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Abstract

Micromechanical Resonant Switches (“Resoswitches”)
and Resonant Power Converters

by
Yang Lin
Doctor of Philosophy in Electrical Engineering and Computer Sciences
University of California, Berkeley

Professor Clark T.-C. Nguyen, Chair

Micromechanical resonant switches (“resoswitches”) that harness the high-Q resonance
and nonlinear dynamical properties of micromechanical structures are demonstrated that
can achieve higher switching speed, better reliability (even under hot switching), and
lower actuation voltage, all by substantial factors, over existing RF MEMS switches.
Various mechanical structures (low to high resonance frequencies) with different struc-
tural and contact materials (medium to low resistances) are designed and fabricated to
verify the advantages predicted by theory. Ample amounts of data were gathered and ana-
lyzed and new phenomena have been discovered.

The first prototype resoswitch was based on a 61MHz wine-glass mode disk con-
structed in doped polysilicon. As the pioneer demonstration vehicle, this device requires
an actuation voltage of only 2V to switch with sub-nanosecond switching times. It further
achieved over 16.7 trillion hot-switched cycles, made possible in part by a large restoring
force (>160mN) afforded it orders of magnitude larger stiffness than conventional RF
MEMS switches. The contact resistance is on the kilo ohm range but reasonable consider-
ing the fact that doped polysilicon is the contact interface. The already impressive 16.7
trillion hot-switched cycle life time might have been much longer if not for undesirable
impacting at the drive port that occurred with this initial device.

An immediate solution to the high contact and series resistances of the polysilicon
resoswitch is to construct everything in metal instead. Therefore, an electroplated nickel
surface micromachining process was developed that allows for unequal electrode-to-
resonator gap spacings in order to eliminate drive port impacting. The process uses only
metal materials to keep the process temperature below 80°C in an effort to permit post
CMOS process compatibility. This process led to demonstration of a 25SMHz wine-glass
mode nickel disk resoswitch that delivered 17.7dB of power gain in a simple power am-
plifier topology, where the power gain comes about mainly through substantial reduction
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of contact resistance. Despite the introduction of unequal electrode-to-resonator gaps, en-
durance did not improve, mainly because the method used introduced an asymmetry that
lowered the pull-in voltage of these devices.

To address this issue, a 153MHz digitally specified displacement amplifier was then
designed that employs asymmetrical mechanical coupling to generate larger displacement
along the switch axis than that along the drive axis. The prototype device used polysili-
con structural material, so did not have a lower enough contact resistance to demonstrate
an actual power amplifier. However, the device did greatly extend the hot-switched cycle
life time, which now achieves 173.9 trillion cycles using an open-loop drive circuit. If
driven by a closed-loop drive circuit, an even larger count is expected.

Finally, by synthesizing a group of comb-driven resoswitches, MEMS-based charge
pumps were demonstrated with promise to eventually remove the diode voltage drop and
junction breakdown issues that plague conventional transistor versions, allowing them to
transfer charge with any input voltage level and achieve much higher voltages, perhaps
eventually as high as 200V. A number of different topologies were successfully imple-
mented, including single and multiple stages of Dickson’s and charge transfer series volt-
age doubling designs, which proves the feasibility and agility of this technology.

Professor Clark T.-C. Nguyen

Committee Chair
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CHAPTER 1 Introduction

The history of MEMS switches dates back to the 1980’s, though they did not gain serious
attention until Dr. Larry Larson introduced the first MEMS switch in 1990 that was able
to create open and short circuits in a transmission line in the radio frequency range [1]. In
fact, that was the debut of the name “RF MEMS switches” and people almost automati-
cally recognized it as the only kind of MEMS switches from then on. Although a number
of companies (e.g., Motorola, Omron, Radant MEMS, Rockwell Scientific and Texas In-
struments, etc.) and research labs have been making considerable effort since then, so far
RF MEMS switches still exclusively focus on microwave applications, such as antenna
switching and reconfigurable apertures. Part of the reason is that RF MEMS switch re-
searchers have been focusing on improving the switch performance via: 1) scaling down
device dimensions to obtain faster switching speed; 2) changing contact interface materi-
al or tuning alloy material composition to optimize insertion loss and cycle life time and
3) improving mechanical structure design to increase contact force. These are reasonable
approaches to improve switch performance, but not strong enough to push them to a
whole new level.

What is really needed here is to think outside the box, like the work of the resonant
gate transistor [2] (c.f. Figure 1-1), where a suspended and movable beam (clamped-free
or clamped-clamped) is driven into resonance dynamically changing the electric field
within the channel and hence modulating the drain current. Inspired by that work and
with the firm belief that MEMS switches should not be limited to applications in the mi-
crowave domain and should also be fairly competitive for applications where the field-
effect transistor (FET) currently dominates, this dissertation proposes a brand new type of
MEMS switch called the micromechanical resonant switch (“resoswitch”), which revolu-
tionizes the way traditional MEMS switches operate by driving them into resonance.
Benefits and issues for this new operation will be explained. For demonstration purpose,
several prototype devices with different structures and materials were fabricated and
characterized and exemplary new applications based upon them were successfully shown.
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Figure 1-1: Schematic of a clamped-free resonant gate transistor.

While focusing mainly on the innovation of operation, the importance of fundamental
research on other aspects of switches, such as contact interface materials and contact
force engineering, is also emphasized. In fact, the introduction of the new MEMS reso-
nant switches actually loosens up some design constraints and therefore helps to push the
canonical studies towards broader design space.

1.1 Target Applications

Resonant switching means that the device is actuated with constant period. This im-
mediately reminds us of the high volume applications, e.g., switched-mode power ampli-
fier and power converter (c.f. Figure 1-2), where FET switches or p-i-n diodes are com-
monly used to modulate current or direct charge. The performance of the power amplifi-
ers and power converters relies heavily on the figure of merit (FOM) of the regulating
switches. Since switch devices are usually modeled as resistors in the “on” state, and ca-
pacitors in the “off” state, the microwave industry normally uses a FOM = 1/(2nR,,Cop),
where R,, is on resistance, C,y is off capacitance, to gauge the switching characteristics
of different switch elements. Higher FOM is favored because the highest frequency that
the device can perform as a switch is about 1/10 of its FOM; meanwhile, high FOM also
means higher efficiency.

MEMS switches offer lower Co and intrinsic R,,, and thus higher switch FOM can
be achieved which then leads to better off-state isolation and lower loss. In addition,
MEMS switches are usually more linear, generating less harmonic distortion than solid
state devices. Therefore, MEMS switches are probably better switch elements for the
power amplifying and converting applications, depicted in Figure 1-2. This dissertation
analyzes the deficiencies of conventional MEMS switches compared to solid state ones
and explains how the proposed resonant operation addresses the issues to truly make
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Figure 1-2: Circuit schematics of (a) switched-mode DC-DC power converter (buck
step-down) and (b) switched-mode class-E power amplifiers.

MEMS switches suitable for low cost high efficiency power converters and power ampli-
fiers.

Perhaps the biggest advantage of developing MEMS-based power converters and
power amplifiers lies in benefiting MEMS technology itself, as MEMS devices generally
require high voltages. If high bias voltages, on the order of 50-200V, were available on-
chip, the corresponding increase in the electromechanical coupling strengths of many ca-
pacitively transduced MEMS devices, from gyroscopes, to micro-phones, to timing oscil-
lators, would bring about substantial performance and cost benefits. Indeed, the size of a
mechanical element can often be made substantially smaller when capacitive coupling
becomes stronger, since less overlap is required to achieve a given coupling strength. If
power management blocks can be implemented in MEMS domain, MEMS products will
soon be decoupled from other technologies. By virtue of the flexibility and adaptivity of
MEMS design and fabrication processes, given a MEMS device, MEMS switches (and
hence MEMS power converters and amplifiers) can be constructed using virtually the
same fabrication process sequence that achieved that MEMS device. In that case, a fully
integrated self-biased MEMS sensor/actuator can be envisioned as follows: 1) MEMS
power converters will be fabricated alongside with MEMS sensors and actuators to pro-
vide ultrahigh DC bias voltages that are becoming exponentially challenging as CMOS
technology scales down; 2) MEMS power amplifiers will also be integrated to boost the
output signal amplitude sufficient for post processing without extra conditioning.

1.2 DC-DC Power Converters

Of the various power management components, this dissertation will be primarily fo-
cusing on the potential for implementing DC-DC power converters using MEMS switch-
es, not only because DC-DC power converters are strongly desired for many MEMS
products, but also because they are very widely used in portable electronic devices, e.g.,
laptop computers, tablets and cell phones, whose markets are enormous and yet still ex-
panding. Mobile devices are powered by batteries with output voltages ranging from 3-
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Figure 1-3: Circuit schematics of a serial-parallel type of switched capacitor DC-DC
power converter.

12V, while chips they contain usually require supply voltages lower than that. DC-DC
power converters are therefore demanded as they can boost or lower the battery DC volt-
age of the system to levels required by specific components. DC-DC converters have also
gained growing attention as the number of cores within CPU’s increases as it is beneficial
to use independent power supplies for each constituent core [3].

Compared to traditional linear regulators, switching DC-DC converters offer higher
efficiency over a wider range of output voltages [3] and more flexible functionality (step-
up, step-down or invert). For decades, the inductor-based converter, as shown in Figure
1-1(a), has been the default design for switching type converters [4] [5], however, the in-
ductors, which are acting as the energy storage elements, are either bulky when imple-
mented as off-chip components or costly due to the needed additional fabrication steps if
monolithic integration is desired. In contrast, on-chip capacitors, which are automatically
integrated into the CMOS fabrication process, can provide substantially higher capaci-
tance density and lower series resistance. Therefore, the switched capacitor DC-DC con-
verters (c.f. Figure 1-3), which contain only capacitors as energy storing passives, can
achieve much higher power and energy density while maintaining reasonably high effi-
ciencies (60%-80%). As a result, this work, for demonstration purpose, targets to demon-
strate switched capacitor DC-DC power converters that utilize resonant MEMS switches
to transfer energy.

On the other hand, MEMS-based power converters are not limited to be of the
switched capacitor type. Implementation of an integrated inductor-based design, which is
still dominating the high power and tight regulation applications [6], is also practically
achievable because the cumbersome (for CMOS technology) thick metal layer required
by integrated inductors is longer an issue for MEMS processes. In fact, many MEMS de-
vices use 10-100um of electroplated metal as structural layer [7]. Therefore, when im-
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Figure 1-4: SEM picture of the Raytheon MEMS shunt switch and its equivalent cir-
cuit model.

Table 1-1: Parameters of the Raytheon MEMS switch.

Parameters Values
Copr 35fF
Ron 0.3Q

FoM 15THz

Actuation Voltage 30-50V
Switch Time 8us

plemented using MEMS components, design of switching power converters can be much
more flexible.

1.3 Conventional RFMEMS Switches

Conventional RF MEMS switches, no matter shunt [8] or series [9] configurations,
are used to create open and short circuits in transmission lines, whereas the switches
needed in the power converters and power amplifiers act as the charge regulating compo-
nents. Figure 1-4 shows the SEM pictures and equivalent circuit model of the RF MEMS
switch developed in Raytheon. Table 1-1 summarizes its parameters, where the reasons
why it cannot be readily used as the building block of power converters and amplifiers
are shown. Although having C,; and R,, as small as 35fF and 0.3Q), respectively, and
thus a switch FOM as high as 15THz, it switch time of 8us in total greatly limits its max-
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imum operating frequency to be 125kHz. In addition, the actuation voltage is 30-50V,
which makes it a consumer of a DC-DC power converter instead of a provider. What
plagues it even more is the fact that the hot switched life time is usually a few million cy-
cles [10], several orders of magnitude below the number required by switching power
converter and amplifier applications. Some parameters in Table 1-1 can be improved at
the cost of worsening the others. For example, when the structure is made softer or the
actuation gap is reduced to lower actuation voltage, such as the one demonstrated by [11],
not only does restoring force that stands to overcome sticking becomes smaller therefore
compromising the switch reliability but the switching speed also becomes slower. It
seems that MEMS devices are facing a bottleneck.

Since mechanical optimization cannot solve all the issues, it calls for more fundamen-
tal reformation. Do mechanical devices have other unique properties that they can take
advantage of to surmount solid state devices? The answer is yes. The success of high-O
micromechanical vibrating resonators [12] [13] reminds us there is at least one more mer-
it that we can count on: resonance! If properly designed, resonant MEMS devices can
have extremely high Q factors [14] [12], meaning that the mechanical movement in reso-
nance can be amplified by Q times at nearly no additional energy cost. Benefiting from
the displacement gain, the mechanical structures can then be designed to be much stiffer
without worrying about actuation voltage, and stiffer structure subsequently improves
both the reliability and the switching speed. With high FOM and high-Q resonance,
MEMS switches are now truly ready to take off.

1.4 Conclusions

MEMS switches are promising switching elements for better power management
components, but seemingly dilemmatic design issues has hindered their development and
limited them to microwave switching applications. Operating traditional MEMS switches
at resonance provides an excellent solution to this problem. The main goal of this disser-
tation is to investigate the validity of this new approach through theoretical derivation
and experimental verification.

1.5 Overview

This dissertation starts in Chapter 2 with a detailed comparison between static and
resonant switches followed by an experimental study on polysilicon wine-glass mode
disk resoswitch that clearly shows the advantages of resonance operation. After that, in
Chapter 3, a wine-glass mode disk resoswitch constructed in electroplated nickel is pre-
sented which achieves a R,, small enough for on-chip power amplification. Demonstra-
tion of these two early versions of resonant switches also exposes the design imperfection
that causes switch degradation. Chapter 4 then proposes an asymmetrically coupled disk
displacement amplifier that effectively avoids unwanted impacting at the input and the
resoswitch based upon it does show an extended life time. Chapter 5 demonstrates the
potential of resoswitch for switched capacitor power converters by constructing charge
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pumps using comb-driven resoswitches. Using the comb-driven version resoswitch, dy-
namical instability of resoswitches is studied and the working solutions to tolerate unsta-
ble switching as well as fabrication induced resonance frequency variation are elucidated.
Chapter 6 then discusses the frequency and Q variances that the resonant devices have
due to finite fabrication tolerance. Finally, Chapter 7 wraps up with conclusions and sug-
gestions for future work.



CHAPTER 2 Micromechanical

Resonant Switches
(“Resoswitches”)

RF MEMS switches operating at RF to millimeter-wave frequencies substantially outper-
form p-i-n diode and FET counterparts in insertion loss, isolation, and switch figure of
merit (FOM = 1/(2nR,,C,p), where R,, is on resistance, Coy is off capacitance) [8] [15]
[16]. Unfortunately, their much slower switching speeds (e.g., 1-15us versus the 0.16-1ns
[17] of FET’s) and cycle lifetimes on the order of 100 billion cycles (for the good ones
[18]) relegates them mainly to antenna switching, reconfigurable aperture, and instrumen-
tation applications, and precludes them from much higher volume applications, such as
the switched-mode power amplifiers and power converters introduced in the previous
chapter.

The main focus of this dissertation is on developing MEMS based switch-mode pow-
er converters and power amplifiers that can outperform the current FET ones. The key
component, that makes this task possible, is a revolutionized MEMS switch. This chapter,
therefore, concentrates on the mechanical design of this new kind of switch, describing
its unique dynamic properties, followed by the fabrication and testing technologies.

2.1 Resonant Operation versus Non-Resonant Operation

Indeed, the benefits afforded to switched-mode power applications that would ensue
if the transistors they presently employ were replaced by switches with FOM’s on the or-
der of those exhibited by RF MEMS switches would be enormous. For example,
switched-mode power amplifiers that ideally should be able to achieve 100% drain effi-
ciency presently cannot attain such values in practical implementations, in part because
the transistors they use for switching exhibit large input capacitance (for small “on” re-
sistances) and are often limited in the supply voltages they can support. On the other hand,
MEMS switches, being made of metal, have very small “on” resistances and would be
able to support higher supply voltages. However, if they are to be used in switched-mode
power applications, their actuation voltages would need to be lowered substantially
(from >50V [8] down to the single-digit volt range), their speeds would need to be much
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Figure 2-1: Schematic of a conventional micromechanical switch showing both (a) top
and (b) cross-sectional side views, and indicating key dimensions.

higher (e.g., ns switching time), and their reliability enhanced substantially, since typical
power amplifier and converter applications would require cycle counts in the quadrillions.

Pursuant to achieving a switch suitable for power amplifier and converter applications,
this work demonstrates a micromechanical switch, dubbed the “resoswitch”, that harness-
es the resonance and nonlinear dynamical properties of its mechanical structure to greatly
increase switching speed and cycle count (even under hot switching), and lower the need-
ed actuation voltage, all by substantial factors over existing RF MEMS switches. All
these improvements are brought by operating the switches at their resonances.

2.1.1 Lower Actuation Voltage

The advantages provided by a switch that harnesses resonance dynamics are perhaps
best conveyed via comparison with conventional RF MEMS switch counterparts that do
not. For this purpose, Figure 2-1 presents the top view and cross-section of a typical con-
ventional RF MEMS switch, in this case one demonstrated by Goldsmith [8]. As shown,
this switch consists of a metal membrane (or beam) suspended above a switch contact
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Table 2-1: Geometrical Dimensions of the Switch Depicted in Figure 2-1.

Dimensions Values
L 250 pm
w 100 um
H 2 um
D 2 um
A 50 um x100 pm

electrode that can be electrostatically pulled down onto the contact electrode by applying
a sufficient actuation voltage V., to an underlying “gate” electrode. The switch is es-
sentially a clamped-clamped beam whose stiffness and pull-in voltage can be evaluated
as following:

EWH?3
13

,8kD3
— (2.2)
Ve 27As

where W, H, L and D are the dimensions labeled in Figure 2-1, 4 is the area of the actua-
tion electrode, E is Young’s modulus of the material and ¢ is the permittivity of the me-
dium surrounding the device.

k=16 2.1)

For the case of a suspended beam with the typical dimensions indicated in Table 2-1,
the effective stiffness of the beam (at its midpoint) is on the order of 57 N/m, and the re-
quired actuation voltage (i.e. pull-in voltage) is about 55V, according to (2.1) and (2.2),
respectively. It is noteworthy that (2.2) is a first order approximation to the pull-in volt-
age for the structure of Figure 2-1, and more accurate value can be obtained through FEM.
Figure 2-2 shows a 3D FEM model built in ANSYS in order to calculate the electrostatic
pull-in voltage. The mechanical structure is constructed by Solid185 element and the
electrostatic field is modeled by Trans126 element. DC voltage Vi 1S applied across
the beam and the electrode and static analysis is performed to calculate the deflection of
the beam. Figure 2-3 plots the maximum deflection of the beam versus Vj,n, indicating
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Figure 2-2: 3D FEM model of a clamped-clamped beam switch constructed in AN-
SYS.

that the switch pulls in at an actuation voltage of about 60V. Similar results are also ob-
tained by CoventorWare MEMS+ 3.0.

This actuation voltage can be lowered by either reducing the beam stiffness or reduc-
ing the gap spacing between the beam and the underlying electrode. Both of these ap-
proaches, however, come with drawbacks: the former reduces the restoring force with
which the beam can overcome sticking forces, thereby sacrificing its reliability; while the
latter not only decreases the restoring force but also increases the capacitance of the
switch, thereby reducing its off-state isolation (and its FOM). It is these trade-offs that
constrain the actuation voltages of RF MEMS switches to the 60V range, which in turn
constrains their stiffness and mass to values that limit switching speed to microseconds
and that compromises reliability.

Suppose now that the application for the switch is one that requires periodic switch-
ing, where the switch must turn on and off in with nearly constant period. Some of the
highest volume applications of switches, namely switched-mode power converters [19]
[20] [21] [22] and power amplifiers [23] [24], in fact operate in such a mode, where their
switches switch continuously with essentially constant period within specified band-
widths. The use of a micromechanical switch in place of the switching transistor in these
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Figure 2-3: Simulated beam maximum deflection versus Vi in ANSYS

applications stands to greatly enhance performance by raising the FOM of the switch and
by allowing the use of much higher supply voltages (e.g., 10V vs. the 1V limit of conven-
tional CMOS) [25], which raises the efficiency of switched-mode power amplifiers and
raises the voltage levels achievable by boosting power converters.

