sec 600 W 100 W
O, 20 sccm Passivate 5sec | 600 W ow
C.Fs 120 sccm 15mT 75 cycles 15 min
STSisotropic SFe 130 sccm 50 mT 600 W 5min, 12 W
etch
Agilent 0.5 um CMOS Process
Step Chemical Flow rate Pressure Sys. power | Timeor platten
power
O, Plasma 0O, 50 sccm 150 mT 100 W 10 min
I nter connect O, 32 sccm 125 mT 100 W 140 min
dielectric etch CHF; 22.5 scem 100 mT 100 W 15 min
Polymer EKC 6800 Solution Dipin Teflon Beaker 25 min
solution rinse
STSDRIE etch | SFs 130 sccm Etch 7 sec 600 W 100 W
O, 20 sccm Passivate 5sec | 600 W ow
CiFs 120 sccm 15mT 75 cycles 15 min
STSisotropic SFe 130 sccm 50 mT 600 W 5min, 12 W
etch
TSMC 0.35 pum CMOS Process
Step Chemical Flow rate Pressure Sys. power | Timeor platten
power
I nter connect O, 16 sccm 125 mT 100 W 185 min
dielectric etch CHF; 22.5 scem 100 mT 100 W 50 min
Polymer EKC 6800 Solution Dipin Teflon Beaker 60 min
solution rinse
STSDRIE etch | SFs 130 sccm Etch 7 sec 600 W 100 W
O, 20 sccm Passivate 5sec | 600 W ow
C.Fs 120 sccm 15mT 75 cycles 15 min
STSisotropic SFe 130 sccm 50 mT 600 W 5min, 12 W
etch
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Jazz 0.35 pm BICMOS Process

Step Chemical Flow rate Pressure Sys. power | Timeor platten
power
I nter connect O, 16 sccm 100 mT 100 W 250 min
dielectric etch CHF; 22.5 scem 100 mT 100 W 50 min
Polymer EKC 6800 Solution Dipin Teflon Beaker 60 min
solution rinse
STSDRIE etch | SFg 130 sccm Etch 7 sec 600 W 100 W
0, 20 sccm Passivate 5sec | 600 W ow
C4Fs 120 sccm 15mT 75 cycles 15 min
STSisotropic SFe 130 sccm 50 mT 600 W 5min, 12 W
etch
IBM SiGe 6HP 0.25 um BICMOS Process
Step Chemical Flow rate Pressure Sys. power | Timeor platten
power
O, Plasma 0O, 50 sccm 150 mT 100 W 30 min
Passivation etch | O, 10 sccm 125 mT 100 W 20min
CHF; 22.5 scem
| nter connect 0O, 16 sccm 125 mT 100 W 240 min
dielectric etch CHF; 22.5 scem 100 mT 100 W 90 min
Polymer EKC 6800 Solution 45 min
solution rinse
STSDRIE etch | SFg 130 sccm Etch 12 sec 600 W 100 W
O, 13 scem Passivate 8sec | 600 W ow
C.Fs 85 sccm 58% APC 30 cycles 10 min
ST Sisotropic SFs 130 sccm 58% APC 600 W 5min, 12 W
etch
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