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Abstract

A Micromechanical Frequency-Selective Power Amplifier

by

Wei-Chang Li

Doctor of Philosophy in Engineering – Electrical Engineering and Computer Sciences

University of California, Berkeley

Professor Clark T.-C. Nguyen, Chair

This dissertation describes a MEMS-based frequency-selective power amplifier that performs
both signal filtering and power amplification, while consuming zero power when there is
no input, i.e., zero-quiescent power consumption. The frequency-selective power amplifier
employs a micromechanical resonant switch (resoswitch) as a key building block similar
to those recently used for zero-quiescent power radio receivers, but capable of handling
higher powers. This document details the design, fabrication, and characterization of these
higher frequency and higher power micromechanical resoswitches, and employs them as power
amplifiers. Here, the mechanical Q of the resoswitch largely governs the threshold input
level that instigates power gain. Theoretical and experimental studies of Q, as well as
Q enhancement techniques and high-Q structural design, are discussed. Further, post-
fabrication laser trimming addresses the frequency accuracy of the vibrating devices. A
model that replaces laser blasted holes with stiffness-modifying cracks captures well the
frequency shift dependence on laser blast location. The accuracy of this theory further
enables a deterministic trimming protocol that specifies the laser targeting sequence needed
to achieve a required amount of frequency tuning with minimal Q reduction.

The resoswitch used to demonstrate the frequency-selective power amplifier employs slots
to engineer stiffness along orthogonal axes of a wine-glass disk resonator structure. The slots
realize displacement amplification—a larger displacement magnitude along the output than
the input axis—allowing impact switching only to the output electrodes, not the input, all
of which improves reliability. A finite element analysis (FEA)-based model predicts the
displacement gain as a function of disk size and slot dimension/location.

To improve impact contact resistance, this work employs metal for the slotted-disk re-
soswitch, achieved via a CMOS-compatible surface micromachining process that essentially
replaces normally-used polysilicon material with aluminum metal, which serves as both struc-
tural and interconnect material. This not only improves contact resistance, but also reduces
parasitic resistance, which in turn reduces feedthrough currents. When embedded in a
switched-mode power amplifier circuit, the Al displacement-amplifying resoswitch performs
signal filtering and power amplification that first filters an incoming signal with channel-like
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selectivity and then amplifies the signal with a power gain of 13.8 dB. More importantly,
unlike transistor-based circuits, the resoswitch-based frequency-selective power amplifier con-
sumes zero power while in standby.

Measurements indicate that sputtered aluminum has high mechanical Q at low frequen-
cies, as a folded-beam capacitive-comb-driven micromechanical resonator fabricated via the
aforementioned process achieved a Q up to ∼20,000. Unfortunately, the higher frequency
slotted-disk used in the displacement amplifier did not fare as well, as its Q was only on the
order of 1,000. An effort to study the Q limits of different resoswitch designs included an
experimental study of intrinsic loss mechanisms using cryogenic operation to enhance res-
onator Q and better elucidate important energy loss mechanisms. Here, operation of a 61-
MHz wine-glass disk resonator at temperatures as low as 5K reduces temperature-dependent
energy loss and raises Q to as high as 362,000, likely devoid of thermoelastic friction. On
the other hand, introduction of slots into a wine-glass disk structure (to effect displacement
gain) reduces Q by introducing thermoelasting damping, which this document models in
detail. A displacement-amplifying elliptic disk solves this problem by deriving gain-induced
stiffness differences from geometric ratioing rather than Q-degrading slots, which permits
simultaneous displacement gain and high-Q.