Although it might be possible to utilize a properly scaled (to nanodimensions [26])
non-resonant switch that switches with constant period for such applications, it is much
more advantageous to employ the resonance characteristics of the mechanical structure.
In particular, if the switch of Figure 2-1 were driven by an actuation voltage at the reso-
nance frequency of the beam, then the actuation voltage V,,; required to attain the same
displacement of the beam (i.e., to close the switch) would be Q times smaller than that for
off-resonance actuation inputs. In other words, if the beam had a Q of 5,000, then the
needed actuation voltage would shrink from 55~60V, to only around 1-2V. To get the
exact actuation voltage, a pre-stressed harmonic analysis is done in ANSYS. Besides that,
to simulate the device more efficiently, an equivalent 2D FEM model, which is the cross-
section of half of the 3D beam in Figure 2-2, is built as shown in Figure 2-4(a). A combi-
nation of a DC bias V» = 1.5V and an AC driving voltage v;, = 1.5V are applied to the
beam simultaneously and the displacement of the mid-point versus frequency is shown in
Figure 2-4(b), indicating that an actuation voltage of 1.5V is sufficient to generate a dis-
placement greater than 2um at the mid-point making the beam to impact the bottom elec-
trode and hence switch.
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In addition, the resonance frequency of a mechanical structure is close to the highest
frequency at which it can operate, so operation at resonance maximizes the switching

speed.
2.1.2 Larger Restoring Force

Orders of magnitude lower actuation voltage and faster switching speed already con-
stitute tremendous improvement, but the advantages of resonance operation do not stop
here. In particular, the actuation voltage (from the above example) need not be as small
as 1.5V, rather, reduction of the actuation voltage down to 3V would already be compati-
ble with advanced CMOS transistor technologies. To back off the actuation voltage, a
designer might either raise the stiffness of the beam, by making it thicker or by shrinking
its length dimension; or reduce the beam-to-drive electrode overlap capacitance, by in-
creasing the beam-to-drive electrode gap spacing or by reducing its overlap area.

Raising stiffness is quite beneficial, since it effectively raises the speed of the switch
by increasing its resonance frequency. It also improves the reliability of the switch by
increasing the restoring force available to overcome adhesion forces that might otherwise
cause the beam to stick to the electrode. For example, if the thickness of the beam of Fig-
ure 2-1 were increased to 5 um, and its length reduced to 150 um, then the effective
beam stiffness at its midpoint would become 4,150 N/m, raising its frequency range (i.e.,
its resonance frequency) from 180 kHz to 1.06 MHz, which corresponds to a switching
speed of [(4)(1.06)(10°)]" = 236 ns, where switching speed here is approximated as one-
fourth the switching period. The available restoring force is also increased by this design
change from 0.11 mN to 8.3 mN, as illustrated by the following calculation:



Table 2-2: Comparisons of beam switches with different thickness.
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Parameters Original Values Improved Values
D 2 um 5 pm
L 250 mm 150 mm
fo 0.18 MHz 1.06 MHz
tow 1389 nsec 236 nsec
Frestore 0.11 mN 8.3 mN

0.11mN < k =57 N/m

Frestore =k D = {8.3 mN <k =4,150 N/m (23)

where Fj.zor 18 the restoring force, & is the stiffness of the beam, and D (=2 um) is the
distance between the beam and the contact electrode. Finally, despite the increase in
stiffness, the needed resonance actuation voltage amplitude remains quite reasonably
small, at a calculated 6.6 V. The calculations above are summarized in Table 2-2.

Beyond increasing stiffness, the other option for backing off on actuation voltage, i.e.,
decreasing the beam-to-electrode overlap capacitance, is also quite beneficial, since it
reduces the off-state capacitance of the switch, thereby raising its FOM. Thus, the use of
resonance operation improves switch performances in both the mechanical and electrical
domains.

2.1.3 Larger Contact Force

What is more interesting, the resonance dynamical operation not only helps to im-
prove reliability, but also provides a large impulsive contact force generated by impact
that allows for a much smaller contact resistance than otherwise possible. Operating at
resonance, the static contact of traditional switches now becomes dynamic impact, where
much larger (usually 5~10x) instantaneous contact forces are available [27]. Modeling
the dynamic behavior of the resoswitch starts by first solving the differential equation of
motion, given by:

MpeX + CreX + kyox = F (2.4)
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Figure 2-5: Schematic of a cylinder shape of body contacting an elastic foundation.

where m,., Cr., k. are the equivalent mass, damping and stiffness, respectively, of the res-
onator at the contact (i.e., impact) point, and F is the net force applied to drive the disk.
Before contact, F' comprises only an electrostatic force that takes the form:

F = %(VP - vicos(wt))zg—i (x < d,) (2.5)

where Vp is the DC bias voltage applied to the disk, v; is the amplitude of the AC voltage
applied to the drive electrode as shown in Figure 2-4, and 0C/0x is the change in elec-
trode-to-resonator capacitance per unit displacement. It is noteworthy that unlike [28],
0C/0x 1s a function of x now since the displacement range of interest here is much larger
than those normally achieved in [28] and the value of 0C/0x increases rapidly as the gap
approaches zero. When the displacement x becomes larger than the disk-to-electrode gap
d, along the switch axis, a second term that models the contact force arises to yield

1 20C
F= E (VP - vicos(a)t)) a - kcontact(x - do) (x = do) (2'6)

where kconacr 1S the contact stiffness whose value depends on contact interface material
properties and the contact shapes. The contact stiffness can be derived from contact me-
chanics theory. Of the various contact models, e.g., Hertz theory for non-adhesive elastic
contact and Johnson-Kendall-Robert (JKR) model for adhesive elastic contact, Hertz the-
ory is perhaps the simplest, so is used here.



16

For the clamped-clamped beam resoswitch shown in Figure 2-1, the electrode lying
underneath the structure can be modeled as an elastic foundation as shown in Figure 2-5
[29]. The whole contact area is axis-symmetric about axis at the center denoted as the red
dotted line. Profile of the switch penetrating into the electrode and contact pressure,
which are all functions of x coordinate, can be expressed:

a? — x2
u(x) = R (—ra<x<a)
a® 2.7
6=u(x=0)=ﬁ (2.7)
o K@ =)

2Rh

where R is local radius of the beam at contact point, which can be calculated through the
mode shape expression in [30]. a is half width of the contact area and ¢ is the maximum
indentation located at the very center. K is the elastic modulus of the foundation, in this
case Young’s modulus of electrode material, and /4 is the thickness of the electrode. Inte-
grating the contact pressure p(x) over the contact area ([-a, a]) yields the net contact force:

3
_ ;% 2.8)

Here, the force calculated is actually the contact force per unit length, as we assume
the contact status is homogeneous along the beam width W direction. In order to be con-
sistent with Hertz theory, one condition has to be met:

h a

K _ 1.18E 2.9)

where E” is the contact modulus, which depends on the Young’s Modulus E and Pois-

son’s ratio ¢ of the contact bodies. And when contact bodies share the same E and ¢, E”
becomes:

1 2(1—¢?)
=t (2.10)
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Plugging (2.9) into (2.8), the contact force F can be rewritten as:

*az

F =0.787 (2.11)

And thus, the equivalent contact stiffness k.oner can then obtained by dividing the net
contact force with the maximum indentation o:

F-W 0.787EW

kcontact = 5 (1—¢2) (2.12)

This effective contact stiffness can then be used in the governing 2" order differential
equation of the system (2.4) to solve for the dynamic behavior of the switch numerically.
In experimental study, one can also estimate the contact force by approximating the con-
tact area size, 2a, from measuring the dimension of the beam crushing area under SEM
[31].

For the switch shown in Figure 2-1, when actuated by the pull in voltage of 55V,
around 480uN of contact force can be achieved. When driven at its resonance frequency
with 3.6V, a dynamic impact force of 4mN can be obtained by solving (2.5) (2.6) and
(2.12) with the dimensions summarized in Table 2-1. Even when the stiffness has been
raised to 4,150N/m with the improved design shown in Table 2-2, 2mN of impact force
can still be achieved with 8V of driving voltage applied. Larger contact force not only
reduces the contact resistances but also makes available some materials, such as W, Mo,
etc., that are previously considered too lossy for switch applications but are far more re-
sistive to both mechanical wearing and hot-switched melting than Au, which is common-
ly used in RF MEMS switches.

As will be seen, the nonlinear dynamical behavior of the resoswitch offers even
greater advantages for specific switched-mode applications, such as bandwidth and duty
cycle control, which are important for power amplifiers and power converter applications.
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Figure 2-6: Schematics showing (a) the physical structure of the micromechanical
resoswitch, identifying its ports and equating it to a functional equivalent circuit; (b)
its “on”’; and (c) its “off” states.

2.2 Polysilicon Wine-Glass Mode Disk Resoswitches

As summarized in the previous section, micromechanical resoswitches use resonance
operation to greatly improve switch performance. In particular, when at resonance, dis-
placements amplify by Q, so actuation voltages are small even though the stiffness of the
device can be quite large. The large stiffness in turn allows very fast operation (due to the
high resonance frequency) and very reliable operation, since large stiffness equates to
large restoring forces against any sticking phenomenon. Although the resoswitch exam-
ple so far discussed does present clear advantages over its non-resonant counterpart, its
use of a clamped-clamped beam structure confines it to resonance frequencies lower than
100 MHz, since anchor losses plague this design at higher frequencies [32]. To attain the
higher frequencies demanded by many switched-mode power amplifier applications, disk
[33] or ring [34] resonator geometries are much more appropriate.

With this in mind, Figure 2-6 presents schematics describing the structure and opera-
tion of one simple rendition of a resoswitch that comprises a capacitively-transduced
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Figure 2-7: (a) Perspective-view schematic of a micromechanical wine-glass-mode
disk resonator in a typical two-port bias and excitation configuration (where A, A’ are
electrically connected, as are B, B”). (b) ANSYS simulated wine-glass mode shape.

wine-glass disk micromechanical resonator [28] (c.f-, Figure 2-7) made in a conductive
material (preferably, a metal) and surrounded by four electrodes, two of which are situat-
ed along an indicated input axis having larger electrode-to-resonator gaps than their coun-
ter-parts along an orthogonal switch axis.

To operate the switch, an ac input voltage at the wine-glass mode disk resonance fre-
quency is applied to the input electrodes (along the input axis), electrically forcing the
disk into the wine-glass mode shape delineated by the dotted curve in Figure 2-6(a).As
the resonance amplitude rises, the disk eventually impacts the (closer) electrodes along
the switch axis, as shown in Figure 2-6(b). This then ideally steals energy from the disk,
effectively limiting its amplitude so that when the disk elongates along the input axis on
the next cycle, it does not impact the (more distant) input electrodes, as shown in Figure
2-6(c). Essentially, in this structure, control electrodes more distant from the disk are
used to drive the disk into its resonance mode shape (indicated by the dotted curve),
where at sufficient amplitude it impacts closer electrodes along the orthogonal axis, clos-
ing the switch at a frequency equal to (or near) the resonance frequency of the disk. Be-
cause the input is applied at the resonance frequency of the disk, the required input volt-
age amplitude that effects switching along the switch axis is quite small, on the order of
1-3V, which is much smaller than the >50V required by most conventional RF MEMS
switches.
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Table 2-3: Parameters of 61MHZ Polysilicon Wine-glass Mode Disk Resoswitch.

Parameters Values Unit
Disk Radius, R 32 um
Disk Thickness, H 2 um
Input Electrode-to-Resonator Gap, d; 100 nm
Output Electrode-to-Resonator Gap, d, | 50 nm
Resonator Quality Factor, O 10,0000 -
Equivalent Stiftness, k. 1.14x106 N/m
Equivalent Mass, m,, 8.03x107"? kg
Equivalent Damping, c,. 3.03x107 N/ms
DC-Bias voltage, Vp 10 AV
AC Driving Signal Amplitude, v 0.6 A%

As already mentioned, for the switched-mode power amplifier and power converter
application targets of this dissertation, the cycle count of the resoswitch would need to be
much larger (several quadrillions) than so far achieved by conventional non-resonant RF
MEMS switches (1 trillion for the best “hero” devices [35]). In this regard, the reliability
of the present resoswitch benefits from two major advantages:

1) The stiffness of its actuating disk resonator is on the order of 1.15x10°N/m (for a
61-MHz wine-glass disk made of polysilicon), which is several orders larger than that of
a conventional RF MEMS switch. Thus, with a full gap displacement of 80 nm, the struc-
ture provides a restoring force of 92mN much larger than the 0.11mN of conventional
non-resonant counterparts, allowing it to much more effectively overcome sticking forces.

2) The energy stored via resonance vibration of the device provides a momentum
that further increases the effective restoring force. In particular, depending upon the elas-
ticity of the contact interface, a bounce effect helps to separate the vibrating disk from the
impacted electrode, thereby further reducing the probably of sticking.

Again, the use of such a large spring restoring force is made possible by resonance
operation, under which the displacement of the actuator is Q times larger than off-
resonance, allowing a mere 1-3V amplitude drive voltage to generate impacting switch
axis amplitudes in spite of the large stiffness of the disk structure.
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Figure 2-8: The displacement of a 61MHz wine-glass mode disk resoswitch versus
frequencies of AC driving signal for various AC signal amplitudes simulated numeri-
cally using MATLAB.

2.2.1 Theoretical Modeling

The dynamical behavior of the wine-glass mode disk resoswitch can also be modeled
by solving (2.5) and (2.6) with parameters summarized in Table 2-3. Figure 2-8 presents
theoretical plots of disk displacement along the switch axis versus excitation frequency
for various input AC signal amplitudes simulated using 4th order Runge-Kutta numerical
methods. Here, as the input voltage increases the vibration amplitude x rises steadily until
it matches the 80nm gap spacing, at which point the disk impacts the switch axis (output)
electrode.

From Figure 2-8, the bandwidth over which impacting occurs is controllable via the
amplitude of the ac input voltage. In effect, the larger the input voltage amplitude, the
lower the frequency of first limiting on the frequency characteristic of the device, and the
higher the frequency of last limiting. This band-width-widening is a nonlinear dynamical
effect that provides simultaneous high-Q and wide bandwidth—something not generally
available in purely linear systems, where high O often means small bandwidth. In par-
ticular, nonlinear resonance dynamics provides on the one hand high O along the input
axis, which lowers the required input ac voltage; while also providing on the other hand a
wide effective bandwidth along the switch (or output) axis. The availability of simultane-
ous high-Q and wider-than-linear bandwidth obviously benefits the aforementioned filter-
LNA application, where a finite receive channel bandwidth must be received. It also ben-



Figure 2-9: Model of a wine-glass disk resoswitch contact as two-dimensional contact
of cylindrical bodies with parallel axes.

efits transmit power amplifier applications in communications, since it permits wide fre-
quency modulations on the transmitted signal while simultaneously lowering the input
capacitance needed to operate the device with a given input signal amplitude.

Having much higher resonance frequencies and quality factors than the clamped-
clamped beam ones, the impulsive contact forces achievable by the wine-glass disk
resoswitch are expected to be larger and this can also be verified by the Hertz theory. For
wine-glass disk resoswitch, one appropriate Hertz model to be used is “two-dimensional
contact for cylindrical bodies™ as illustrated in Figure 2-9. The left part of Figure 2-9 is
the schematic of a disk switch consisting of a disk with radius R hitting an electrode with
inner side of a cylindrical surface of radius R,. This kind of contact can be simplified as
the contact of two cylindrical bodies with parallel axes. Two things need to be taken care
of before expanding the detailed analysis. First, at the moment of impact the disk deforms
from the circular shape to an ellipse, thus R; is the local radius at the vertex of the major
axis of the elliptical disk. Second, since output electrode is of concave shape instead of
convex as shown in top right, R, needs to have negative sign in the following derivations.

The right part of Figure 2-9 is a zoom in to the contact area, where contact width is
still assumed to be 2a and is symmetric about the Oz axis. If the solids did not deform,
their profiles would overlap as shown by the dotted lines. The maximum deformation 9,
happening at the very center, equates to the sum of 6 and & which stands for the defor-
mations of each body, respectively. Deformation of other points within contact area is a
function of coordinate x and can be written as:
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x2

uz(x) = uzl(x) + uzz(x) =6— ﬁ (2.13)

where R is the relative curvature of the contact defined as:

1—1+1 2.14
R R, R, 219

According to Hertz theory, given contact loading F, the contact semi width a can be
calculated by

4FR\Y?
@~ (rzz°)
nLE (2.15)

a = (R8)/?

where L is the lengths of the cylinders, i.e. the thickness of the disk and the electrode and
E is the same contact modulus defined in (2.10). Combining the relationship between a
and o as also shown above, the equivalent contact stiffness kconuc: can then be written as:

F  mE*L

kcontact = s = 4 (2.16)

Figure 2-10 plots the simulated transient disk displacement and contact force using
(2.6) with keonre defined in (2.16) when ac driving signal’s frequency is within the im-
pacting flat band of the spectrum in Figure 2-8. As expected, the contact force is around
25mN at steady state, which is 2-3 orders of magnitude higher than what a conventional
RF MEMS switch can normally achieve and yet the driving voltage is only 0.8V. By vir-
tue of this relatively large contact force contact resistances can be substantially reduced.
In particular, as will be shown in the next section, contact resistance of resoswitches
made of doped polysilicon goes down from values insufficient to implement ohmic con-
tact [31] [36] to less than 2kQ).
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Figure 2-10: MATLAB simulated displacement and contact force of the 61MHz wine-
glass mode disk resoswitch assuming V;, = 0.8V is applied.

2.2.2 Measurement Results

Figure 2-11(a) presents the SEM of one of a 61-MHz wineglass disk resoswitch fab-
ricated via the process in [33], with a zoom-in shot in (b) showing the tiny gap between
the disk and its switch electrode along the switch axis.

Again, for most power amplifier and converter applications, the resoswitch should be
constructed of metal, not polysilicon, to reduce its contact and series resistance. The use
of doped polysilicon in this work does compromise resoswitch performance, especially
with regards to the switch “on” resistance. Nevertheless, it still allows demonstration of
practically all other important resoswitch performance parameters. It should be noted that,



25

e AR
SARChor S IR

~_~DC bias 0 =120,000
k =1.15x10% N/m

(a) (b)

Figure 2-11: (a) SEM of the polysilicon wine-glass disk resoswitch with properly
spaced and positioned electrodes; and (b) zoom-in on the electrode-to-resonator gap of
the device along the switch axis.

despite its high series resistance, the polysilicon version of the resoswitch is actually still
quite applicable for use in low current drain switched-mode on-chip dc-to-dc power con-
verters (i.e., charge pumps), such as needed to supply the large dc-bias voltages often re-
quired by vibrating resonators and RF MEMS devices [8] [32] [33] [34].

For simplicity in this early demonstration, the strategy of using different electrode-to-
disk spacings along the input and switch axes shown in Figure 2-6 was not used in this
implementation. Rather, the electrode-to-resonator gap spacings for both axes were 100
nm for direct contact switches, in which the conductive disk and electrode materials actu-
ally make electrical contact; and about 97 nm for capacitive switches, in which a thin lay-
er of oxide exists over conductive surfaces that prevents electrical contact, but still allows
switching through the large capacitance that results when the disk impacts its switch elec-
trodes. For the direct contact version of the resoswitch, one obvious consequence of the
use of identical input and switch axis electrode-to-resonator gaps is that the input gets
shorted to the disk during operation, which then complicates use of the resoswitch in ac-
tual applications. (For example, the Class-E power amplifier topology later shown in Fig-
ure 2-17 would not be permissible under these conditions.)

To deal with input shorting, the test set-up used to measure resoswitch performance,
depicted in Figure 2-12, uses a less practical configuration, but one still valid for evalua-
tion of switch performance. Here, a dc-bias voltage V' is applied to the disk structure that
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Figure 2-12: Test set-up used to evaluate the 61MHz wine-glass disk resoswitch.

is effectively applied to the output node when the switch closes (i.e., comes “on”) in the
fashion shown in Figure 2-7. As shown, this circuit allows both time domain (i.e., oscil-
loscope) and frequency domain (i.e., network analyzer) observation of the resoswitch
output. The output buffer used in this circuit effectively removes the 80pF of coaxial ca-
pacitance that would otherwise load the output node of the resoswitch and greatly reduce
the signal level due to 3dB bandwidth roll-off. The output buffer, however, is not perfect,
as it still loads the output node of the resoswitch with about 4pF. This is large enough to
filter out the higher order harmonics of the expected output waveform so that it looks
more sinusoidal.

Figure 2-13 and Figure 2-14 present the oscilloscope waveform and swept frequency
response spectrum (for various input amplitudes), respectively, of the direct contact
resoswitch, verifying switching operation, impact limiting, and also the band-width-
widening effect previously discussed. Switching clearly occurs when the frequency re-
sponse grows suddenly and limits with a “flat top”, as shown on Figure 2-14. This occurs
when the voltage amplitude reaches 2.5V. The measured output signal in Figure 2-13 has
a peak-to-peak amplitude of about 1V, which is the value expected when considering at-
tenuation via the finite 3dB bandwidth of the measurement circuit of Figure 2-12, and
when considering the voltage divider formed by the parasitic polysilicon interconnect re-
sistance R, and the bleed resistor Rpe.s. The signal is not quite a square wave due to
bandwidth limitations of the measurement circuit, but the amplitude is correct. To em-
phasize this point, Figure 2-13 also includes a SPICE simulated waveform that includes
the effects of 1.1kQ of parasitic resistance R, and 3.5pF of buffer input capacitance, and
that clearly resembles the measured waveform.
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Figure 2-13: Oscilloscope (i.e., time domain) waveform and SPICE simulated predic-
tion seen at the resoswitch output node of Figure 2-12 when driven by a resonance in-

put signal with 2.5V amplitude.
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Figure 2-14: Frequency response (in vacuum) as measured by a network analyzer of
the direct contact version of the resoswitch for varying resonance input ac voltage am-

plitudes.

Figure 2-15 presents a measured plot of output power (seen at the switch axis output
node) versus frequency. Here, the buffer of Figure 2-12 was not used, so load-induced
attenuation somewhat compromised the measurement, resulting in a measured output
power considerably lower than in Figure 2-14. Nevertheless, Figure 2-15 does verify the
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Figure 2-16: Lifetime test of the 61 MHz wine-glass polysilicon disk resoswitch.

nonlinear resonance dynamical behavior of the resoswitch, since the bandwidth does in-

deed widen as the input voltage amplitude increases.

To evaluate reliability at low power levels, the resoswitch was operated continuously
with Vp =10V for 75 hours (~3 days or 16.5 trillion cycles) without failure at a frequency
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of 61 MHz [37], which is a frequency in the flat region of Figure 2-14, and thus, a fre-
quency where impacting occurs. Figure 2-16 presents a plot of output amplitude versus
time for the polysilicon version of the resoswitch. Although no failure was observed, deg-
radation was seen, where after about 1.5 days, the output voltage began to decrease sig-
nificantly. Although 1.5 days corresponds to 7.7 trillion cycles at 61 MHz, which is more
than two orders of magnitude higher than the 100 billion cycles typically achieved by
(good) RF MEMS switches, there is still cause for concern, here, since typical switched-
mode power applications will require quadrillions of cycles. More study into the degrada-
tion mechanism is needed, but one possible reason for the observed degradation could be
the growth of a thicker oxide or other dielectric on the switch contact interfaces. In the
future, resoswitches constructed of metal with engineered contact surfaces, probably hav-
ing noble metal coated over the contacts, will be investigated.

2.3 Conclusions

In this chapter, the resonance and nonlinear dynamical properties of a micromechani-
cal wine-glass disk have been harnessed to demonstrate an impacting micromechanical
switch with substantially higher switching speed, better reliability (even under hot
switching), and lower actuation voltage, all by substantial factors, over existing RF
MEMS switches. Although next generation versions of this resoswitch constructed in
metal material [38] should be more widely applicable, the present polysilicon version can
still find application to low current drain applications, such as Dickson’s charge pumps
[20], where replacement of diodes with resoswitches should allow a very high output
voltage, suitable for dc-biasing of capacitively transduced micromechanical resonators.

Perhaps the best way to gauge the benefits of the described resoswitch is by compari-
son with other switches. To this end, Table 2-4 compares the described micromechanical
resoswitches with transistor FET and RF MEMS switch counterparts, showing clear ad-
vantages in maximum supply voltage and input capacitance over transistor FET’s, and in
actuation volt-age and speed over RF MEMS switches, and more importantly, the nickel
resoswitch finally bests the semiconductor by orders of magnitude in FOM, which is the
main parameter that governs performance in power amplifiers and converters.

Although the device-to-device comparisons are already favorable for the resoswitch,
the advantages provided by the resoswitch are perhaps best elucidated in the context of an
application. To this end, Figure 2-17 shows the circuit topology of (a) a conventional
Class-E power amplifier (PA) using a transistor switch device; and (b) one simplified
rendition of the same amplifier utilizing the vibrating micromechanical resonant switch
demonstrated in this work. The use of a micromechanical resoswitch in place of the
switching transistor in this application stands to enhance performance as follows:

1) It allows the use of much higher voltages (e.g., 10V vs. the 1-3V limit of conven-
tional CMOS) [25]. This then allows the resoswitch rendition to directly drive the 50Q2
load, and thereby dispense with the lossy matching network needed by the transistor ver-
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Table 2-4: Comparison of Switch Technologies.

Conventional PolySi .
Parameter FET . nit
ete MEMS Resoswitch Units
Actuation Voltage 1-3 20-80 2.5 A%
Switching time 0.16-1x10” 1-300x107 ~4x107 sec.
Life time Very large 100 Billion 16.6 Trillion CYCICS
Off State Power 0.2-3p [81] 0 0 W
On Resistance Roy 0.5 [81] 0.1-1[82] ~1100 Q
Input Capacitance ~20x10"% [10] 1-10x10™" [82] 18x10™" F
FOM=1/2nRonC,p) 590G 63T 8G Hz
(@) Transistor operates (b) Vop Wine-Glass Mode
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Figure 2-17: Circuit topologies of (a) a conventional Class-E amplifier using a transis-
tor switch device; and (b) one simplified rendition of the proposed Class-E amplifier
utilizing the described vibrating micromechanical resonator switch.

sion. Removal of the matching network and raising the driven impedance from 2Q to
50Q2 can raise the efficiency of a Class-E power amplifier by as much as 23%.

2) The use of the resoswitch further allows the same or smaller “on” resistance than
its FET counterpart, but with substantially smaller input capacitance, e.g., only 20fF for
the resoswitch versus 20pF for a CMOS PA switch—a 1000% difference that removes
much of the input power that would otherwise be needed to drive the PA. Again, better
efficiency ensues.

Again, the benefits summarized here ensue only when the resoswitch is implemented
in a metal structural material. Work towards more reliable metal resoswitches will be dis-
cussed in the next chapter.
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CHAPTER 3 Nickel Resoswitches
for On-Chip Power
Applications

A micromechanical resonant switch, or “resoswitch” (c.f., Figure 3-1), constructed in
nickel metal rather than previously used polysilicon attains a switch FOM >50THz,
which is several times higher than so far attained by power FET devices and pin diodes.
Here, the use of metal reduces the “on” resistance of the resoswitch to less than 1Q, al-
lowing it to generate 17.7dB of sustained electrical power gain at 25MHz when embed-
ded in a simple switched-mode power amplifier circuit, marking the first successful
demonstration of RF power gain using a micromechanical resonant switching device. The
high FOM of this device may soon permit the near 100% efficiency predicted for Class-E
switched-mode power amplifiers that has eluded transistor-based versions for decades.
This in turn would greatly extend battery lifetimes for portable wireless communications
and other applications.

Although improvements in transistor performance have certainly transformed the ca-
pabilities of digital circuits over the past few decades, they have had a much more meas-
ured effect on analog circuits. Indeed, in wireless circuits, the power amplifier (PA) re-
mains a primary obstacle against longer battery lifetime, since PA efficiency over the
years has improved relatively slowly. Among PA topologies, switched-mode ones like
Class-E can theoretically achieve 100% drain efficiency, provided the switches used have
sufficiently high figure of merit [FOM = 1/(27R,,C,y), where R,, is on resistance, Coy is
off capacitance]. Unfortunately, CMOS so far offers switch FOM’s less than 600GHz [39]
with reasonable breakdown voltages; and even the GaAs HBT’s commonly used in PA’s
only muster 3THz [40]. On the other hand, RF MEMS switches [8] attain much higher
FOM >60THz, so would be ideal for PA’s if not plagued by issues like low switching
speed, large actuation voltage, and poor reliability.

Pursuant to circumventing these issues, the micromechanical resonant switch
(“resoswitch™) introduced in previous chapter harnesses the resonance and nonlinear dy-
namical properties of its mechanical structure to greatly increase switching speed and cy-
cle count (even under hot switching), and lower the needed actuation voltage, all by sub-
stantial factors over existing RF MEMS switches, making it suitable for high efficiency
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Figure 3-1: Schematic of the micromechanical resonant switch in a simple switched-
mode power amplifier circuit.

power amplifier applications. The switch of [37], however, was constructed in doped
polysilicon, which compromised its ability to achieve power gain, since its high series
and contact resistances loaded down its FOM. This work overcomes the problem by con-
structing the resoswitch in nickel metal to attain a switch FOM greater than 50 THz,
which is several times higher than so far attained by power FET devices and pin diodes
[41]. Here, the use of metal reduces the “on” resistance of the resoswitch to less than 1Q,
allowing it to generate 17.7dB of sustained electrical power gain at 25 MHz when em-
bedded into the simple switched-mode PA circuit of Figure 3-1, marking the first suc-
cessful demonstration of RF power gain using a micromechanical resonant switch.

3.1 Device Structure and Operation

Figure 3-1 presents a schematic of the metal resoswitch in the simple circuit used to
demonstrate switched-mode power gain. As shown, the device consists of a 41 um-radius
Ni disk designed to mechanically vibrate at 25 MHz in the wine-glass mode shape shown
in Figure 3-2, where the disk expands and contracts along orthogonal axes. The disk is
suspended 700 nm above a NiTi/Ni metal ground plane (attached to the substrate) by four
support beams located at nodes in the mode shape to minimize energy loss to the sub-
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Figure 3-2: Finite element simulated wine-glass disk mode shape, in which the disk
expands and contracts along orthogonal axes.

strate. Ni electrodes surround the disk, spaced 120 nm from its edges along the input axis,
i.e., along the axis where the input drive signal is applied; and 80 nm along the orthogo-
nal switching axis, i.e., the axis along which the disk contacts the output electrodes.

A 2V zero-to-peak sinusoid near the disk resonance frequency applied to the input
electrodes is sufficient to drive the disk so that it impacts the electrodes along the switch
axis, but not along the larger gapped input axis, as shown in Figure 3-3. Periodic switch-
ing thus ensues as vibration of the disk opens and closes the contact with a period and
duty cycle set by the frequency and amplitude of the input signal.

Operation at resonance provides many advantages over non-resonant switches. In par-
ticular, because resonance operation effectively multiplies the displacement amplitude by
the system @, which can be in the thousands, a resoswitch can be designed with a much
larger stiffness on the order of 1.6x10°N/m, compared with the 50 N/m of a typical con-
ventional MEMS switch, while also reducing the actuation voltage to a more reasonable
value. The large stiffness of a resoswitch in turn allows it to operate at much higher fre-
quency than a conventional MEMS switch while simultaneously improving reliability,
since the higher stiffness now generates a much larger force with which to overcome stic-
tion forces. In addition to these benefits, impacting operation actually expands the band-
width of the resonant switch, as shown in Figure 2-15, allowing the device to amplify
over a bandwidth much larger than that of a non-impacting resonator. In fact, as the peak
flattens it spreads out over a larger bandwidth. Effectively, the amplifying bandwidth of
the resoswitch is a function of the drive voltage, so can be controlled at will.

Of course, operation at resonance constrains this switch to applications that require
periodic switching, which makes it unsuitable for digital logic or antenna switching. For-
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Figure 3-3: Schematic depicting impacting in the wine-glass mode resoswitch along
the switch axis, but not along the input axis.

tunately, the majority of power applications, e.g., power amplifiers and power converters,
require periodic switching, and these applications are arguably much more lucrative,
since it is in these where existing on-chip devices are most lacking.

3.2 Fabrication Process

Pursuant to confirming the benefits of resonance operation, plus demonstrate power
gain, Figure 3-4 presents the process flow used to fabricate nickel metal resoswitches
with the design of Figure 3-1. The process begins with successive LPCVD depositions of
SiO; and low stress SixNy at 450°C and 835°C, respectively, to provide electrical isolation
from the conductive silicon substrate. (Note that these layers are not needed when fabri-
cating above CMOS.) Successive films of 5 nm of NiTi alloy adhesion layer and 100 nm
of Ni are then sputtered and patterned via liftoff to form electrical interconnects as shown
in Figure 3-4(1). Next, 700 nm of TiW is blanket sputter deposited to serve as a bottom
sacrificial layer that temporarily supports structures to be released later. Anchor vias are
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Figure 3-4: Surface-micromachining fabrication process for the nickel resoswitch.

then plasma etched into the TiW using an SF¢+O, chemistry, yielding Figure 3-4(2), fol-
lowed by O; plasma cleaning of residues formed during dry etching to improve structure-
to-interconnect contact, both electrical conductivity and mechanical strength. Next, the
Ni structural layer is electroplated 3um-thick into the open spaces of a 6um photoresist
mold defining the resonator disks and support beams as shown in Figure 3-4(3). Cu is
then electroplated using the same mold to yield Figure 3-4(4) and to serve as a capping
layer over all structures that separates the eventual electrodes from the tops of the disks.

A second film of TiW, this time 80 or 120 nm-thick (depending on direction), is
blanket sputter deposited to serve as a sidewall sacrificial layer that defines the gap spac-
ing between the electrodes and the resonator disk. This sputtering step is surprisingly
conformal over the sides of the disks, but fortuitously, not completely isotropic. In partic-
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Figure 3-5: SEM’s of a 25-MHz wine-glass mode electroplated-nickel disk resonant
switches with (a) two and (c) four supporting beams, and (b) and (d).zoom in on an
anchor and on the electrode-to-disk gap of both devices, respectively.

ular, proper orientation of the wafer in the sputtering chamber permitted deposition of
different thicknesses along the different axes of the disk, allowing this process to realize
the unequal input and switch axis electrode-to-resonator gaps needed for proper switch
operation [42] [43]. After the gap-defining deposition, anchors for the electrodes are pat-
terned and etched into the total TiW layer, and electrodes surrounding the disk are elec-
troplated through a 2™ photoresist mold to yield Figure 3-4(6). Finally, the TiW sacrifi-
cial layer is removed via a NH4(OH)+H,O; wet etch in the very last step of the process to
free devices and yield Figure 3-4(8).

Figure 3-5 presents the SEM of a 25-MHz nickel disk resoswitch resulting from this
process, with a zoom in on a support beam that also includes one of the tiny disk-to-
electrode gaps. Since temperatures (after the isolation layers, which aren’t needed when
fabricating over CMOS) never exceed 100°C, the process of Figure 3-4 is quite compati-
ble with CMOS, so can potentially enable a single-chip RF transmitter solution, where
CMOS up-conversion circuits precede a highly efficient resoswitch-based power amplifi-
er.
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Figure 3-6: SEM’s of (a) device with delaminated trace that uses Ti and TiW as adhe-
sion layer and (b) cross-section of a Ni beam covered conformably by sputtered TiW.
(c) SEM of a 25MHz wine-glass mode electroplated-nickel disk resonant switch that
has shorter overhang using “etch back™ process with (d) zoom in on the electrode
overhang.

The details of the process flow have been summarized in the Appendix. The process
developed here is an improved version compared to that of [44]. Several of the key im-
provements are list below:

(1) The selection of adhesion layer material and thickness is essential. Three types of
materials, sputtered Ti, TiW and NiTi, have been used and compared, where the
first two kinds of materials turned out not being able to sustain the release etchant
for the time needed to release the structure and delamination has been observed as
shown due to the large undercut. Figure 3-6(a) shows the SEM picture of a delam-
inated interconnect layer using TiW as bottom adhesion layer after one hour of
wet release, which is still not sufficiently long enough to clean all the residues
under the disk and in the electrode-to-disk gap. Sputtered NiTi alloy with a thick-
ness of 5Snm, however, is quite resistant to NH4(OH)+H,0O, and can sustain hours
of wet release, sufficient for all the devices.
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Figure 3-7: Mean grain size of the plated Ni film versus saccharin concentration with
etching test results of different samples.

(2) The Cu capping layer electroplated right after plating the structural Ni, which is
also etched during wet release, effectively improves the susceptibility of pull-in
between the electrode and the disk. The capping layer is essential even when an
“etch back” step introduced in [45] is used, because the electroplated electrode
can still overflow over the top of disk and form a smaller overhang, as shown in
Figure 3-6(c) and (d), that can still cause electrostatic field concentration limiting
the maximum DC bias voltage that can be applied to the disk.

(3) Sputtered TiW was used as both bottom and sidewall sacrificial layers. The RF
sputtered TiW sidewall is proved to be conformal enough to create 100nm or even
smaller gap. Figure 3-6(b) is an SEM photo showing the cross-section of a plated
beam with sputtered TiW covering the entire structure, where obviously TiW is
conformal along the sidewall although the thickness on the sidewall seems a little
thinner than the that on the horizontal surfaces as expected.

(4) Electroplated Ni quality has been optimized through tuning the conditions of the
Ni sulfamate based solution, e.g., temperature, PH value, concentrations of chem-
ical additives, etc. Through various trials, saccharine concentration is found be the
most crucial factors in determining the quality of the plated film. Figure 3-7
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Figure 3-8: Measured spectra of a 36 kHz electroplated Ni comb-driven resonator be-
fore and after RTA annealing.

shows the dependence of grain size versus saccharine content, which serves as the
brightener of the plating bath and can to some extent reduce the internal stress of
the film. As saccharine concentration increases, the mean grain size of the plated
film decreases and it saturates when saccharine is more than 3g/l. Smaller grain
size is preferred, as it makes the film less vulnerable in the etchants involved
thereafter in the process. To examine this, samples plated using baths with differ-
ent saccharine concentrations are dipped into Ni etchant for 3.5mins and the re-
sults show that film plated using bath with 5g/1 of saccharine barely gets attacked
and remains shining and therefore is substantially better than the 1g/l sample.

(5) Similar to polysilicon devices in [33], post process RTA annealing in H, ambient
at 400°C for Smins has also been found to be able to further improve the plated Ni
film quality. Figure 3-8 compares the measured spectra of a 36 kHz electroplated
Ni comb-driven resonator before and after RTA annealing. Apparently, the quali-
ty factor has been boosted by 4% from 1641 to 6590. What is more interesting,
samples plated using different current densities are showing different quality fac-
tors after annealing, although the quality factors before annealing are nearly the
same. Figure 3-9 shows the measured spectra of post RTA annealing Ni comb-
drive resonators plated using different current densities, where an obvious in-
crease of O as the current density decreases has been observed. In particular,
when plated with a current density of 2.5mA/cm?, the quality factor of the device
can be as high as 13,500 after annealing, which verifies the feasibility of using
electroplated Ni to construct high-Q resonators and resoswitches.
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Figure 3-9: O’s of post RTA annealed electroplated Ni comb-drive resonators versus
plating current densities.

3.3 Measurement Results

The power gain circuit of Figure 3-1 is very similar in structure to that of an equiva-
lent transistor version shown in Figure 3-10. In the resoswitch version, a dc-bias voltage
Vp,inpur (Which could also just be dc charge) and an ac voltage v;, at resonance combine at
the input electrode to generate a force within the resonator passband that drives the disk
into vibration with the mode shape of Figure 3-2. When v;, is given a zero-to-peak ampli-
tude of 2V, the disk amplitude becomes large enough to impact its electrodes along the
switch axis, thereby making electrical contact and transferring power from the Vp i =
1.1V supply to the output load Rpjeeq-

Figure 3-11 and Figure 3-12 plot the measured input power spectrum (on a network
analyzer) and output waveform (on an oscilloscope), respectively, taken at the same time
under a vacuum of 25uTorr. Note how the input power peaks at resonance, where the in-
put impedance is minimized. Although the input zero-to-peak voltage amplitude of 2V is
larger than the 0.55V at the output node, there is still power gain, since the output imped-
ance is much smaller than the input impedance. In particular, the output impedance is
merely the 280Q2 load, and the input impedance is 220kQ, as measured in the S11 plot of
Figure 3-13. (3.1) explicitly calculates the power gain to be 17.7dB, which is quite re-
spectable. The input power is 9.1uW, and this is amplified to 0.54uW delivered to the
280Q2 output load.



41

VDD

-
v,-o—|E

(a)

Figure 3-10: Comparison of power gain circuit schematics using (a) a transistor
switch; and (b) a micromechanical resoswitch.
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Figure 3-11: Input power as a function of frequency measured by a network analyzer
at node V; in Figure 3-1 and used to determine input impedance.
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Figure 3-12: Output waveform at node ¥, in Figure 3-1, measured using an oscillo-
scope.
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Figure 3-13: Measured S11 used to extract the resoswitch input resistance.
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Table 3-1: Comparison of Power Switch Technologies.