Finally, this work includes a study of laser trimming to trim power amplifier frequency
to a desired range. Here, laser trimming offers flexible bidirectional frequency tuning with
minimal effect on Q. Unlike other frequency tuning methods, laser trimming does not require
added process steps, e.g., sputtering of frequency-shifting metal materials on structures.
Rather, laser trimming offers precise post-fabrication frequency adjustment via blasts of
controlled size and location on a given resonator. A model that captures the frequency
shift dependency on laser blast location shows good agreement with measured results on
micromechanical clamped-clamped (CC)-beam resonators. The theory provides a modeling
framework for laser trimming applicable to other types of beam resonators—e.g., free-free
beams, cantilevers, and even disks or rings—by altering the boundary condition matrices.



i

To my parents



ii

Contents

Contents ii

List of Figures v

List of Tables xii

1 Introduction 1
1.1 Motivation: Towards Zero-Quiescent Power Radio Front-Ends . . . . . . . . 1
1.2 Issues of Current Technologies . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2.1 Transistor-Based Switches . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2.2 Conventional MEMS Switches . . . . . . . . . . . . . . . . . . . . . . 4

1.3 Approach: Micromechanical Resonant Switches . . . . . . . . . . . . . . . . 5
1.4 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2 Micromechanical Displacement-Amplifying Resonant Switches 8
2.1 Slotted-Disk Displacement Amplifier . . . . . . . . . . . . . . . . . . . . . . 9

2.1.1 Structure and Operation . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.1.2 Single-Stage Slotted-Disks . . . . . . . . . . . . . . . . . . . . . . . . 10
2.1.3 Slotted-Disk Arrays . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.1.4 Negative-Capacitor Equivalent Circuit Model . . . . . . . . . . . . . 13

2.2 Slotted-Disk Displacement Amplifier Design Procedure . . . . . . . . . . . . 15
2.2.1 Semi-Empirical Model of Displacement Gain . . . . . . . . . . . . . . 15
2.2.2 Semi-Empirical Model of Resonance Frequency and Stiffness . . . . . 16
2.2.3 Determine the Slot Span Angle θs and Radius-to-Slot “Beam” Width

Ratio R/wb . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.2.4 Determine the Disk Radius R and Slot “Beam” Width wb . . . . . . 18

2.3 Experimental Results of Slotted-Disk Displacement Amplifiers . . . . . . . . 19
2.3.1 Mixing Technique for Measuring Displacement Gain . . . . . . . . . . 19
2.3.2 Single-Slotted-Disk Displacement Amplifiers . . . . . . . . . . . . . . 21
2.3.3 Slotted-Disk Array . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.4 Elliptic-Disk Displacement Amplifiers . . . . . . . . . . . . . . . . . . . . . . 27
2.4.1 Advantages over Previous Resoswitches . . . . . . . . . . . . . . . . . 28



iii

2.4.2 Displacement Gain Modeling . . . . . . . . . . . . . . . . . . . . . . . 29
2.4.3 Experimental Results . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3 Metal Micromechanical Frequency-Selective Power Amplifiers 35
3.1 Structure and Operation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.2 Fabrication Process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.2.1 Sputtering Deposition of Al Structural Material . . . . . . . . . . . . 38
3.2.2 Etching of Al Structural Material . . . . . . . . . . . . . . . . . . . . 39
3.2.3 Process Flow for Al Comb-Driven Resonators . . . . . . . . . . . . . 42
3.2.4 Process Flow for Al Disk Resonators/Displacement Amplifiers . . . . 43

3.3 Experimental Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.3.1 Al Comb-Driven Resonators . . . . . . . . . . . . . . . . . . . . . . . 44
3.3.2 Al Disk Resonators/Displacement Amplifiers . . . . . . . . . . . . . . 45
3.3.3 Al Switched-Mode Filter-Power Amplifiers . . . . . . . . . . . . . . . 47

3.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4 Quality Factor of Micromechanical Resonators and Resoswitches 51
4.1 Quality Factor Fundamentals . . . . . . . . . . . . . . . . . . . . . . . . . . 51
4.2 Cryogenic Operation to Raise Q . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.2.1 Test Devices–Wine-Glass Disk Resonators . . . . . . . . . . . . . . . 53
4.2.2 Cryogenic Measurement . . . . . . . . . . . . . . . . . . . . . . . . . 54
4.2.3 Measurement vs. Theory . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.3 Annealing to Raise Q . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
4.3.1 Test Devices–Nickel Comb-Driven Resonators . . . . . . . . . . . . . 58