Conventional Nickel .
Parameter FET MEMS Resoswitch Units
Actuation Voltage 1-3 20-80 2.0 \Y4
Switching time 0.16-1x10” 1-300x102 ~10<10° Sec,
Life time Very large 100 Billion 200 Million cycles
Off State Power 0.2-3u [81] 0 0 W
On Resistance Roy 0.5 [81] 0.1-1 [82] ~0.5 0
Input Capacitance | ~20x107°[10] |  1-10x107°[82] 731077 F
FOle/(anONCoff) 590G 63T > 50T Hz
(2/V2)
Vin = ZVZP, Rin = ZZOkQ, Pin = m = 91;1W
2
0.55/v2 (3.1)
Vout = 0.55Vzp, R, = 280Q, Py = % = 540.3ulW

Power Gain = 10log(P,,:/Pin) = 17.7dB

The power gain generated by the simple power amplifier circuit of Figure 3-1 comes
about mainly due to the small on resistance R,, of the metal resoswitch, which at a meas-
ured 0.5 Q is much smaller than the 1.1k Q of a previous resoswitch made of doped pol-
ysilicon material [37]. The small R,, combines with a tiny off capacitance C,;, estimated
at ~7fF, to achieve an impressive FOM of 50 THz. Table 3-1 compares the demonstrated
metal resoswitch with its MEMS predecessor and with a top semiconductor FET con-
tender [17]. Clearly, the metal resoswitch of this work bests the semiconductor by orders
of magnitude in FOM, which is the main parameter that governs performance in power
amplifiers and converters.

The output waveform shown in Figure 3-12 lasts for 200 million cycles, at which
point instabilities pull the device into its electrode [2] (but do not destroy it, as it is actu-
ally recoverable). Defensive design to prevent pull-in should be possible in future rendi-
tions of this device. For example, instead of creating different disk-to-electrode gaps at
input and output, the displacement amplifier designs described in [42] and [43] employ-
ing mechanical stiffness engineering to generate larger displacements at the output disk
than the input, can prevent input impacting in a more repeatable and effective way. Fur-
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thermore, removing electrode overhangs via the etch-back process introduced in [45] in-
creases the dc pull-in voltage, thereby helping to stabilize the device during switching.

3.4 Conclusions

The use in this chapter of a CMOS-compatible process to realize a 25-MHz wine-
glass disk resoswitch in nickel structural material greatly reduces switch on resistance
relative to previous polysilicon versions towards an FOM greater than 50 THz and a
measured power gain of 17.7dB when emplaced into a simple switch-mode amplifier cir-
cuit. The demonstrated power gain, although ample, is not the most efficient possible,
since the circuit used to generate it is not Class-E. To realize Class-E operation and per-
haps get closer to its theoretical 100% efficiency, energy storage elements, i.e. inductors
and capacitors, must be added at proper locations and in proper amounts. Work towards
this continues.
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CHAPTER 4 Micromechanical Dis-
placement Amplifier

A micromechanical displacement amplifier comprising two asymmetric resonator array
composites coupled by a quarter-wavelength beam has been demonstrated that permits
specification of gain factor by mere (digital) selection of an appropriate ratio of the num-
ber of resonators in an input array to that in an output array. Like the method of [43], this
displacement gain circuit is a key enabler for resoswitch-based mechanical power ampli-
fiers and power converters, because it can prevent unwanted drive electrode-to-resonator
impact in such circuits. This design, however, differs from that of [43] in that 1) it can be
applied to radial-contour mode disks that can achieve much higher frequency than the
wine-glass disks of [43]; 2) it preserves the frequency and Q of its constituent resonators
(whereas the method of [43] changed the frequency and lowered the Q); and 3) its digital
method for gain specification is much more straightforward, accurate, and repeatable.

4.1 Micromechanical Displacement Gain Stage

With a figure of merit [8] (FOM) potentially much larger than transistor counterparts,
the micromechanical resonant switch (dubbed “resoswitch”), introduced in [37] [38] and
depicted in Figure 4-1(a), offers the possibility of switched-mode power converters and
power amplifiers with substantially better efficiency than presently available. The
resoswitch even transcends the capabilities of conventional RF MEMS switches by har-
nessing resonance and nonlinear dynamical properties to greatly increase switching speed
and cycle count (even under hot switching), and lower needed actuation voltages, all by
substantial factors. However, as also summarized in Figure 4-1(a)-(c), the resoswitch de-
scribed in [37] was only a demonstration prototype with several imperfections, one of
which was that it impacted (i.e., closed with) not only its output electrodes, but also its
input electrodes. This unwanted input closing limits resoswitch performance in certain
applications.

To remedy this, the micromechanical resonant displacement gain stage, described in
[43] and shown in Figure 4-1(d)-(e), employs stiffness engineering to effect displacement
amplification from input axis to output axis. Here, a slotted wine-glass disk is used that
allows displacements along the switch axis to be much larger than those along the input
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Figure 4-1: Micromechanical resoswitch of the (a) unslotted wine-glass disk version
in [37] showing impact along (b) output and (c¢) drive axes; and (d) the slotted version
of [43] impacting only along the (e) output switch axis, but not (f) input drive axis.

axis, thereby preventing impacts along the input axis, but allowing them along the switch
axis. In so doing, this device enables the use of resoswitches in applications like that de-
picted in Figure 4-2, where a micromechanical resoswitch replaces the switching transis-
tor in a Class-E switched-mode power amplifier to greatly improve its efficiency by vir-
tue of the much higher FOM of the resoswitch versus a semiconductor transistor.

Unfortunately, as shown in [43], the introduction of slots into the disk structure ends
up decreasing the Q of the structure and shifting its frequency, both of which are undesir-
able. In addition, there is so far no simple closed-form analytical expression that governs
the displacement gain factor afforded by this method; rather, finite element simulation is
used to determine the gain. Furthermore, this method is applicable mainly to geometries
where expansion and contraction occur along orthogonal axes, like wine-glass disks. It is
less directly applicable to radial-contour mode disks that expand and contract equally
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Figure 4-2: Circuit topology of a Class-E amplifier built using the slotted wine-glass
mode resoswitch in place of a transistor, where the disk contorts more along the softer
slotted axis to make contact.
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Figure 4-3: Schematic of a single contour-mode micromechanical disk resonator and
its FEA-simulated mode shape.

along all radial axes (c.f., Figure 4-3), so a better solution is desired if micromechanical
power amplifiers are to harness the much higher frequency of radial-contour mode disks.

To overcome the above issues, this work takes a mechanical circuit design approach,
as opposed to the device-centric approach of [43], that differs from that of [43] in that 1)
it can be more readily applied to radial-contour mode disks capable of much higher fre-
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Figure 4-4: Schematic of the 152.3MHz radial contour-mode micromechanical dis-
placement amplifier realized.

quency than the wine-glass disks of [43]; 2) it preserves the frequency and Q of its con-
stituent resonators (whereas the method of [43] changed the frequency and lowered the
0); and 3) its digital method for gain specification is much more straightforward, accu-
rate, and repeatable.

4.2 Micromechanical Displacement Amplifier

Figure 4-4 presents the schematic of the micromechanical displacement amplifier
demonstrated in this work. Here, an array composite of disks on an input side (the left
side) feeds via a 3 quarter-wavelength coupler into a single output disk (or another array)
to effect an amplification of output disk displacement over that of the input. More specif-
ically, on the left hand side, 4 disks with identical radii of 17um are coupled by half-
wavelength beams to form a composite array input resonant tank; while on the right hand
side only one disk (again, with a 17um radius) is used as the output tank. Electrodes for
lateral capacitive transduction surround the output disk and three of the input disks, each
spaced 100 nm from the disk sidewalls, and each fully surrounding its corresponding disk
to favor the radial-contour resonant mode, depicted in Figure 4-3. Table 4-1 summarizes
the design parameters of the device.

To operate the circuit, a dc-bias voltage Vp is applied to the conductive resonant
structure (via the electrically connected ground plane underlying the disks) and an ac
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Table 4-1: Micromechanical Displacement Amplifier Data.

Parameters Values
Disk radius R 17 pm
Disk thickness 4 3 um
Electrode-to-resonator gap d, 100 nm
Number of disks in input array N; 4
Number of disks in output array Ny 1
Acoustic wave velocity of poly-silicon 8075.7 m/s
Resonance frequency £, 153.2 MHz
Acoustic wave length 4 52.71 um

voltage v; at the resonance frequency applied to the input port. These voltages together
generate an input force that drives the structure into resonance vibration. The velocity of
the vibrating single output disk is then sensed as an output motional current generated
across the Vp-biased time-varying disk-to-electrode capacitive gap.

4.2.1 Structural Design and Analytical Modeling

The use of a coupling beam dimensioned to correspond to a quarter-wavelength [30]
at the frequency of resonance is key to maximizing the displacement gain provided by
this design. The extensional mode coupling beam used here is similar in geometry and
design to those used in previous vibrating RF MEMS devices, such as the micromechani-
cal resonator array in the GSM-compliant oscillator of [46], and the LSI RF channel-
select bandpass filter circuit of [47]. As in these works, the function of a given coupling
beam is governed by its dimensions, and specifically on what fraction of a wavelength
they correspond. For example, when an array of resonators is designed to form a compo-
site resonator in order to lower motional impedance and raise power handling, as is done
in both [46] and [47] [48], half-wavelength coupling beams are needed, since they simu-
late ideally infinite stiffnesses that accentuate one desired mode in which all resonators
vibrate with the same amplitude. They further push all other modes to far away frequen-
cies.

In fact, beams or bars vibrating in longitudinal or torsional modes can be modeled as
transmission lines and therefore can use the transmission-line equations [49]. Figure 4-5
depicts one simple beam with length /, width w and thickness /4. Dynamical state of an
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Figure 4-5: Geometry of a coupling beam.

arbitrary cross section plane along the longitudinal direction of the beam is described by
the vector [x, x, F]T, which contains displacement, velocity and force, respectively. The
vector for the left end is written using subscript 1, whereas subscript 2 represents a plane
spaced apart from the left end by a distance of x. Since the micromechanical resonant
bodies and coupling elements are generally cascaded, thus the transmission ABCD matrix
is usually used to describe the mechanical two-port networks. The transmission line equa-
tion between the two cross section planes separated with a distance x within the beam of
Figure 4-5 is

cosax  jZ,sinax

] —Sln ax  cosax [
xl] =[¢ [
Fy C DIIF,

where Z, is the characteristic mobility and « is the propagation constant defined as fol-
lows,

4.1)

1 1
/. = =
A pE  wh,/pE
4.2)
W 21

a: = —_—

VE/p A
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where p and E are density and Young’s modulus of the material, respectively. \/E/p and

A are the velocity and wavelength of the extensional wave, respectively. And when x = /,
then (4.1) becomes

. cosal jZ,sinal| |

wl=|2 %

F; —sinal cos al F,
Z,

(4.3)

which describes the transmission line behavior of the coupling beam from one end to the
other.

When [ = A/2, then al = 7z, and (4.3) reduces to (4.4), which means that the half-
wavelength (4/2) coupler forces the equal vibration velocity and displacement amplitudes
but opposite phase (180°) on the coupling points, i.e. its left and right ends.

wl = S

% =, (4.4)

F1:F2

The characteristic of 4/2 described above forces equal vibration amplitude and phase
of the structures attached to the coupling points. That is why as shown in Figure 4-4, the
present displacement amplifier design utilizes half-wavelength couplers in its input array
to realize a composite resonator array that behaves like one resonator. As in [48], this
“one” composite resonator has an effective stiffness at any given location equal to N;
times that at the same location on a single one of its constituent disk resonators, where N;
is the number of resonators used in the array. In effect, arraying can be used to increase
the effective stiffness of a composite resonator, which as will be seen, is instrumental to
attaining a digitally specifiable displacement gain using the circuit of Figure 4-4.

To effect the most efficient displacement gain, a quarter-wavelength coupler is uti-
lized to connect the input and output networks, much like those used to set the band-
widths of filters like that of [30]. In the micromechanical filters so far demonstrated,
quarter-wavelength elements generally couple purely symmetric networks that present
the same impedance to the coupling element at each of its attaching ends, i.e., the resona-
tors or composites attached to both ends of the coupler are identical. The displacement
amplifier of this work differs from filters in that it quarter-wavelength couples dissimilar
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resonator structures, specifically, a 4 disk array composite on one (input) side, to a single
disk on the other (output) side.

Displacement amplification occurs because quarter-wavelength coupling constrains
the mechanical circuit network so that the energy or power on the left and right sides are
equal. This behavior can also be modeled through (4.3) by plugging / = A/4 and ol = /2.

=l oz (45)

Therefore, the velocity and force relationship between the two coupling points be-
comes

X1 = JZoF,
j (4.6)
Fl = Z_O xz

Multiplying the two equations in (4.6) and apply absolute value operation on both
sides

|F1 '951| = |F2 '352| (4-7)

Product of force and velocity equates mechanical power and equal mechanical power
means equal energy over the same amount of time. Mechanical energy becomes pure
elastic energy as shown in (4.8) when the displacement reaches maximum while velocity
drops to zero.

Since the stiffnesses of the input and output arrays now differ, different amount of
displacements ensue to maintain the same energy on both sides. Quantitatively, the gain
factor is governed by:

1 2 1 2
E, =Ey - EkI(XI) = Eko(Xo)

(4.8)
Xo |k [N
XI B kO B NO
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Figure 4-6: FEA modal simulations of the 153.3MHz contour-mode micromechanical
displacement amplifier showing displacement gain of about (a) 2.08% for the lower

frequency in phase mode and (b) 1.91x% for the higher frequency out of phase mode.
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Figure 4-7: Plots of theoretical calculated and ANSYS simulated displacement gains
for various N;/Ny ratios.

where subscripts / and O denote parameters for the input and the output ports (or “tanks”),
respectively; E is the total vibration energy stored in a given resonant tank at resonance; k&
is the equivalent stiffness of a given tank at the coupling location; X is the displacement
amplitude of a given tank; and N is the number of resonators in the composite array (i.e.,
in the tank) at each port.

Equation (4.8) indicates that the displacement gain of this mechanical circuit is gov-
erned simply by the square root of the ratio of the number of resonators in the input array
composite to that in the output composite.

4.2.2 Finite Element Verification

Figure 4-6 presents finite-element modal simulations (ANSYS) of the Figure 4-4
structure, showing a displacement amplification of around 2.0 for both in and out of
phase modes, which matches and verifies the value predicted by (4.8). Finite element
simulations with other N/Ny ratios are also performed and plotted on Figure 4-7 together
with the theoretical curve predicted by (4.8), which indicates a close match between the
FEA simulation and the analytical calculation. Like amplifiers in analog circuits, the dis-
placement amplifier of Figure 4-4 is also capable of being cascaded to form multiple



55

Intermediate Disk

Figure 4-8: Schematic of a 2-stage cascaded displacement amplifier containing two
basic cells of amplifier shown in Figure 4-4.

stages for achieving even higher displacement gains. Figure 4-8 depicts a two-stage cas-
caded displacement amplifier using the one in Figure 4-4 as a cell. As shown on Figure
4-8, the first stage is laying on the left and the second stage is laying on the right. The
two stages are overlapping, where the labeled intermediate disk acts as both the output
disk of the first stage and the constituent disk of the input composite disk array of the
second stage simultaneously. By cascading two identical stages with displacement gain of
2.0 each, the overall displacement amplification from the left most input disk array to the
right most output disk is therefore 2x2=4. Figure 4-9 presents the ANSYS modal simula-
tion of the cascaded amplifier indicating a displacement gain of around 4.38, which again
verifies the validity of both the displacement amplifier and the cascaded topology. The
benefit of cascade is to achieve displacement gain with fewer disks, i.e. less area. If sin-
gle stage was used to achieve the same 4x displacement gain, 17 disks would have been
required, whereas only 9 disks are used in the two-stage cascaded design of Figure 4-8.

4.2.3 Equivalent Circuit Simulation

Beyond finite element simulation, given that it represents a circuit approach to attain-
ing displacement gain, it should be no surprise that the Figure 4-4 circuit is quite amena-
ble to simulation via circuit simulators, such as SPICE. As in [30] and [33], the microme-
chanical resonator can be modeled as series RLC resonant tank as depicted in Figure
4-10(a), where the element values can be calculated by:
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Figure 4-9: FEA modal simulations of the two-stage cascaded 153.3MHz con-tour-
mode micromechanical displacement amplifier showing displacement gain of about
4.38%, which is approximately equal to the square of simulated single stage displace-

ment gain.

1
Cx:k_re Ly = Mye

Vpe2nRh
Ne = d—g

ne=1

(4.9)

where k., m,. and c,. are the equivalent stiffness mass and damping coefficient, respec-

tively, and Q is the quality factor of resonance.

The coupling beams that are modeled as a transmission lines previously can be repre-
sented by the 7-model shown in Figure 4-10(b). Solving the series and shunt impedances

yields:
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Figure 4-10: Equivalent circuits for (a) a micromechanical resonator and (b) a cou-
pling beam using a transmission line 7-model.
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where A4 and C are the elements of the ABCD matrix in (4.1).

Figure 4-11 presents the equivalent circuit of the displacement amplifier shown in
Figure 4-4 with the element values calculated using (4.9). Figure 4-12 is the simulated
small signal currents in input and output meshes, which correspond to the velocity of
each vibrating disk. As can be seen from the simulation results, the four disks in the input
composite array have the same vibration velocity and thus the same displacement ampli-
tude due to 4/2 coupling, and the displacement of the output disk is exactly twice that of
the input disks verifying that a displacement amplification gain of 2.0 is achieved.



58

o
®

%T
W
(m\.

i14: velocity of disk 1-4
i,:  velocity of output disk
Co12a-ct 1/2 coupler

0.060
| —.
0.045 | A — i,
0.040 | 50mA ,
_ 0035 | o _ —20
<.0.030 | i1-4 X{_4
0,025 ememmmemmememeeeee
0.020
0.015 |
0.010
0.005
0.000 . !
154.60 15470 15480 15490 155.00 155.10 155.20
Frequency [MHZz]

(b)

Figure 4-11: (a) Equivalent circuit of the displacement amplifier shown in Figure 4-4
and (b) small signal (AC) simulation using SPICE, showing a motional current gain of
2.0 at resonance between the output disk and the disks in the input composite array.

Figure 4-12(a) is the equivalent circuit of the two-stage cascaded displacement ampli-
fier and Figure 4-12(b) shows the simulated small signal motional currents of first stage,
second stage and output disks, indicating that the displacement has been amplified along
the stages and a displacement gain of 4.0 has been obtained eventually.

The value of such amenability to circuit representation, of course, is the resultant
amenability to simulation and computer aided design programs that can conveniently
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Figure 4-12: (a) Equivalent circuit of the two-stage cascaded displacement amplifier
shown in Figure 4-8 and (b) SPICE small signal (AC) simulation, showing a motional
current gain of 4.0 at resonance between the output disk and the disks in the first stage
input composite array.

analyze and perhaps automatically generate more complex and more capable circuits
based on the displacement gain principles of the Figure 4-4 circuit. Indeed, the analogy is
not unlike that for transistor integrated circuits.

4.3 Measurement Results

Figure 4-13 and Figure 4-14 present the SEM and measured frequency characteristics
for a fabricated version of the displacement amplifier circuit of Figure 4-4, showing a
center frequency of 153.2 MHz and a Q of 10,500, which are essentially the same as that
of a single resonator, verifying that this approach does not degrade Q. This is consistent
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Figure 4-13: SEM photo of the contour-mode 153.2 MHz micromechanical displace-
ment amplifier.

with [50], which showed that an array of identical resonators retains the same Q as any
one of its constituents.

While the frequency characteristic of Figure 4-14 was measured using a direct net-
work analyzer set-up [51], such as depicted in Figure 4-4, determination of displacement
gain requires a more involved set-up. In particular, a set-up that allows simultaneous
measurement of input and output disk displacement is needed. To do this, the “RF/LO
mixing overtone test setup” introduced in [43] and depicted in Figure 4-16 is used. In this
set-up, a network analyzer is still used as a signal source, but a spectrum analyzer is used
(rather than the network analyzer) to sense the simultaneous output currents of both the
input and output tanks. The local oscillator applied to the resonant structure (atop the dc-
bias) mixes the output current of the input tank to higher frequencies, separating it in the
frequency domain from the input drive current of the source, and thereby allowing detec-
tion of this current without interference from the drive current.
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Figure 4-14: Measured frequency responses of a single disk and the displacement am-
plifier shown in Figure 4-13.
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The detected output power can then be converted to the associated disk displacement
amplitude using (4.11), where R; is the load resistance, d, is the disk-to-resonator gap, R
and & are the radius and thickness of the disk, respectively, and @, is its resonance fre-
quency. Using (4.11) and plotting versus frequency yields the curves of Figure 4-15,
where the ratio of the output disk displacement to that of each input disk in the input ar-
ray composite is 2.17%, which is close to the prediction of (4.8).
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Figure 4-15: Input and output disk displacements using the measurement setup intro-
duced in [43], clearly showing an amplification ratio of 2.17x.

4.4 Micromechanical Displacement Amplifier Based Resoswitches

As introduced in the previous section, the primary purpose of developing the dis-
placement amplifier in this work is to generate a larger displacement at the output port
than at the input in an air gap capacitively transduced micromechanical resonator, where
the air gap is defined by the same sacrificial layer and thus is homogenous across the de-
vice. Larger displacement at output means that, as the disk is driven hard and harder, im-
pact first initiates at the output port which then limits the vibration amplitude from grow-
ing, and therefore the unwanted impacts at the input port which is considered to be the
one of the main reasons that caused the switch degradation observed in [37], can be com-
pletely avoided.

To verify the benefit of displacement amplification, the micromechanical displace-
ment amplifier demonstrated in this work has been driven and tested as a resonant switch
using a circuit shown in Figure 4-17(a). The circuit is mimicking the one used in [37],
which used a unity gain buffer to drive the coaxial cables. The only modification made
here is using a wider bandwidth buffer (LMH6559), whose frequency response has been
measured and plotted in Figure 4-17(b). A bandwidth of 1.25GHz is a little lower than
expectation but already sufficient for measuring the 153.3MHz device in this work.
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Figure 4-16: Schematic of the RF/LO mixing overtone test setup used to simultane-
ously measure the output currents (= displacements) of the input and output resonator
networks.

Figure 4-18 shows the frequency responses of the resoswitch driven by various ac in-
put voltages ranging from 1.41V to 2.51V with Vp = 30V, where the flat top response
shows up starting from v; = 1.78V, and as v; increases flat top bandwidth gets widened.
When the device is driven within the flat band, the time domain switch signal was rec-
orded and plotted on Figure 4-19, where a sinusoidal switch output signal with a peak-to-
peak amplitude of around 0.15V was obtained. The output signal has been attenuated
from 30V down to 0.15V due to a high contact resistance, around 200kQ as extracted,
which forms a voltage divider with the bleeding resistor Rz shunting the input node of the
buffer to the ground.

Despite a relatively small output power, the signals shown here are still hot switched
cycles. To evaluate the reliability, the switch was operated under the same driving condi-
tion for 13 days without failure at the frequency of 153.4MHz in vacuum environment,
which corresponds to more than 173 trillion cycles as presented in Figure 4-20. This is a
lifetime 10x better than that of [37], 7-8 orders of magnitude higher than the 10 million
cycles typically achieved by hot-switched RF MEMS switches [10] and 2-3 orders of
magnitude higher than the 100-900 billion cycles of cold-switched RF MEMS switches
[52] [35]. And yet, this is not the absolute lifetime of this switch, as the sudden signal
amplitude drop shown in Figure 4-20 is not caused by switch failure, e.g. sticking or con-
tact degradation. In fact, it is the change of resonance frequency that makes the frequency
of the driving source out of the flat band region and thus the displacement of the disk is
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Figure 4-17: (a) Schematic of the testing circuit for the displacement amplifier based
resoswitch, which measures the frequency domain transmission curve and time do-
main oscillation signal simultaneously. (b) Frequency response of the wide BW unity
gain buffer.

insufficient to make effective contacts at the output. Therefore, when a close loop driving
scheme is implemented as shown in Figure 4-21, the lifetime of the resoswitch is ex-
pected to be even longer than the current 173.9 trillion, and probably can meet 1-2 quad-
rillion required by switched-mode power amplifiers in cell phone transceivers.
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Figure 4-18: Frequency response (in vacuum) of the displacement amplifier based
resoswitch for varying input ac voltage amplitudes.
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Figure 4-19: Oscilloscope (i.e., time domain) waveform at the resoswitch output node
of Figure 4-16 (a) when driven by a resonance input signal with 2.51V amplitude.
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Figure 4-20: Lifetime of the displacement amplifier based resoswitch.

4.5 Conclusions

The successful use of circuit design methodologies to demonstrate a mechanical cir-
cuit capable of amplifying displacements by a factor dependent upon the ratio of the
number of input and output resonators used represents a significant leap forward in me-
chanical circuit design capability. The ease with which this approach allows accurate
specification of displacement gains for any type of resonator without any need to alter the
fabrication process technology used and without any degradation in frequency or Q, en-
courages similar circuit-centric approaches for even larger mechanical circuits. The dis-
placement gain function achieved here is especially useful for resonant switches, as it fur-
ther idealizes the operation of such switches, which in turn should greatly improve the
performance of switched-mode power amplifiers and converters that utilize them. And
the resoswitch based on this displacement amplifier was successfully demonstrated that
achieves an unprecedented lifetime of 173.9 trillion cycles.
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Figure 4-21: Closed loop oscillatory driving scheme for more accurate lifetime meas-
urement of displacement amplifier based resoswitch.
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CHAPTER 5 Micromechanical
Resonant Charge
Pump

The reduction of power supply voltage with each new generation of CMOS technology
continues to complicate the design of charge pumps needed for high voltage applications,
such as the increasing number of MEMS-based ones, e.g. gyroscopes, timing oscillators,
gas sensors, etc., that integrate into systems alongside transistors chips. Indeed, aggres-
sive scaling in CMOS leading to lower dielectric and junction breakdown voltages have
forced the use of customized CMOS processes, e.g., with increased gate oxide thickness-
es and/or added deep-n-wells [53]. Clearly, advances in transistor technology are going in
the opposite direction of the needs of high voltage MEMS applications.

Well, if MEMS benefits from such large voltages, then they should have no problem
handling such voltages. So as long as we’re already using MEMS, why not also use them
to generate their own needed voltages? This work does just this by exploiting the longevi-
ty and low actuation voltage attributes of recent resonant micromechanical switches
(a.k.a., “resoswitches™) [37] to replace the diodes or transistor switches in a Dickson’s
charge pump topology, cf. Figure 5-1(b) [20], and realize a MEMS-based charge pump,
c¢f. Figure 5-1(a), that avoids the turn-on voltage and breakdown limitation of CMOS.
With much higher breakdown voltages than transistor counterparts, the demonstrated
MEMS charge pump implementation should eventually allow voltages higher than 50V
desired for capacitive-gap transduced resonators that presently dominate the commercial
MEMS-based timing market [54].

5.1 Introduction

With very few exceptions, capacitively transduced MEMS devices simply perform
better when high voltages are available. Whether the device is a simple resonator, a gyro-
scope, an accelerometer, a movable mirror, or a motor, the higher the available voltage,
the larger the output signal, as measured by a current, a voltage, or a displacement. In a
perfect world, the preferred voltage used for MEMS devices would probably be in the
100-200V range.
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Figure 5-1: Circuit topology of (a) a single stage Dickson charge pump; and (b) the
single stage micromechanical charge pump employing two resoswitches.

Unfortunately, other technologies—e.g., the batteries, the transistors with which the
MEMS are often enjoined—cannot supply or do not often play well with such large volt-
ages. Nevertheless, some MEMS products on the market require large voltages, such as
digital micromirror displays (DMD) [55] and the high Q capacitively transduced resona-
tors [54] used in some timing oscillators. Many of these products rely on charge pumps to
supply such voltages, most often realized via the transistor technology that accompanies
them. So far, CMOS based charge pumps perform well when generating voltages on the
order of 10-15V, but for higher voltages (>15V) transistor body effect [56] substantially
degrades pumping efficiency, and dielectric and p-n junction breakdown ultimately limits
the maximum attainable voltage. Voltages exceeding 30V call for custom (expensive)
CMOS technologies, such as SOI [57] or triple/deep n-well versions [53]. Indeed, it
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Figure 5-2: (a) Schematic of a radial mode disk resonator, (b) FEM mode shape and
(c) its equivalent circuit.

would be nice if voltage levels required or desired by the MEMS devices could be de-
coupled from other technologies.

In response, this work demonstrates a MEMS-based charge pump, cf. Figure 5-1, that
employs micromechanical resoswitches in a Dickson configuration to generate 2Vpp
from Vpp power supply using single stage. Here, the use of mechanical switches elimi-
nates diode or threshold voltage drops and raises the breakdown voltage limit to over
100V. This MEMS-based circuit also accepts a much wider range of input DC voltages,
from values much smaller than a typical transistor threshold, to values much larger than a
transistor’s breakdown voltage. In most cases, the charge pump can simply be fabricated
alongside other MEMS devices. Before elaborating, it is instructive to first establish how
high of a voltage is desired by considering an example application.

5.2 High Voltage Needs

One good example of a MEMS device that benefits greatly from high voltage is the
capacitively transduced vibrating RF resonator used in timing oscillators already on the
market [54], and targeted for use in next generation wireless communication architectures,
such as software-defined cognitive radio [58]. Such devices are attractive for these appli-
cations largely due to their unprecedentedly high O, which now posts over 40,000 at
3GHz [59]. Unfortunately, however, this Q is accompanied by an abysmal coupling coef-
ficient, for which (C,/C,) is only 0.000068% with V» = 8V, which translates to a motional
resistance R, = 81kQ) many times larger than the 50€2 normally expected by conventional
RF circuits.
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Figure 5-3: Plot of R, and (C,/C,) versus Vp for a 1-GHz radial-contour mode disk
resonator.

To explore how high voltage can solve this problem, expressions for the R, and
(C,/C,) for the classic radial-contour mode capacitive-gap transduced disk resonator [33]
summarized in Figure 5-2(a) can be written as

R - JVk,m,.d4 Ce €AVE 5.1)
¥ Qe2AV? " C,  k,d3 '

where A4 and d, are the overlap area and gap between the electrode and disk, respectively;
k. and m, are the dynamic stiffness and mass of the disk, respectively; and Vp is the dc-
bias voltage applied to the resonator. Figure 5-3 uses (5.1) to plot R, and (C,/C,) versus
Vp for a 1-GHz disk with a reasonable electrode-to-resonator gap spacing of 30nm, show-
ing how Vp’s above 50V allow (C,/C,) >1% and R,’s <200€2, which are on par with val-
ues attainable by similarly-sized piezoelectric resonators. If achievable, use of Vp =100V
would actually exceed the capabilities of contour-mode d31-transduced AIN piezoelectric
devices.

Note that dc-biasing essentially amounts to charging the electrode-to-resonator over-
lap capacitance. Thus, if a charge pump were employed to provide the charge, it need be
turned on only for very short periods, between which the disk can hold its charge (against
very small parasitic leakage currents) for time periods on the order of 15mins [61]. If a
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capacitor is placed in parallel with the resonator’s bias port, as in Figure 5-4, the refresh
time interval can be quite long, e.g., 65 hours for a 0.18uF capacitor [61].

5.3 Micromechanical Resonant Charge Pump

With the inherent advantages mentioned previously, MEMS devices are not surpris-
ingly very promising in power conversion applications. As a result, various efforts of at-
tempting to use MEMS structures in DC-DC power conversion have been made, which
can date back to 1990. Such efforts include replacing MOS capacitors with microm-
achined MEMS capacitors in a power converter circuits [62], using electrostatically actu-
ated MEMS varactors to step-up DC voltages [63], using micromechanical resonant
structures in place of the LC tanks and transformers of resonant power converters [64],
using micromechanical switches in place of FET diodes in a Dickson’s charge pump [65]
[66], etc. Unfortunately, most of the previous work stays mainly at the stage of theoreti-
cal analysis and no persuasive experimental data has been reported yet in spite of the the-
oretically proven validity. In fact, the micromechanical voltage multiplier proposed in [66]
is actually quite similar to what’s been accomplished in this work, however, again, alt-
hough complete design and detailed process flow were provided, the lack of experimental
data compromises the strength of persuasion. In contrast, this work goes beyond theoreti-
cal derivation and explores the benefits that MEMS technology can offer to power con-
version applications experimentally.

As the first proof of concept, this work first constructed a single stage MEMS Dick-
son’s charge pump, shown in Figure 5-1, which doubles the DC input voltage at the out-
put. Cascaded multiple stages are then demonstrated to generate 3V and 9V from 1V and
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Figure 5-5: Circuit topology of a conventional single stage CMOS Dickson’s charge
pump and waveforms at each node.

3V power supplies, respectively, using a 2-stage design; and 6V from 1V supply using a
5-stage design; all while avoiding the diode voltage drop and breakdown voltage limita-
tions of conventional CMOS-based charge pumps. Again, the MEMS-based charge
pumps demonstrated here additionally accepts a much wider input voltage range than
semiconductor technology and obviates the need for custom high voltage CMOS for ap-
plications where large voltages are needed, e.g., MEMS-based timing references [54],
thereby allowing the use of virtually any CMOS process for a wide variety of MEMS-
based products. Furthermore, other topologies besides Dickson’s have also been con-
structed and tested in order for comparison and efficiency optimization. Let’s start with
Dickson’s design.

5.3.1 Dickson’s Charge Pump

For comparison with the MEMS version, it is instructive to first consider a conven-
tional Dickson charge pump. Figure 5-5 presents the schematic and waveforms for a clas-
sic single-stage CMOS Dickson charge pump, where input DC voltage Vpp is fed to two
diode-connected MOS transistors in series with the intermediate node V; connected to the
top plate of a capacitor Cy,, with bottom plate driven by a clock signal Ve toggling be-
tween Vpp and GND, periodically. When V¢ x is at GND, M, turns on, and Vpp charges
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Figure 5-6: Schematic of a comb-driven resoswitch.

Cpy until Vi = Vpp-Vi, where Vy, is the threshold voltage of M & M>. Next, when Vg
toggles to Vpp, V1 becomes 2 Vpp-Vy, instantaneously, at which point M, is off and M,
turns on to transfer charge stored on Cp, to the output node, resulting in an output voltage
Vour = 2Vpp-2Vy. When N similar stages are cascaded, the output voltage reaches
(N+1)(Vpp-Vu). To eliminate the diode drop term, the MOS diodes in Figure 5-5 can be
replaced with pass-gate transistors, such as shown in red, after which the attainable volt-
age would be (N+1)Vpp. Ideally any voltage can be generated given enough stages. Un-
fortunately, in a CMOS charge pump the actual output voltage level is normally limited
by the dielectric and p-n junction breakdown voltages of the transistors, e.g. 10-15V in a
0.18um technology [67]. Custom CMOS technologies, e.g., SOI [57] and triple/deep n-
well [53], exist to circumvent this limit, but at the price of higher cost and integration
complexity.

Fortunately, more ideal switches provided by MEMS technology enable a more effi-
cient version of the Dickson charge pump. Figure 5-1(a) presents the basic approach us-
ing ideal switches. Here, switches SW; and SW, replace the diodes (or MOS switches) of
Figure 5-5. To transfer charge along only one direction, SW; and SW, must switch on in
alternate phases, meaning their turn-on voltages Vg.ive1 and Ve must be on in opposite
clock phases. If this is the case, then charge transferred from Vpp to V; during the clock
down cycle gets boosted to Vpp+Verx during the clock up cycle, at which point SW; is off
and SW, turns on to transfer the charge (and voltage) to the awaiting output capacitor.
Since there are no voltage drops and the breakdown voltage can be higher than 100V, the
output voltage equal to (N+1)Vpp can be quite high, indeed.
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Figure 5-7: Frequency responses of the comb-driven resoswitch measured in vacuum
for varying resonance input ac voltage amplitudes, showing impacting when the re-
sponse flattens.

Unfortunately, there are a few caveats. Specifically, conventional MEMS switches
require very large actuation voltages, usually >50V; and they are notorious for their poor
reliability, as measured by limited cycle counts before failure. To solve these problems,
this work employs resonant micromechanical switches, a.k.a., resoswitches.

5.3.2 Comb-Driven Resoswitches

Micromechanical resoswitches, first described in [68], use resonance operation to
greatly improve switch performance. In particular, when at resonance, displacements am-
plify by O, so actuation voltages are small even though the stiffness of the device can be
quite large. The large stiffness in turn allows very fast operation (due to the high reso-
nance frequency) and very reliable operation, since large stiffness equates to large restor-
ing forces against any sticking phenomenon. To illustrate, Figure 4-20 presents cycle life-
time data obtained for a displacement amplifier version of a polysilicon disk resoswitch
[42], which posts 173 trillion hot-switched cycles. The device actually did not fail; rather,
its frequency shifted away from that of the drive signal, preventing further impacting.

The resoswitch of [68] and [42] are overkill for the present dc-biasing target applica-
tion, at least from a frequency perspective. In particular, since a capacitively transduced
MEMS device draws practically no current, a very low frequency charge pump is all that
is needed. Thus, this work utilizes the much simpler comb-driven resoswitch depicted in
Figure 5-6. Here, a folded-beam supported shuttle is capacitively driven into resonance
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Figure 5-8: Cross-sections summarizing the one-mask process flow used to fabricate
comb-driven resoswitches.

by an AC/DC voltage combination applied to comb fingers on one side. The ensuing res-
onance vibration then induces impacting at the switch point on the other side, which of
course periodically opens and closes the mechanical switch. During hot switching, the
input DC voltage applied onto the shuttle, is transferred to the output electrode periodi-
cally. When operated under vacuum, the voltage amplitude required to actuate this device
can be quite small. To illustrate, Figure 5-7 presents measured curves of displacement
amplitude versus frequency and drive voltage for a dc-bias of 1V. Here, impacting occurs
when the drive voltage amplitude is only 0.4V, which is well under the 1V supply voltage,
all enabled by resonance Q amplification.

One advantage of the present comb-driven resoswitch versus previous disk versions is
its amenability to fabrication via most traditional MEMS processes, which makes it com-
patible with a wide array of MEMS products. This work actually fabricates comb-driven
resoswitches via the very simple one-mask process summarized in Figure 5-8. Here, 3um
of poly-Si structural layer is first deposited and patterned over a 2um SiO; sacrificial lay-
er. Then the structure is time-released in HF solution, followed by a (not-so-conformal)
ALD deposition of 2-5nm Ru. The Ru coating reduces switch contact resistance, which is
needed for comb-driven resoswitches since their contact forces are much smaller than

those of previous disks. Figure 5-9 presents SEM’s of the resoswitch device coated with
ALD-Ru.

Figure 5-10 presents measured output waveforms for the resoswitch of Figure 5-6,
taking 1V and 0.2V as input voltages, respectively, and showing that with no “diode”
drop very small voltages can be transferred by these switches.
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Figure 5-9: SEM photos of a fabricated ALD-Ru-coated polysilicon comb-driven
resoswitch.
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Figure 5-10: Measured oscilloscope output waveforms for the comb-driven resoswitch
when operated in the circuit of Figure 5-6 with (a) 1.0V and (b) 0.2V of Vin, respec-
tively.

5.3.3 Gated Sinusoidal Drive

Although this resonant switch provides low actuation voltage and orders of magni-
tude better reliability than non-resonant ones [68], it does have the apparent drawback
that switching occurs only at its resonance frequency. This work overcomes this seeming
limitation via use of gated-sinusoids, cf. Figure 5-11, top left in the inset, to effectively
turn switches “on” and “off” at the period of the gate signal. In particular, during half-
cycles where the resonance sinusoid is on, the switch impacts, moving charge from one
side to other at its contact interface; and during the off cycle, the switch does not move,
so transfers no charge and is effectively “open”. Figure 5-11 also plots the measured out-
put signal Vp; of a resoswitch (f, = 85.8kHz) driven by the same circuit shown in Figure
5-6 except the AC driving voltage Vo1 1s now modulated by a square wave gate signal
Verx with a period of 70ms in the way shown in Figure 5-11 inset, where V.1 1S active
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Figure 5-11: The output signal of a resoswitch driven by gated sinusoids.

during when V¢ik is low. The output spikes are attenuated from an input DC voltage V;, =
0.5V down to around 0.12Vpp due to a voltage dividing circuit formed by the finite con-
tact resistance and the load resistor R; = 10kQ tied to the output node. Without surprise,
output spikes all fall within the time span when V¢;x is low, which means the switching
only happens during half of each V¢rk’s cycles. Sms trigger delays were inserted before
and after the switching cycles to guarantee non-overlap switches.

According to the operation of Dickson’s charge pump described previously, to trans-
fer charges in forward direction without back flowing, the two switches used in the
charge pump of Figure 5-1(b) needs to be actuated (by Vaiver and Vgivez) at the same fre-
quency with exact opposite phase. However, with O’s exceeding 10,000 in vacuum, the
resonance frequencies of switch 1 and 2 may be so different due to finite fabrication tol-
erance that AC signals at the same frequency may only be able to drive one of them into
resonance switching while the displacement of the other remain tiny. In other words, it
would be difficult to drive the two constituent switches into resonance simultaneously
and alternatively without trimming them. With gated-sinusoids, switching’s of different
switches are now controlled and synchronized by V¢ x, which means Vgyie1 and Viieo are
free of the constraint of being at the same frequency, rather they can be tuned separately
to frequencies matching the resonance frequencies of the switches they are driving re-
spectively to obtain maximum displacements. In additions, the gate signal V¢ x can serve
as the clock driving the bottom plate of Cp, and thus no extra clock source is needed. The
use of this gated-sinusoid excitation stands to revolutionize the use of resonant switches,
since it removes the previously cumbersome restriction to resonance!
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Figure 5-12: Simplified equivalent circuit of a comb-driven resoswitch shown in Fig-
ure 5-6 and expected output waveform with zoom in on the shape of each spike.