4.4 Material Approach to Raise Q : Polysilicon-Filled CNT Structural Material . 59
4.4.1 Fabrication Process Flow . . . . . . . . . . . . . . . . . . . . . . . . . 60
4.4.2 As-Fabricated Polysilicon-Filled CNT Material Properties . . . . . . . 64
4.4.3 In Situ Localized Annealing to Raise Q . . . . . . . . . . . . . . . . . 68
4.4.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.5 Quality Factor of Slotted-Disk Displacement Amplifiers . . . . . . . . . . . . 71
4.5.1 Quality Factors vs. Varying Slot Geometry . . . . . . . . . . . . . . . 71
4.5.2 Energy Losses in Slotted Disks . . . . . . . . . . . . . . . . . . . . . . 71
4.5.3 Theoretical versus Measured QTED . . . . . . . . . . . . . . . . . . . 77
4.5.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.6 Quality Factor of Elliptic-Disk Displacement Amplifiers . . . . . . . . . . . . 79
4.6.1 Quality Factor vs. Varying Ellipse Aspect Ratio AR . . . . . . . . . 79
4.6.2 AR-Dependent Anchor Loss . . . . . . . . . . . . . . . . . . . . . . . 79

5 Laser Frequency Trimming of Micromechanical Resonant Devices 81
5.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
5.2 Frequency Trimming Fundamentals . . . . . . . . . . . . . . . . . . . . . . . 83



iv

5.3 Modeling of Laser Trimming of CC-Beam Resonators . . . . . . . . . . . . . 85
5.3.1 Stiffness Change–a Rotational Spring Model . . . . . . . . . . . . . . 86
5.3.2 Combining Trimmed and Un-trimmed Beam Portions . . . . . . . . . 92
5.3.3 Mass Change . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

5.4 Experimental Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
5.4.1 Location-Dependent Frequency Trimming . . . . . . . . . . . . . . . 97
5.4.2 Symmetrical Trimming to Preserve Q . . . . . . . . . . . . . . . . . . 100
5.4.3 Deterministic Trimming of a CC-beam Resonator . . . . . . . . . . . 101

5.5 Laser Trimming of Micromechanical Wine-Glass Disk Resonators . . . . . . 104
5.5.1 Experimental Results of Laser Trimming of Disk Resonators . . . . . 105

5.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

6 Conclusions 109
6.1 Future Research Directions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

6.1.1 Reliability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
6.1.2 Resoswitch-Based Switched-Mode Power Amplifiers . . . . . . . . . . 111
6.1.3 Integrated Resoswitch-Based Radios . . . . . . . . . . . . . . . . . . 112
6.1.4 Laser Frequency Trimming of Other Types of Resonators . . . . . . . 112

6.2 Conclusion Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

Appendix A: All-Al Disk Process Outline 113

Bibliography 119



v

List of Figures

1.1 Wireless sensor networks (WSNs) enables Internet of Things (IoT) that con-
nects billions or even trillions of sensors to the Internet for structural monitoring,
transportation management, smart grid, smart homes, and even personal health
monitoring. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 (a) A schematic of a transistor-based Class-E PA. (b) The theoretical amounts
of value for the reactive components shown in (a) required to achieve the non-
overlapped current and voltage waveforms across the switch device. (c) Simulated
(ideal) switching current and voltage waveforms, showing the product of current
times voltage is zero at any times. . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3 Comparison of effects on swithing waveforms and dissipated energy per cycle
by using (a) an ideal value of C1 and (b) a larger value of capacitance of C1

dominated by the parasitic. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.4 Schematic of a resoswitch-enabled zero-quiescent power receiver architecture. . . 6

2.1 (a) Schematic for a wine glass disk resonant switch and its transistor analogue
operating as a switch. (b) Periodic switching between two phased cycles, showing
a larger gap at input is needed to prevent the input port from impacting. . . . . 9