5.3.4 Suppress of Squegging

There are imperfections in the MEMS-based Dickson’s charge pump shown in Figure
5-1. In particular, it has used gated-sinusoid excitation signals to synchronize the move-
ment of charge through the pump topology and to overcome difficulty with squegging—a
phenomenon where an oscillation amplitude is not constant, but rather grows and shrinks
with a certain period [69], as shown (later) in Figure 5-17. This section explores contact
engineering to overcome squegging and ultimately uses a Pt-silicide-based contact inter-
face to greatly reduce impact-induced energy loss in resoswitches to the point where
squegging phenomena are eliminated, so no longer constrain the clock frequency of re-
cently demonstrated mechanical charge pumps. This opens the application range of such
charge pumps to power converters capable of delivering currents much higher than the
low current-draw MEMS dc-biasing applications previously targeted by [70].

To explain squegging in the subject resoswitch, review of device structure and opera-
tion is in order. The operation of the comb-driven resoswitch is simple and shown for the
device of Figure 5-6: Drive the capacitive combs with a combined (dc-bias + resonance
ac) voltage hard enough to affect impacting, in turn closing a mechanical switch that then
periodically transfers charge from the supply V;, to the awaiting load (R, or C;) at the
output. Figure 5-12 presents the equivalent circuit for the hookup of Figure 5-6, where R¢
is a combination of interconnect resistance and switch contact resistance (but dominated
by the latter). The expected normal output waveform from this comb-driven resoswitch is
also shown to be a series of spikes shaped by the RC circuit formed between R, R, and
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Figure 5-13: Schematic of a single-stage MEMS Dickson’s charge pump and gated-
sinusoid waveforms needed to affect synchronized pumping.

C;. The governing expression from which the contact resistance R¢ can be extracted takes
the form

Vbp " Ry, ( Lrise )
|l1—exp|————————) | =V 5.2
Rc + R, ( P (RclIRLC,, omMaxa (5-2)

where #,; 1s the charging time of the spike, i.e., the switch contact time; and Vopux 4 18
the measured spike amplitude.

In the actual charge pump application, shown in Figure 5-13, the waveforms required
to actuate the devices are actually gated sinusoids rather than pure ones. This is a conse-
quence of finite tolerances achievable via planar microfabrication that produce
resoswitches with slightly different resonance frequencies. Because of this, the devices
cannot be actuated simply by a single signal at one frequency phase shifted to service dif-
ferent pumping phases. Rather, each device requires a different frequency to affect reso-
nant switching. To synchronize impact-based charge transfer events, gated sinusoids tai-
lored to the resonance frequency of each individual device are needed, as illustrated in
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Figure 5-13. Here, impacting charge transfer occurs only during periods when the gate is
“on”. The amount of charge transferred is a function of the total time of impact, i.e., dur-
ing which the shuttle and electrode are in contact, which for the low frequency design of
the present discussion, is generally only a small fraction of the resonance period, as
shown in Figure 5-12. Indeed, one of the factors that sets the needed “gate-on” period in a
charge pump is this impact residence time.

Ultimately, the other factor governing the “gate-on” time is squegging. As mentioned,
squegging refers to a phenomenon where an oscillation amplitude is not constant, but ra-
ther grows and shrinks with a period [69] governed by the degree to which losses vary
with time. For the resoswitch device, the loss in the system rises abruptly from its free
vibration value once impacting occurs, during which each impact steals an amount of en-
ergy from the system governed by the elasticity of the impact. Squegging occurs when
the energy stolen on impact is large enough to reduce the amplitude of motion so that no
impact occurs on the next cycle(s). Rather, energy must build up towards another impact,
after which energy is lost again, and the cycle continues with a period essentially gov-
erned by impact loss.

Of course, a squegged waveform, generates fewer impacts per “gate-on” period T,
thereby requiring a longer 7,, for a given amount of charge transfer and a smaller pump-
ing frequency. This in turn means less pumping ability, so smaller current (or power) de-
livery to a load, i.e., squegging compromises the ultimate power delivery of a power con-
verter. Thus, the power delivery capability of a MEMS-based charge pump (or other
power converter type) cannot be maximized unless squegging is eliminated.

5.3.4.1 Squegging Model

The energy loss per impact can be modeled by the restitution law governing the rela-
tionship between velocity before and after impact: [69]

dX/dt |aﬁer impact = -l"dX/df |before impact (53)

where x is displacement, and <1 is the coefficient of restitution, governed largely by the
contact material interface. Loss of velocity after impact, of course, means loss of kinetic
energy, and the more energy lost per impact, the longer it takes to recover, and the larger
the number of non-impact cycles during squegging. From (5.3), squegging is minimized
via use of materials with higher hardness, i.e., less plastic deformation when impacting,
for which 7 is closer to 1. In this regard, polysilicon is preferred over most metals. Pol-
ysilicon alone, however, is too resistive; but a polycide that combines polysilicon and a
metal makes good sense.

The squegging behavior of the resoswitch can be captured theoretically by solving a
group of ODE’s consisting of (5.3) and the equation of motion (2.6). Before solving the
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Figure 5-15: Theoretically simulated resoswitch shuttle displacement by solving (5.3)
and equation of motion numerically in MATLAB.

equations, the contact stiffness A.one: needs to be determined. Unlike the clamped-
clamped beam switch, the contacts of a comb-driven resoswitch can be modeled as the
indentation of a rigid flat punch into an elastic half space as shown in Figure 5-14 [29].
Figure 5-15 shows the simulated shuttle displacement with the parameters summarized in
the inset table, where a fluctuation of displacement amplitude is clearly observed.

Simulation also reveals that besides choosing harder structural materials, careful me-
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Figure 5-16: SEM photos of (a) the comb-driven resoswitch using electroplated Ni as
structural material with sputtered Ru covering contact interfaces and (b) the poly sili-
con resoswitch with Pt-silicide covering the entire structure.

chanical design can also suppress squegging. For instance, reducing switch gap con-
strains the system to smaller displacements, so smaller energy deficits to recover after
lossy impact, hence, less squegging. In addition, locations of electrodes relative to the
contacts can affect squegging. As mentioned, placement of comb electrodes on the same
side as the contact allows the electrode-generated force to drive the shuttle into the con-
tact point, so adds to the impulsive impact force, making for more efficient energy recov-
ery. In contrast, having drive electrodes and contacts on the opposite sides relies on less
efficiently generated moment forces when contacting, so displays much more simulated

squegging.
5.3.4.2 Fabrication Processes

Pursuant to gauging the influence of contact interface design on squegging, comb-
transduced resoswitches were realized in various materials with various contact interfaces.
These include electroplated nickel devices coated with Ruthenium to serve as soft contact
resoswitches; and polycide devices to serve as hard contact ones. All devices utilized
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Figure 5-17: Squegged output waveforms of the (a) Ni/Ru and (b) PtSi resoswitches
tested using the circuit of Figure 5-6. Here, both resoswitches had switch axis gaps of
1000nm.

simple one-mask surface-micromachining fabrication process flows, such as used in [70],
where oxide mesas that remain after a timed release etch serve as anchors for suspended
structures. Ni/Ru device fabrication is rather straightforward, comprising a molded Ni
electroplating above an oxide spacer, followed by subsequent release and coating with
10-20nm of Ru via sputtering, which was found to be sufficiently conformal to coat the
sidewalls of the structures. Figure 5-16(a) presents SEM’s of a Ni/Ru device.

Polycide devices were achieved by first fabricating one-mask polysilicon device,
coating them with 25nm of Pt via atomic layer deposition (ALD), then RTA annealing
for 3mins to form platinum polycide. The polycide forms only over polysilicon, allowing
simple removal of unreacted Pt over oxide mesa sidewalls via liquid regia. The end result
is a polycided resoswitch that actually sports a lower contact resistance than the Ru-
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coated polysilicon devices of [70], since the polycide layer actually ends up being thicker
than [70]’s 2-5nm Ru coating. Figure 5-16(b) presents SEM’s of the polycide device.
Here, somewhat non-uniform silicidation [71] over the polysilicon surface does increase
the contact resistance over what could have been, but still delivers sufficient conductivity
for charge pumping of MEMS devices.

5.3.4.2 Experimental Verification

Figure 5-17(a) and (b) present voltage output waveforms for the fabricated Ni/Ru and
PtSi resoswitches, respectively, when driven hard enough to impact across 1000nm
switch gaps. Clearly, the softer Ni/Ru contact interface induces considerable squegging,
where periods of no contact are clearly visible. On the other hand, the polycide device
displays much less squegging and appears to make contact at all times, although some
impacts are less forceful than others, so achieve larger contact resistances, hence, slightly
lower output voltages. Using (5.2) with the parameters summarized in Figure 5-17, the
contact resistances are found to be 49Q and 870Q2 for the Ni/Ru and PtSi devices, respec-
tively. These are larger than desired for high power converters, but are comfortably suffi-
cient for low power, high voltage charge pump applications, like MEMS dc biasing.

Figure 5-18 presents the measured output waveform from a resoswitch identical to
that of Figure 5-6, but with a smaller switch gap of only 500nm. Here, the smaller gapped
device exhibits much less squegging, in agreement with simulation. Figure 5-19 further
shows that placement of actuating comb fingers on the same side as output electrode suf-
fers less squegging than configuring them on opposite sides.

The reduction of squegging demonstrated here not only solves an important issue
with resoswitches that previously constrained the operation frequency of charge pumps
using them, but also identifies polycides or silicides as compelling contact interfaces.
Although the use of a polycide contact yielded a rather high contact resistance for the low
frequency switches demonstrated here, higher frequency disk-based resoswitches, such as
demonstrated in [37], should exhibit much smaller resistances, since their impact force is
much larger. With high frequency, no squegging, and potentially good contact resistance,
disk resoswitches using polycide material might just fit the bill for their targeted power
amplifier and converter applications.
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Figure 5-18: Output waveform of the PtSi resoswitch with a 500nm lateral switch gap
showing much less squegging induced amplitude fluctuation.
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Figure 5-19: Output waveforms of the PtSi resoswitch with output electrode placed on
(a) the same side and (b) opposite side of the actuating comb fingers.
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Figure 5-20: (a) Voltage gain as a function of stage number and (b) total amount of
needed charge transfer switches and pumping capacitors as a function of voltage gain
for Dickson’s, Makowski’s and two-phase voltage doubling charge pumps.

5.3.5 Switched Capacitor Voltage Doubler

While Dickson’s charge pump is the most widely used topology, it has some inherent
drawbacks. First of all, the voltage gain, numbers of switches and capacitors of Dickson’s
design all increase linearly with number of stages N. With this slow growth of voltage
gain, the charge pump would need more stages especially when high output voltages (e.g.
50-100V) are desired. And it costs more and more area as well as pumping energy, which
is related to the numbers of capacitors and switches used, for increasing number of stages.
Secondly, since more charge transfer switches and pumping capacitors are needed, there
tends to be more series resistances and stray capacitances, which consume extra charges
and degrade the pumping efficiency in the end. Regarding solving these issues, other
types of charge pumps have been developed including switched capacitor voltage dou-
blers [72]. Figure 5-20 compares the voltage gains as a function of stages and numbers of
capacitors as a function of voltage gains of various kinds of charge pump topology. Ap-
parently, as the number of stages increases, voltage gain growth of Dickson’s design is
relatively slow and for the same desired voltage gain it requires much more capacitors.
Therefore, besides Dickson’s design, this work also explores the possibility of imple-
menting switched capacitor voltage doubler using MEMS resoswitches.

Figure 5-21 shows the schematic of a single stage switched capacitor voltage doubler
designed and demonstrated in this work, which actually mimics Makowski’s design [72]
and replaces the MOS switches with micromechanical comb-driven resoswitches. The
four switches RSW,4 are separated into two groups driven in opposite phases, ® and ®,
respectively. When @ = 1, RSW; and RSW, both turn on connecting top and bottom plates
of Cp, to Vpp and GND at the same time and charging V; to Vpp. And when ®@ =0, RSW,.
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Figure 5-21: (a) Schematic of a single stage micromechanical switched capacitor volt-
age doubler and (b) the equivalent circuit topology.
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Figure 5-22: Measured oscilloscope output waveform of the single stage microme-
chanical charge pump together with the clock signal controlling gated-sinusoids.

» turn off and RSW3.4 turn on connecting bottom plate of Cp, to Vpp and toggling V; to
2Vpp instantaneously. This doubled DC voltage of V; is then transferred out to the output
load through the closed RSW4. When N such stages are cascaded, an output voltage equal
to the (N+2)th Fibonacci number times of Vv can be obtained.

In theory, two out-of-phase AC signals are needed to drive RSW,., and RSW3_4 sepa-
rately, but in reality only one AC source is used as shown in Figure 5-21(a) thanks to the
clever mechanical design. To be more specific, the switch contact bumps of RSW,., are
designed to be all on the opposite side of the comb fingers while those of RSWs.4 are on
the same side. Therefore, when all driven by the same solo V.., the vibration of the four
shuttles are synchronized and the mechanical impacts of RSW,, ensue simultaneously
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Figure 5-23: Schematic of an N-stage MEMS Dickson’s charge pump.
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Figure 5-24: Output waveforms of a 2-stage MEMS charge pump with (a) 1.0V and
(b) 3.0V input voltages, both showing 3x voltage boosts.

while differing from those of RSW3.4 by 180°. V... needs not to be gated by Ve x when
tested in the air, where the Q’s of the resonant devices are loaded heavily by air damping
and the resonance spectra can thus spread out wide enough to overlap with each other
such that signal of single frequency is sufficient to drive all the switches into resonance.

5.3.6 Measurement Results of Charge Pumps

Using the comb-driven resoswitches described above, a Dickson charge pump was
built mimicking the circuit topology of Figure 5-1(a), but with a few modifications shown
in (b) and Figure 5-22 finally presents the output voltage wave-form it, where a 1V input
has been successfully boosted to 2V at the output. And of course, as more resoswitch-
capacitor stages are added, the charge-pumped voltage increases. This result, however,
was obtained not in vacuum but in the air instead to avoid the difficulty in testing brought
by impact induced frequency instability (squegging) in vacuum. And due to the much
lower quality factors of comb-driven folded beam structure in the air, ~50 compared to
10,000-50,000 in vacuum, the driving voltages needed are much higher. Therefore, for
the result shown in Figure 5-22, Vp = 30Vand V.. = 20Vpp are used. And since the wir-
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Figure 5-25: Output waveforms of a 5-stage MEMS charge pump with 1.0V input
voltage indicating a 6x voltage boost.
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Figure 5-26: Output waveform of a single stage voltage doubler shown in Figure 5-21.

ing are performed on a breadboard, a Cp, as big as 220nF has to be used in order to over-
come the large stray capacitance and reduce the charge loss to maximize the voltage gain.
A load R; = 80MQ and C; = 2.2nF is used to simulate the large isolation resistance [61]
and shunt capacitance of the electrostatic resonators the charge pump intends to bias. The
detailed driving conditions are summarized to the right of the waveform.

Figure 5-23 shows the schematic of N-stage micromechanical Dickson’s charge pump
and Figure 5-24 presents output waveforms of a 2-stage charge pump, showing boosting
of 1V and 3V supply voltages by 3%, to 3V and 9V, respectively. Again, these measure-
ment results were all taken in the air with similar driving conditions to the single stage
case with differences summarized in Figure 5-24. Figure 5-25 presents the output wave-
form of a 5-stage charge pump that pumps the 1V supply voltage to 6V. Given N stages,
the output voltage level can very simply be calculated using (5.4):

Vo= VpptNx VDD:(N+]) XVpp (54)
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Figure 5-26 shows a single stage Makowski’s switched capacitor voltage doubler that
boosts 1V of Vpp to 2.0V. The constituent switches are designed to be exactly the same
and resonating at f, = 44kHz due to a more flexural folded beam design (L=40um,
W=1um). The lower resonance frequency and a smaller switch gap, 0.5um compared to
Ium for switches used in Dickon’s version, all lead to a smaller required driving voltages
as also indicated in Figure 5-26. If this scaling keeps going and combine some other scal-
ing techniques, e.g. increasing number of fingers, reducing comb-finger gaps, etc., the
required Vp and V.. are very likely to be reduced to below 1V even in the air ambient.

5.4 Conclusions and Future Work

This work demonstrates a micromechanical Dickson charge pump employing comb-
driven resonant switches to boost 1V of Vpp to 2V with single stage. By cascading multi-
ple single stages, the charge pump successfully boosts supply voltages by 3% and 6x us-
ing 2-stage and S5-stage designs, respectively. By removing the diode drop and junction
breakdown issues of conventional transistor implementations, this MEMS-based charge
pump can transfer charge with any input voltage level and can actually achieve ultra-high
voltages needed by MEMS devices—something that becomes exponentially more diffi-
cult as CMOS continues to scale. Besides Dickson’s topology, this work also explores the
prospect of building other types of charge pump using MEMS resoswitches that poten-
tially will be more area and power efficient than the traditional Dickson’s design. In par-
ticular, a single stage Makowski’s switched capacitor voltage doubler has been demon-
strated that doubles 1V of Vpp to 2V.

In doing so, this mechanical circuit opens a path towards much higher voltages at-
tained by merely utilizing more charge pumping stages—something easily done right
next to a given MEMS device, using virtually the same fabrication process sequence that
achieved that MEMS device. By raising voltages directly on the MEMS chip, this me-
chanical charge pump greatly improves MEMS device performance, while simultaneous-
ly lowering cost by obviating any need for (expensive) custom high voltage CMOS pro-
cesses. But perhaps the most important contribution here is psychological: With this
technology, MEMS designers need no longer put limits on permissible voltage levels. It
would be wonderful if this new-found freedom inspires new designs and capabilities pre-
viously unthinkable.

There are some unsolved issues. First of all, the measurement should have been per-
formed in vacuum in order to fully harness the benefits of resonance switching. However,
to overcome the more significant squegging induced frequency shift in vacuum, instead
of the current open loop driving, a closed loop oscillatory driving, similar to the one
shown on Figure 4-21, may be needed. Second, the charge pump circuits would be even
more power efficient when implemented on a PCB board or eventually on chip, where
stray capacitances are much smaller than those currently on the breadboard. When all
switches, capacitors and routings are integrated entirely on chip, the MEMS charge pump
demonstrated in this work can be used to bias any MEMS devices conveniently.
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CHAPTER 6 Micromechanical

Resonator Frequency
Repeatability

With Q’s over 150,000 at VHF [12] and over 15,000 into the GHz range [33], plus
demonstrated aging and drift stabilities suitable for low-end timing products that are now
entering consumer electronics markets [54], vibrating micromechanical resonator tech-
nology has garnered considerable momentum and now targets higher-end markets, such
as communication-grade filters and oscillators for wireless handsets. Applications like
these, however, tend to rely more heavily on the sheer performance of the resonators they
use. Since resonator performance is a statistical quantity, the success of a higher-end
product often depends more on the degree to which the manufacturing process can con-
sistently achieve a specific frequency and maintain a Q above a certain threshold. Re-
garding the main focus of this dissertation, frequency and Q repeatability is also crucial
for MEMS-based charge pump implementation, because eventually a single frequency
source needs to be able to drive all the constituent switches into impacting whose reso-
nance frequencies are designed to match with each other. Therefore, statistical studies in
this chapter are instrumental for future charge pump designs.

6.1 Effect of Electrode Configuration on f, & Q Repeatability

A statistical evaluation of the standard deviations of the resonance frequencies and
quality factors of polysilicon surface-micromachined micromechanical disk resonators
with fully-surrounding and split electrode configurations has been conducted by fabricat-
ing and measuring a large quantity (>400) of devices. Through this analysis, respective
single-wafer resonance frequency standard deviations as low as 642 ppm for fully-
surrounding electrode devices; and 984 ppm for two-port split electrode devices; have
been measured. Respective average quality factor standard deviations for fully surround-
ing electrode devices of 5.6% in vacuum; and 3.9% in air; have also been obtained. The
standard deviations for both frequency and Q of each resonator type are well within val-
ues needed to achieve the ~3% percent bandwidth requirements for filters presently used
in the RF front-ends of wireless communication devices without trimming.

Pursuant to better understanding the breadth of applications accessible to untrimmed
vibrating micromechanical resonator technology, this work compiles a sufficient volume
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Figure 6-1: SEM’s and measured frequency characteristics of fabricated disk resona-
tors with a) a fully surrounding one-port electrode; and ¢) a split two-port electrode. b)
Test die and device location.

of data to determine the statistical repeatability with which VHF micromechanical con-
tour-mode disk resonators can be manufactured via the self-aligned stem sacrificial-
sidewall gap surface-micromachining process of [33]. Through this analysis, respective
single-wafer resonance frequency standard deviations as low as 642 ppm for fully
surrounding electrode devices; and 984 ppm for two-port split electrode devices; have
been measured. This data is much more substantial than that of [73], which included only
fully-surrounding electrode data, and which did not include quality factor or air versus
vacuum data. Respective average quality factor standard deviations for fully surrounding
electrode devices of 5.6% in vacuum; and 3.9% in air; have also been obtained. The
standard deviations for both frequency and Q of each resonator type are well within val-
ues needed to achieve the ~3% percent bandwidth requirements for filters presently used
in the RF front-ends of wireless communication devices without trimming.
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Figure 6-2: Mixing measurement set-up for (a) fully-surrounding electrode one port
devices; and (b) split electrode two-port devices.

Again, the polysilicon radial contour mode devices used for this work were based on
the design and fabrication process of [33]. Figure 6-1 presents SEM’s of the one- and
two-port devices tested here. As shown, each device comprises a polysilicon disk sus-
pended at its very center by a self-aligned stem support and surrounded by at least one
electrode that overlaps its sidewall with a gap spacing less than 100 nm. An ac excitation
signal applied to an electrode can then drive the device into a resonance vibration mode
shape where the disk expands and contracts radially about its circumference, in a “breath-
ing-like” motion. The one-port resonators feature a fully-surrounding electrode, as de-
picted in the SEM of Figure 6-1(a), whereas the two-ports split the electrode to generate
two electrode halves, as depicted in the SEM of Figure 6-1(c). Typically measured fre-
quency characteristics are also shown in Figure 6-1 next to respective SEM pictures.

As detailed in [33], the radial contour-mode resonance frequency of this disk depends
primarily on its radius, and is only peripherally dependent upon its thickness. There is
also a strong dependence on stem placement, where a mere 1pum of stem offset from the
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Table 6-1: Resonance Frequency Statistical Summary.

Resonance 36 pm Diameter Polysilicon Disk Resonators
Frequency Wafer I (6 dies) Wafer II (6 dies)

One Port #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12
Average [MHz] 153 153 153 153 152 152 152 153 152 152 153 153
Std. Dev. [ppm] 407 254 428 530 438 674 690 515 666 345 268 586
3 Adj. Std. [ppm] 306 199 404 547 415 586 677 511 599 313 259 636
Overall Std. [ppm] 1133 642
3 Adj.Std. [ppm] 450 534

Two Ports #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12
Average [MHz] 153 152 152 152 152 152 152 152 152 152 153 152
Std. Dev. [ppm] 365 660 378 751 991 1061 819 1702 607 365 660 378
3 Adj. Std. [ppm] 219 316 310 447 429 821 321 1214 264 631 826 670
Overall Std. [ppm] 1214 984
3 Adj.Std. [ppm] 584 695
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Figure 6-3: Resonance frequency distributions of one port (a) and two port (b) devices on
wafer 2, clearly showing a wider spread of two port devices

disk center has been measured to cause a 3MHz change in resonance frequency [33].
Stem placement also greatly influences the Q of a stem-supported disk resonator. Thus,
the present statistical analysis might also be interpreted as an evaluation of how well the
process of [33] actually self-aligns the stem.

The data presented here were extracted across 12 dies from 2 wafers, 6 dies each, fab-
ricated in two identical but independent runs using university facilities. The wafers from
the two runs will be denoted wafer 1 and wafer 2 in the text that follows. Figure 6-1(b)
illustrates the location of the test devices used for this work. As shown, the 6 dies chosen
on each wafer are located near the center, and each die contains 21 self-aligned 36um-
diameter polysilicon disk resonators, in both one-port and two-port configurations.
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Table 6-2: Quality Factor Statistical Summary.

. 36 um Diameter Polysilicon Disk Resonators With Single Surrounding Electrode
Quality Factor - -
Wafer I (6 dies) Wafer II (6 dies)

Vacuum #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12
Average [MHz] 6387 | 6262 | 6317 | 6471 | 6279 | 6406 | 6418 | 6478 | 6427 | 6364 | 6363 | 6417
Std. Dev. [ppm] 428 372 395 352 290 495 399 318 260 386 314 459
3 Adj. Std. [ppm] 495 317 320 302 228 414 292 313 234 368 306 396
Overall Std. [ppm] 393 (i.e. 6.14%) 357 (i.e. 5.58%)

3 Adj.Std. [ppm] 361 (i.e. 5.64%) 320 (i.e. 5.00%)

Air #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12
Average [MHz] 4091 | 4018 | 4031 | 4149 | 4019 | 4122 | 4071 | 4052 | 4082 | 4123 | 4091 | 4018
Std. Dev. [ppm] 132 139 231 164 185 177 143 161 157 151 132 139
3 Adj. Std. [ppm] 135 150 220 121 158 155 121 175 165 171 153 138
Overall Std. [ppm] 179 (i.e. 4.48%) 156 (i.e. 3.90%)

3 Adj.Std. [ppm] 161 (i.e. 4.03%) 151 (i.e. 3.78%)
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Figure 6-4: Quality factor distributions for the fully surrounding electrode one port device
operating a) under vacuum; and b) in air, clearly showing a tighter Q distribution in air.

The fabricated disk resonators were tested under vacuum and air environments using
the mixing measurement method described in [51] and depicted in Figure 6-2 for the cas-
es of (a) one-port and (b) two-port devices. For both cases, a dc-bias Vp of 8V, local os-
cillator amplitude and frequencies of 3V and 15MHz, respectively, and an unmatched RF
input power of -5dBm, were used. Table 6-1 and Table 6-2 summarize the measured av-
erages and standard deviations (including pooled).

Figure 6-3(a) presents a histogram giving the resonance frequency distribution for
fully-surrounding electrode one-port devices across all dies on wafer 2, showing a stand-
ard deviation of 642 ppm. The standard deviation across wafer 2 was considerably small-
er than the 1133 ppm on wafer 1, indicating a variance in the processing conditions at the
University of Michigan microfabrication facility from run to run. The resonance frequen-
cy averages of wafers 1 and 2 are seen to differ by 260 ppm. Although a larger data set is
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needed to make any useful conclusions, the deviation seen so far from these two wafers is
good enough to achieve 3%-bandwidth pre-select RF filters for communication front-
ends without the need for trimming.

Since micromechanical filters [32] generally consist of coupled resonators in close
proximity, the standard deviation obtained from the pooled variance amongst all sets of
three adjacent resonators is perhaps more useful than the simple device-to-device stand-
ard deviation [73]. The three-adjacent pooled standard deviation over wafer 1 is 450 ppm;
over wafer 2 is 534 ppm; and over both wafers is 462 ppm. Again, these are all is actually
good enough to reliably attain 3%-bandwidth filters without trimming.

Figure 6-3(b) presents a histogram for the split electrode two-port devices of wafer 2.
Here, a much wider spread in frequencies than for wafer 2’s fully-surrounding electrode
devices is seen, with a standard deviation of 984 ppm. It is possible that this larger stand-
ard deviation derives from the asymmetrical nature of a two-port drive and sense configu-
ration versus the more balanced drive of a fully-surrounding electrode. In particular, the
more balanced excitation afforded by the fully-surrounding electrode may help to reduce
anchor-derived frequency shifts, leading to a tighter distribution. On the other hand, a
two-port drive excites the disk on one side, and thus, pushes on the anchor from that di-
rection, giving the anchor more influence on the frequency of the device. More study is
required to verify this hypothesis, but if true, then anchor design now becomes crucial for
frequency repeatability, as well as Q (for which it has always been important).

Figure 6-4 presents histograms of measured Q across all dies of all wafers for fully-
surrounding electrode devices operated under (a) vacuum and (b) air. Here, a tighter dis-
tribution is clearly seen for air-operated devices, which (at the expense of lower Q) ex-
hibit a 4.18% standard deviation versus the 5.86% seen under vacuum. It appears that
viscous gas damping in air provides a more repeatable damping mechanism than the an-
chor loss mechanisms that dominate in vacuum.

6.2 Resonator Arraying for Better f, Repeatability

Through previous study, the resonance frequency repeatability of micromechanical
disk resonator fabricated using a university facility has been evaluated. Although the
more balanced fully surrounding electrode configuration can reduce the standard devia-
tion of f, down to 642ppm, which satisfy the needs for ~3% bandwidth pre-select filters
without trimming, this amount of frequency stability is still not sufficient for filters with
even tinier bandwidth filters, e.g. RF channel select filters. In addition, the fully sur-
rounding electrode configuration is not a prevalent remedy for all kinds of resonator de-
signs, especially some of the very high quality factor devices, e.g. side supported wine-
glass mode disk resonators. Fortunately, a better technique that can more effectively en-
hance the manufacturing precision has been developed. Detailed theoretical analysis and
experimental study of this technique are explained in the following section.
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In this section, a statistical comparison between the resonance frequency variations of
stand-alone micromechanical disk resonators and mechanically-coupled array composites
of them reveals that mechanically-coupled arraying of on-chip micromechanical resona-
tors can very effectively enhance the manufacturing repeatability of resonance frequen-
cies. In particular, twenty 3-disk resonator array-composites on a single die achieve a
measured resonance frequency standard deviation as small as 165.7 ppm around a 61.25
MHz average, which is significantly smaller than the 316.4 ppm measured for twenty
stand-alone disk resonators on the same die. This new standard deviation reduces the ex-
pected filter percent bandwidth achievable with a 90% confidence interval without the
need for trimming from the 1.89% of previous work to now just 0.86%. Larger arrays
should further reduce the frequency standard deviation, perhaps to the point of allowing
trim-free RF channel-select bandwidths with reasonable manufacturing confidence inter-
val.

Again, micromechanical filters constructed using high-Q on-chip micromechanical
resonators have recently been demonstrated with insertion losses less than 2.5dB for filter
percent bandwidths small enough to select individual communication receiver channels
(as opposed to bands of channels), while rejecting all out-of-channel interferers. For ex-
ample, the filter of [47] utilized micromechanical disk resonators with O’s of 10,000 to
achieve a two-pole Chebyshev response with a percent bandwidth of 0.06%, for which
only 2.43dB of insertion was observed. If implemented using the much higher frequency
disks of [74], which also achieve O’s >10,000, such a filter structure might then allow
channel-selection right at RF, immediately after the antenna in a wireless receiver. As
described in [75], by removing all interferers and allowing only the desired signal to pass
to subsequent electronics in the receive path, such an RF channelizer would greatly lower
the dynamic range requirements of the electronics, and thereby substantially enhance the
robustness and lower the power consumption of the receiver.

To realize this, a practical RF channelizer would likely need to employ one of the fol-
lowing schemes:

1) A single channel-selecting RF filter tunable over the desired frequency range, as
depicted in Figure 6-5(a).

2) A bank of on-off switchable channel-selecting RF filters, placed side-by-side and
covering the desired frequency range, as depicted in Figure 6-5(b).

3) A combination of 1) and 2) above, i.e., a bank of tunable and on-off switchable
channel-selecting RF filters covering the desired frequency range, as depicted in Figure

6-5(c).

Note that although approach 2) requires the largest number of resonators, it also can
realize the fastest spectrum analyzer of the three approaches—something needed for fu-
ture cognitive radio targets [58] [76]. Also, note that each of the above schemes is possi-
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Figure 6-5: Schematic of a channelizing RF front-end with three implementation op-
tions: (a) A single tunable channel-selecting filter. (b) A large bank of non-tunable, but
on-off switchable, filters. (c) A smaller bank of tunable and on-off switchable filters.

ble using filters comprised of capacitively transduced micromechanical resonators, where
the dc-bias required for resonator operation can be utilized to both switch a given filter on
and off [77] and tune its center frequency [2] [30].

Each of the above schemes also benefits greatly from its tunable or banked imple-
mentation, which very conveniently obviate the need for stringent absolute tolerances in
center frequency. In particular, for the case of approaches 1) and 3), as long as the fabri-
cation process can place a filter’s center frequency within the band over which the filter
must be tuned, the exact value of the untuned center frequency does not matter. For the
case of the bank of filters in approach 2), it again does not matter where the filter initial
center frequencies land immediately after fabrication, as long as the separations between
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Figure 6-6: (a) Perspective-view schematic of a stand-alone micromechanical wine-
glass mode disk resonator in a typical two-port bias and excitation configuration and
(b) schematic of its compound (2,1) mode shape. (c) Perspective-view schematic of a
3-disk composite array resonator and (d) its three different mode shapes.

the center frequencies of adjacent filters is correct, and as long as a global frequency tun-
ing capability exists where all filters can be tuned in one direction simultaneously. As
already mentioned, the dc-bias provides such a global frequency tuning capability.

Still, although the above schemes obviate the need for minimum absolute tolerances,
they do not necessarily eliminate the need for matching tolerances. In particular, the flat-
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ness or accuracy of the passband of any filter relies heavily on the relative frequencies of
its constituent resonators. Because of this, and because wafer-level fabrication processes
often achieve much better matching tolerances than absolute tolerances, past microme-
chanical filters have been designed using identical resonators with quarter-wavelength
couplers to spread their frequencies and generate a passband [78]. Here, the matching tol-
erance of the fabrication process used must be sufficiently good to avoid passband distor-
tion caused by mismatches in the constituent resonators [73].

Unfortunately, although sufficient for 1.6% bandwidth filters [73], the matching tol-
erances achieved by a university microfabrication facility are still not good enough to
achieve channel-selecting filters, with percent bandwidths below 0.14% at GHz frequen-
cies. Tuning via dc-bias voltages can of course still be used to correct for mismatch-
derived pass-band distortions, but this would entail more complicated control electronics
and interconnect routing, so probably should be avoided, if possible. At any rate, a meth-
od for reducing the mismatch tolerances, i.e., frequency standard deviation, of a given
micromechanical resonator is highly desirable.

Pursuant to attaining improved frequency standard deviations, this work employs me-
chanically-coupled array composite resonators [48] to effect a frequency averaging that
reduces the overall standard deviation of frequency by approximately the square root of
the number of resonators in the array. Specifically, a statistical comparison between the
resonance frequency variations of stand-alone micromechanical disk resonators and me-
chanically-coupled array composites of them reveals that mechanical-coupled arraying of
on-chip micromechanical resonators can very effectively enhance the manufacturing re-
peatability of resonance frequencies. In particular, twenty 3-disk resonator array-
composites on a single die achieve a measured resonance frequency standard deviation as
small as 165.7 ppm around 61.25 MHz, which is significantly smaller than the 316.4 ppm
measured for twenty stand-alone disk resonators on the same die.

Figure 6-6(a) presents the basic micromechanical resonator used in this work as a ve-
hicle to evaluate the efficacy of arraying for better repeatability. This device, dubbed the
“wine-glass disk” resonator, consists of a polysilicon disk supported by four beams at-
tached at quasi-nodal locations, and surrounded by two pairs of electrodes along two or-
thogonal axes. When driven by the combination of a dc-bias voltage applied to its struc-
ture and an ac voltage at its resonance frequency applied to one of the electrode pairs, the
disk vibrates in the compound (2,1) mode shape, where it extends along one axis while
contracting along the orthogonal axis, as depicted in Figure 6-6(b). This figure also
shows how the support beam attachment locations correspond to extensional nodal loca-
tions (but not tangential, hence the term “quasi-nodal”). In practice, these locations are
not perfect extensional nodes, either. They, however, negate motion well enough that
choosing them as support attachment locations minimizes energy loss through the sup-
ports to the substrate, thereby maximizing the Q of the compound (2,1) mode. As shown
in Figure 6-10, measured Q’s regularly exceed 120,000.
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Figure 6-7: (a) SEM photo of a 163-MHz differential disk-array composite microme-
chanical filter and (b) frequency transmission spectrum.

With Q’s this high, the stand-alone device of Figure 6-6 is obviously quite useful as
the frequency setting element for a self-sustaining oscillator, and indeed oscillators that
satisfy the reference oscillator phase noise specifications for GSM cellular phones have
already been successfully achieved using stand-alone wine-glass disk resonators [28].
Still, improved device properties and much greater functionality ensue when a number of
the above disk resonators are mechanically coupled into a composite array resonator,
such as shown in Figure 6-6(c). In past work, mechanically coupled arrays have been
used to alleviate certain perceived micromechanical resonator deficiencies, specifically
high impedance and low power handling ability relative to much larger conventional
high-Q devices, such as quartz crystals. In the mechanically coupled array composite of
Figure 6-6(c), half-wavelength mechanical coupling between the resonators forces them
to vibrate at the same mode frequency, which then allows their responses to directly add,
into a much larger output current—Ilarger by a factor equal to the number of resonators
used in the array. This larger output current, of course, results in higher power handling
and lower motional resistance, each by a factor equal to the number of resonators used.
To insure a single resonance peak, the array composite resonator of Figure 6-6(c) uses
half-wavelength coupling and strategic phasing of electrode excitations to accentuate a
desired mode while suppressing unwanted ones.

Among examples where such array composite resonators have been used successfully
are the GSM-phase-noise compliant oscillator demonstrated in [28] that achieved phase
noise marks of -140dBc/Hz at 1kHz offset from a 13-MHz carrier and -150dBc/Hz at far-
from-carrier offsets; and the disk array composite filter of [47] that achieved an insertion
loss of only 2.43dB for a 0.06% bandwidth centered around 163MHz. The last of these,
depicted in Figure 6-7 with a measured transmission spectrum, is particularly compelling,
as it actually employs four identical arrays in a hierarchical mechanical circuit structure.
As described in [47], the four arrays not only enable termination impedances of 1.5kQ
that are optimal for a fully integrated receiver front-end, but also make possible a differ-
ential input/output configuration that suppresses electrical feedthrough and eliminates
spurious mechanical responses. The resulting filter occupies only 560pumx>360um and, if
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translated to higher RF frequencies, would be much smaller while also suitable for im-
plementation of the channelizers in Figure 6-5.

Unfortunately, however, the filter response in Figure 6-7(b) was achievable only via
tuning of its resonator frequencies via the dc-bias-dependent electrical stiffness men-
tioned previously. Indeed, immediately after fabrication, mismatches between resonators
in each array generate an offset in the relative positions of the two filter peaks, leading to
a large dip in the ensuing filter passband, i.e., distorting the filter pass-band.

Interestingly, if the filter of Figure 6-7 had only used more resonators in its four array
composites, it might have required much less tuning, if any at all. To see this, we first
establish that for certain modes of a mechanically-coupled array, the frequency of the ar-
ray at which all of its constituent resonators vibrate essentially ends up being the average
of the resonance frequencies of each of the constituent resonators.

6.2.1 Resonance Frequency Averaging

The resonance frequency of the in-phase-mode of the 3-disk array composite depicted
in Figure 6-6 can be expressed by [48]

1 Y3k 1\/k1+k2+k3 61

farray 27'[ Zi3=1 ml 277.- m1 + m2 + m3

where k; and m; are the effective spring constant and mass, respectively, of the ith resona-
tor. For the case where the resonators in the array are identically dimensioned wine-glass
mode disks, (6.1) predicts that the in-phase mode frequency of the array will be the same
as that of a single one of its constituent resonators.

If on the other hand each resonator experiences small deviations in frequency Af;,
perhaps arising from small deviations in radius AR; that in turn generate deviations in
mass Am;, then (6.1) can be expanded as:

1 3k,
farray = %\/(mo + Amy) + (m, + Am,) + (m, + Amg)

1 |3k, 1Am; 1Am, 1Amg\ Y2
farray=_ (1+_ + 3 += )
2 |3m, 3 m, 3m, 3 m,

(6.2)
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where k, and m, are the designed effective spring constant and mass, respectively, and
where it has been recognized that the stiffness &, of a wine-glass disk resonator is to first
order not a function of radius. If the deviations between resonators are small, (6.2) can be
Taylor expanded to first order to yield:

_ [1+< 1)<1+1Am1+1Am2+1Am3)] 6.3
farray_f:? 2 3 mo 3 mo 3 mo ( . )
which then reduces to:
1 1 1
farray = §(fs - Afl) + g(fs - Afz) + §(fs - Af3)
(6.4)

1
farray = §(fl + 2+ f3)

where f; is the designed resonance frequency of single disk. Thus, for the case where all
resonators are nearly identical, i.e., the deviations are small, the resonance frequency of
an array composite of them is approximately equal to the average of the frequencies of its
constituent resonators.