2.2 Schematic of a slotted displacement amplifying disk resonator, which yields a
larger displacement along the output axis than that along the input and in turn
prevents input from impacting without the need of larger gap spacing. . . . . . 10

2.3 Slot opening design of (a) rectangular; (b) arc; and (c) elliptic slots. . . . . . . . 11
2.4 CoventorWare® FEA simulation compares the mode shape of (a) a conventional

wine glass disk resonator and (b) a slotted displacement amplifying disk resonator
of (R,wb, ws, θs) = (32 µm, 8 µm, 2 µm, 45◦), presenting an identical radial
displacement along the two orthogonal axes in a conventional disk resonator while
the slotted disk first follows the mode shape of the conventional counterpart but
then rapidly increases its displacement as φ increases. . . . . . . . . . . . . . . . 12

2.5 Schematic of two slotted disk array to illustrate boundary conditions set by the
coupler to achieve a larger displacement gain. . . . . . . . . . . . . . . . . . . . 13



vi

2.6 (a) FEA-simulated mode shape of a slotted-disk array achieved by coupling two
displacement amplifying resonators with a zero-length of coupler. (b) The nor-
malized radial displacement for each of the disks. Note that each of the slotted
disks has the same displacement gain (i.e., G = 3.45) from the non-slotted axis
to the slotted axis, together with the coupler which forces the coupled locations
to have identical displacement, yield an overall displacement gain of G2 (= 11.9). 14

2.7 A negative-Capacitor based equivalent circuit model for slotted disk displacement
amplifier. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.8 Displacement gain estimated by the simplified fitting model of (2.2) and (2.3). . 17
2.9 Displacement gain estimated by the complete fitting model of (2.4) and (2.5). . 17
2.10 Schematics of device cross-sections via (a) conventional disk process and (b) thick-

polysilicon-interconnect process, showing that the modified process uses a ∼3×
thicker polysilicon layer, 1.5 µm versus 0.4 µm, for reduced interconnect resistances. 19

2.11 Schematic of mixing measurement set-up that is used to measure separately the
motional currents from the input and output ports. . . . . . . . . . . . . . . . . 20

2.12 Measured mixed powers from input and output electrodes of a disk with rect-
angle slots as seen in [11] and the difference of two measured powers presents a
displacement gain of 2.34× achieved by this single slotted disk structure. . . . . 22

2.13 SEM images of overview and close view for a fabricated displacement amplifying
disk with arc slots sized as (R,wb, ws, θs) = (32 µm, 8 µm, 2 µm, 47.5◦). . . . . . 22

2.14 Measured mixed powers from input and output electrodes of the arc-slot disk in
Fig. 2.13 and the difference of two measured powers presents a displacement gain
of 3.72× achieved by this single slotted disk structure. . . . . . . . . . . . . . . 23

2.15 SEM images of overview and close view for a fabricated displacement amplifying
disk with elliptic slots sized as (R,wb, as, bs) = (32 µm, 8 µm, 7 µm, 1 µm). . . . 24

2.16 Measured mixed powers from input and output electrodes of the elliptic slot disk
in Fig. 2.15 and the difference of two measured powers represents a displacement
gain of 1.86× achieved by this single slotted disk structure. . . . . . . . . . . . . 24

2.17 Measured mixed powers from input and output electrodes of a disk with rectangle
slots as seen in [6] and the difference of two measured powers presents an overall
displacement gain of 6.09× and 2.45× achieved by each of the individual slotted-
disks. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.18 SEM of a two-stage ellipse-slot disk array with a zero-wavelength coupling beam. 25
2.19 Measured mixed powers from input and output electrodes of the two-stage ar-

ray in Fig. 2.18 composed by two single ellipse-shaped slotted-disks and a half-
wavelength coupling beam. The difference of two measured powers represents an
overall displacement gain of 2.19× achieved by this two-stage array (1.48× for
each of the disks). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.20 Descriptions of (a) array; (b) slotted-disk; and (c) elliptic-disk displacement am-
plifiers, along with a table comparing their performance, where the elliptic-disk
displacement amplifier clearly presents the highestQ. . . . . . . . . . . . . . . . 27



vii

2.21 FEM simulated mode shapes comparing displacements along input and output
axes for (a) a conventional wine-glass disk resonator; (b) a slotted-disk displace-
ment amplifier; and (c) an elliptic displacement-amplifying disk. . . . . . . . . . 29