6.2.2 Reduction in Standard Deviation

The frequency averaging governed by (6.4) is beneficial, since it reduces the reso-
nance frequency standard deviation of the array composite resonator caused by random
process variations. In particular, the standard deviation of the resonance frequency of a
disk-array composite resonator is given by

1 N N
ey = jzi_lmR(ﬁ-) +Zi,,-=1,i¢jzwv(fi’ £) 6.5)

where N is the number of resonators coupled in the array. In general, process variations
across a wafer might not be completely random, so the covariance term in (6.5) would
take on a finite value. However, for the present case of an array of resonators occupying a
very small area on a die, the variations might indeed take on a more random nature,
which would then null out the covariance terms, yielding a very simple expression for the
composite array frequency standard deviation:
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Figure 6-8: (a) Relative locations on each tested die and SEM photos of the measured
61-MHz (b) stand-alone wine-glass mode resonators; and (c¢) 3-disk mechanically-
coupled array composites. The disks of (b) and (c) all have radius R = 32 pum, thick-
ness 2 = 3 um, and electrode-to-resonator gap spacing d, = 100 um. In addition, the
wavelength 4 =134.2 um.

VN 1 _
Uarray = T~ %1 = \/_N"fi(l =12,-+,N) (6.6)

6.2.3 Measurement Results

To verify the above formulations, 61-MHz micromechanical wine-glass disks and
three-resonator array composites of them were fabricated via the small lateral-gap pol-
ysilicon surface micromachining process described in [33].This work compiles measured
data from five dies fabricated in two different runs. Each die contains twenty single disks
and twenty 3-disk arrays at the relative locations indicated in Figure 6-8, which also pre-
sents SEM photos of each device type.

Devices were tested via an Agilent E5S071B Network Analyzer while under 1.5uTorr
vacuum provided by the SUSS PMC150 temperature-controllable vacuum probe station
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Figure 6-9: Photo of the SUSS MicroTech PMC150 temperature-controllable vacuum
probe station used to collect statistical resonance frequency data.

pictured in Figure 6-9. The lift and pan capability of probes on the SUSS tool greatly fa-
cilitated testing of the many devices required to attain adequate statistical convergence.

Single Device Measurements

Figure 6-10 compares the measured frequency response characteristics of a stand-
alone 61-MHz wine-glass disk and a 3-disk array composite of them. As expected, the 3-
disk array composite provides a higher peak, which corresponds to a smaller motional
resistance. In addition, the Q of the array composite is still quite high, in excess of
120,000, and not much smaller than the 141,000 of a stand-alone wine-glass disk.

Measured Statistics

Figure 6-11(a) presents a plot of measured frequency versus device index for the 200
disks and array composites from the 5 tested dies. Clearly, the arrays of each die exhibit
smaller frequency variations compared to the stand-alone disk devices on the same die.
Figure 6-11(b) zooms in on the data for die #2, for which the resonance frequency stand-
ard deviation of the twenty 3-disk arrays is only 165.7 ppm, which is around 1.92x
smaller than the 316.4 ppm exhibited by the twenty stand-alone disk resonators located
on the same die. Although a larger number of data points would instill more confidence
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Figure 6-10: Measured plots comparing the frequency characteristics of a stand-alone
61-MHz wine-glass mode micromechanical disk resonator (in blue) and a 3-disk array
composite of them (in red).

in this result, the measured ratio of resonance frequency standard deviation between
stand-alone disks and 3-disk arrays is very consistent with the theoretical prediction of
(6.6). This seems to support the assumption made in (6.6)’s derivation that the variations
causing frequency shifts in the resonators making up the arrays were largely random, i.e.,
were uncorrelated.

Statistical Benefits of Arraying

Pursuant to gauging the benefits offered by the improved frequency repeatability af-
forded via arraying, a three-resonator 0.5% bandwidth micromechanical disk filter cen-
tered at 150-MHz with a designed ripple of 0.5dB (such as depicted in Figure 6-12) was
first designed using the methods of [78] assuming perfectly matched constituent resona-
tors, yielding the red simulated curve in Figure 6-12. Then, using data from Figure
6-11(b), radius variations of oyingle = 316 ppm and 6,4y = 165 ppm were introduced ac-
cording to the AR deviations depicted in Figure 6-12, which represent the worst case ra-
dial spread among resonators, i.e., the spread of AR’s yielding the most passband distor-
tion. The results of simulations using these spreads are plotted alongside the ideal simula-
tion in Figure 6-12. The filter with 316 ppm radial variation exhibits passband distortion
degradation as large as 0.7dB, which is large enough to impact a system application using
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Figure 6-11: Measured plots comparing the frequency characteristics of a stand-alone
61-MHz wine-glass mode micromechanical disk resonator (in blue) and a 3-disk array
composite of them (in red).

this filter. The same filter with 165 ppm radial variation shows a much smaller passband
distortion degradation, on the order of only 0.29dB, which is often acceptable. Since 165
ppm corresponds to one standard deviation for a 3-disk array composite resonator, a 0.5%
bandwidth filter of the type in Figure 6-12 but using 3-disk array composites as resona-
tors could be made using our university fabrication process with a 68.2% confidence in-
terval that passband distortions will be less than 0.3dB.

As the number of the resonators coupled in the array in-creases, (5.6) dictates that the
frequency variation can be further reduced, allowing even smaller percent bandwidth fil-
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Figure 6-12: Simulated transmission curves for a properly designed and terminated
0.5% bandwidth three-pole micromechanical disk filter with no mismatch between
resonators (red); AR/R = 165 ppm, for which a passband distortion degradation of
0.29dB is seen; and AR/R = 316 ppm, for which a passband distortion degradation of
0.7dB is seen.

ters without the need for trimming. Figure 6-13 illustrates this by plotting the standard
deviations achievable by array composites of resonators for single-resonator starting
standard deviations of 316 ppm (i.e., the value measured in this work) and 120 ppm,
which might be achievable in a more professional foundry than the university one used
for this work. The vertical axis on the left indicates the standard deviation for an array
composite using the number of resonators indicated in the x-axis, while the right vertical
axis indicates the corresponding percent bandwidth 3-resonator filter achievable without
trimming with a 90% confidence interval. As shown, a prohibitively large number of res-
onators would be required to bring the standard deviation down to the 20 ppm level re-
quired for CDMA channel-selection at 900 MHz using a university fabrication process.
However, if a more capable foundry with a 120 ppm single-resonator standard deviation
were used, then a composite array of only 27 disks would be required to achieve the 0.14%
bandwidth needed for CDMA channel-selection with 90% confidence interval without
the need for trimming.

Of course, the above analysis pertains mainly to the case where only variations in the
resonators are predominant. In general, variations in the beams coupling the resonators in
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Figure 6-13: Theoretically predicted plots of resonance frequency standard deviation
for array-composite resonators and the corresponding 90% confidence interval 3-pole
filter bandwidth achievable via such resonators without trimming, both versus the
number of resonators coupled in the array.

a filter will also contribute to passband ripple, but the effect of such variations will be
less pronounced when the coupling beams are designed with quarter-wavelength dimen-
sions, as described in [78]. The degree to which coupling beam mismatch affects pass-
band distortion is presently under study.

The demonstration of standard deviation reductions from the 316 ppm of stand-alone
resonators to the 165 ppm of 3-resonator array composites represents a reduction in the
expected manufacturable 90% confidence interval trim-free filter percent bandwidth from
1.89% to now just 0.86%. While 0.86% still is not small enough for direct RF channel-
selection, it does bring us significantly closer to this, and an RF front-end with 0.86%
bandwidth selectivity would still greatly reduce the dynamic range requirements of sub-
sequent receiver electronics over the current 3% bandwidth pre-select filters presently in
use. The demonstrated reduction of frequency standard deviation via mechanically cou-
pled arraying suggests that if trimming is to be avoided, filters using array composite res-
onators, such as that of [47] or [79], might be preferred over filter realizations that utilize
only stand-alone resonators in their construction. Indeed, it seems that arraying might
outright be needed to actually achieve RF channel-select bandwidths of less than 0.14%
without trimming.



111

6.3 Conclusions

This chapter summarizes and compares the frequency and Q standard deviation data
taken from several resonator designs. The frequencies of wine-glass mode disk resonators
with side supports shows tighter distribution than stem supported radial-contour mode
ones. On top of that, the mechanically coupled arraying technique was found to be able to
effectively reduce the frequency variation even more. These studies have pointed out a
way to reduce minimum achievable bandwidth of the channel-select filters without trim-
ming. More importantly for the main target of this dissertation, the suggested mechanical-
ly arraying is probably also the right approach when using multiple disk resoswitches to
construct higher speed MEMS power converters because the frequencies of the constitu-
ent resoswitches are required to be as close to each as possible in order to avoid the slow-
er gated sinusoidal driving.
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CHAPTER 7 Conclusions

MEMS switches have the potential of replacing solid state switches in many applications,
including some high volume ones e.g. power converters and power amplifiers, where
high switch FOM’s are desired for better performance. However, so far they have done
reasonably well only in microwave applications like antenna switching. There are certain
key aspects for them to improve such as reduction of actuation voltages and increase of
switching speed and life time cycles. If MEMS switches want to break the hurdle to enter
the new broader fields, these improvements are very much mandatory. Having this as the
ultimate target, this dissertation proposed this new resonant switch and has achieved the
following:

1) Developed the polysilicon wine-glass mode disk resoswitch as a demonstration
vehicle that proves the advantages of high-Q resonance operation;

2) Constructed an electroplated nickel disk resoswitch that has much lower series
and contact resistances suitable for on-chip power amplification and demonstrated
17.7dB of power gain from a simple amplifier topology;

3) Designed and implemented a micromechanical displacement amplifier using me-
chanical circuit methodology that ensues larger displacement at output compared to that
of input and thus avoids the unwanted mechanical impacts at input port effectively ex-
tending the hot-switched life time cycles of the disk resoswitch to over 173 trillion;

4) Demonstrated the first MEMS charge pumps with various topologies, including
the Dickson’s design and charge transfer series (CTS) voltage doubler design, based on
comb-driven resoswitches;

5) Discovered characteristics of resoswitches through comparing switches made of
different structural and contact materials. Identified and solved extra practical issues
when orchestrating multiple resoswitches within a system such as squegging and reso-
nance frequency variations;
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6) Collected and analyzed the real process induced frequency variation data from
adequate amount of devices fabricated using university facility and proposed a practical
way that is verified in both theory and experiments to reduce the variation;

Although further characterizations of the resoswitches are undoubtedly need, the in-
vestigations done in this dissertation have gained sufficient confidence for carrying out
the research in this field towards more ground breaking achievements.

7.1 Future Research Directions

The results presented in this dissertation provide a cultivation ground for future re-
search. During the development of resoswitches and resoswitch based charge pumps,
many new phenomena ranging from dynamics and material science were discovered and
some of them were grasped more than the others. Each chapter has explained its own un-
solved problems, but it is helpful from a systematic stand of point to reorganize them and
summarize here the issues that need to be addressed in the near future:

1) Although the cycle life time of resoswitches are demonstrated to be substantially
better than traditional RF MEMS switches, more complete data taken from devices that
are being inserted in a oscillator loop (as shown in Figure 4-21) to maintain sustaining
resonance are necessary in order to fully capture the life time limit of the resoswitches.
Due to much larger contact forces, more extensive choices of materials are available and
they can be easily evaluated and compared once the correct oscillatory test bench is built.
It is very likely that optimization of contact resistances and life time cycles simultaneous-
ly will yield totally different material selections from what’s being commonly suggested
in current RF MEMS switches.

2) The amount of charge transferred is a function of the total time of impact, howev-
er, the contact time of the current rigid dynamic impacts is only a small fraction (1/30-
1/20) of the switching period. It would require less cycles for given amount of charge to
be transferred if the contact time can be increased. The ability to control contact time will
take some more in-depth theoretical studies and one possible way to tune the contact time
is to use flexural electrode supports instead of rigidly anchored ones.

3) During the testing of resoswitches, it is found that multiple contacts within one
cycle can be excited when changing the frequency of the driving signal around the reso-
nance frequency of the device (as shown in Figure 7-1). As also indicated on Figure 7-1,
shapes and relative positions of the switching spike compared to V.. are also changing
as farive slightly increases. Provided more detailed investigation, this could be an alterna-
tive way to increase contact time of each cycle and to achieve more efficient charge
transfer.

With more concrete understandings of the device characteristics, the charge pumps
and the power amplifiers based upon resoswitches designed in this dissertation can then
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Figure 7-1: Output waveforms of a 44kHz comb-driven resoswitch obtained in air us-
ing the schematic of Figure 5-6 with increasing frequencies (fz.v.) of the driving signal

(Varive) summarized in each inset table.
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Figure 7-2: Measured spectra of (a) a 61 MHz wine-glass mode disk resoswitch and (b)
a 96kHz comb-driven resoswitch, both showing flat top filter type responses.

be optimized to become truly outperform the CMOS ones in terms of efficiencies and
power delivery capability which are currently not advantageous on the MEMS side. By
then, charge pumps with more stages (>5) will be demonstrated that can generate ultra-
high output voltages (100-200V). Some other converter topologies which are considered
to be cost or area inefficient in the CMOS world, such as buck converters, can also be
implemented using resoswitches and MEMS inductors that can easily be fabricated at the
same time at no extra cost. Real MEMS class-E power amplifiers will be demonstrated as
well that can achieve sufficient power gain and life time with lower cost and higher effi-
ciencies than solid state technologies.

Meanwhile, better designed resoswitches that achieve even lower needed actuation
voltages and contact resistances can soon enable the capability of constructing some other
types of components, such as:
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Figure 7-3: Schematic of FSK input signals driving a 44kHz comb-driven resoswitch
and the measured input and output waveforms.

1) Resoswitch based filter

Problems with conventional electrostatic MEMS filters can possibly be solved by
resoswitches. First of all, being an electrostatic vibrating device, the resoswitch retains
the nice frequency selective properties due to the same high-Q resonance operation. On
the other hand, hot-switched impacting at the output port boosts output signal amplitude
to overcome the deficit at the input capacitively transduction or even get gain [38] [80].
Advantages of resoswitches in improving filter performances have been initially discov-
ered during the experimental characterization of resoswitches. Figure 7-2 are the meas-
ured frequency spectra of a disk resoswitch and comb-driven resoswitch, both showing a
transmission curve shape with ultra-sharp roll off and tiny insertion loss, an ideal filter
response that MEMS technology has always been pursuing. Furthermore, the bandwidth
of the resoswitched-filter can be simply tuned by changing mechanical design parameters,
such as switch gap size. The ripples of the passbands shown in Figure 7-2 are not ac-
ceptable. However, given the more careful contact engineering mentioned above, much
smoother passbands can eventually be expected.
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2) Low power frequency-shift keying (FSK) receiver

Combining the frequency selective and power amplifying functions, the resoswitches
can ideally be turned into a low power filter-LNA that would greatly benefit the front-end
RF receiver design [80]. The idea of frequency-shift keying channel select receiver pro-
posed in [80] has been preliminarily verified via a 44kHz comb-driven resoswitch. The
testing circuit schematic and the measured waveforms are shown in Figure 7-3, where
output spikes are only triggered when FSK=1. Despite the fact that the operating frequen-
cy is not within the range that RF receivers generally are interested in and the sensitivity
is not high enough yet to tolerate the dynamic range of the received signals, the feasibility
of going down this path is crystal clear.

7.2 Concluding Remarks

In summary, this dissertation has studied and presented the first micromechanical
switch operating at high-Q resonance that solves a number of issues of conventional
MEMS switches. Through the demonstrations of the first resoswitch based power ampli-
fier and charge pump, the promising potential of positioning MEMS devices in power
conversion and amplification (or even more) applications has been exhibited and the
foundation for further research and development in the future has been established.
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Appendix Electroplated Nickel
Resoswitch Process
Outline

The following comprises a step-by-step outline of the electroplated nickel process used to
fabricate the nickel resoswitches presented in Chapter 3.

0.0 Starting Wafers: 8-12 ohm-cm, p-type, <100>
1.0  Insulation layer deposition

LTO (Tystar 11), 450°C, target = 2um
Low stress nitride, 876°C, target = 200nm

2.0  Electrode (interconnect metal layer) deposition, lift off
2.1 Prime oven (or 120°C dehydration bake + 5min sink4 HMDS coating)
2.2 Spin on AZ5214IR photoresist (spinner])

500 rpm for 4s
4k rpm for 30s
90°C soft bake 1min

2.3 Photolithography (Mask#1)

Initial Exposure (MA6: low vacuum contact mode 3~3.5s)
115°C Image reversal baking 1min

Flood Exposure (MA6: without mask for 25s)

Develop (svgdev: 4262 developer 90s)

2.4 Sputtered metal (Randex)

Snm NiTi



3.0

4.0

5.0

2.5
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100nm Ni (Ar: 70sccm, Pressure: 2.5x10-5 Torr, Power: 100W, 9 minutes
sputtering with cooling every minute)

Two steps of sputtering are done consecutively without venting

Measure sheet resistance (4ptprb)

Ultrasonic liftoff in acetone

Place wafer in acetone beaker and put into ultrasonic tank

Wipe wafer in acetone using swabs if feature edge residues don’t come off
Rinse wafer in methanol beaker

Clean beakers and repeat 2.5.1 and 2.5.2 for 2~3 times

Bottom sacrificial layer deposition

Sputter TiW (Randex), target = 700nm

Structural anchor definition

4.1

4.2

4.3

44

4.5

4.6

Prime Oven (or 1200C dehydration bake + Smin sink4 HMDS coating)
PR coating (svgcoat2: I-line 1.1 um and bake 900C for 60s)
Photolithography (Mask#2)

MAG6: low vacuum contact mode for 13s

Develop (svgdev: 4262 developer 60s + PEB)

TiW dry etch (ptherm): SF¢+O,

Descum (technics-c: SOW for 1min)

Electroplate structural layer

5.1

5.2

Make PR mode

Pime Oven (or 120°C dehydration bake + 5min sink4 HMDS coating)
PR coating (svgcoat2: SPR220-7.0 5 um (6k) and bake 90°C 100s)
Bake 115°C another 100s

Wait overnight or at least 3~5 hours

Photolithography (Mask#3)

Expose (MA6: low vacuum contact mode 20s)

Develop (LDD-26 40s)

Measure mold thickness (asiq)

Nickel solution preparation



6.0

7.0

8.0

53

54

5.5
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Nickel sulphamate solution + boric acid (30g/L) at 50°C

The hotplate temperature is around 90°C to get 50°C in the solution (2L).
Normally, need about 1650~1700ml before putting in anode and cathode,
so boric acid would be around 50g in total. Mix them adequately, make
sure no particles are in the solution, sometimes filtering is required. May
heat up the solution to around 90~95°C to expedite the dissolving.

Electroplate Nickel, target = 2-3um

Clean everything with DI water gun

Open PR window for cathode clamping using acetone

Rinse wafer using DI water and submerge in the solution and wait 1-3
minutes (note: try not to submerge the cathode clamp)

Calculate plating current according to current density and plating area and
then turn on the current source and time the electroplating

Electroplate Cu as top spacer, target = 1-2um

RTU copper plating solution
Room temperature, same plating current

Strip PR mold in acetone, rinse 3-4 times in methanol and DI water

Sidewall spacer deposition

Sputter TiW (Randex), target = 80nm

Electrode anchor definition

7.1

7.2

7.3

7.4

7.5

7.6

Prime Oven (or 120°C dehydration bake + 5min sink4 HMDS coating)
PR coating (svgcoat2: I-line 1.1 um and bake 90°C 60s)
Photolithography (Mask#4)

MAG6: low vacuum contact mode for 13s

Develop (svgdev: 4262 developer 60s + PEB)

TiW dry etch (ptherm): SF¢+0O,, cooling every minute

Descum (technics-c: S0W for Imin)

Electroplate electrode layer

8.1

Make PR mode
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Pime Oven (or 120°C dehydration bake + 5min sink4 HMDS coating)
PR coating (svgcoat2: SPR220-7.0 5 um (6k) and bake 90°C 100s)
Bake 1150C another 100s

Wait overnight or at least 3~5 hours

Photolithography (Mask#3)

Expose (MA6: low vacuum contact mode 20s)

Develop (LDD-26 40s)

Measure mold thickness (asiq)

8.2 Electroplate Nickel, target = 2-3um
8.3 Strip PR mold in acetone, rinse 3-4 times in methanol and DI water

9.0  Release in mixture of H,O (100ml), H>O, (100ml) and NH4OH (5ml)