2.22 (a) SEM of a fabricated polysilicon elliptic disk with an AR = 1.6. Measurement
set-up for extracting displacement gain is indicated. (b) Measured transmissions
obtained via the device and set-up in (a), exhibiting a displacement gain ∼2.04
and a measured Q over 100,000. . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.23 Comparison of displacement gains as a function of aspect ratio obtained from
measurement, FEA, and prediction using (2.11). . . . . . . . . . . . . . . . . . . 31

2.24 Measured frequency shifts with tuning voltages applied on input (VB1) versus on
output (VB2), where the lower mechanical stiffness along the output axis yields a
larger tuning range. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.25 Measured input to output frequency response spectra as a function of input drive
voltage, showing flattening and bandwidth widening of the response at the onset
of impacting. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.26 Measured Q versus aspect ratio from three dies. Here, AR = 1 corresponds to a
circular disk, while higher AR’s indicate ellipses. AR = 1.2 presents the lowest
Q while AR > 1.6 seems to be able to recover Q back to that of a circular disk. 34

3.1 Schematic of the displacement-amplifying Al resoswitch-based filter-PA used in a
FSK-based RF receiver chain, showing a highly nonlinear amplification while all
other out-of-channel signals have been eliminated/filtered. . . . . . . . . . . . . 36

3.2 Illustrations of displacement amplifier operation that as the displacement of the
vibrating structure is much higher and conventional disks and limited by the gap
as of (a), the disk would close the gap and deliver power from the bias applied on
the structure to the output around a small bandwidth of resonance frequency as of
(b). In this switching bandwidth, a time domain waveform can be then measured,
with a much higher amplitude than the capacitively vibrating ac signals as shown
in (c). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.3 Cross-section of Al films deposited in (a) a contaminated conventional DC mag-
netron sputtering system and in (b) a clean S-gun sputtering system with an
optimized recipe. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.4 Cross-section of Al film etched in varying process pressures (RF/Bias Power =
800/100 W, Cl2/BCl3 = 90/45 sccm). . . . . . . . . . . . . . . . . . . . . . . . . 39

3.5 Cross-section of Al film etched with varying Cl2/BCl3 ratios (RF/Bias Power =
800/100 W, process pressure = 4 mTorr) . . . . . . . . . . . . . . . . . . . . . . 40

3.6 Cross-section of Al film etched with varying Cl2/BCl3 ratio (Cont’d) (RF/Bias
Power = 800/100 W, process pressure = 4 mTorr). . . . . . . . . . . . . . . . . 41

3.7 Cross-section of Al film etched with varying RF bias (RF power = 800 W, process
pressure = 4 mTorr). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41



viii

3.8 One-mask fabrication process flow used to achieve the folded-beam comb-driven
micromechanical Al resonator, where the Si substrate was first doped and de-
posited a 2-µm sacrificial oxide as in (a), followed by a 2-µm Al sputtering of
(b). The Al was then photolithographed and etched as in (c) and finally, a timed
release of (d) was performed in a commercial Al-compatible solution to remain
the oxide isolation island under the anchor areas. . . . . . . . . . . . . . . . . . 42

3.9 Surface micromachined fabrication process used to achieve the slotted Al dis-
placement amplifiers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.10 SEM images of (a) the fabricated Al comb-drive and (b) a zoom-in view on the
comb structures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.11 Measured frequency response of the Al comb-drive showing a high mechanical Q
in Al structural material up to ∼20,000. . . . . . . . . . . . . . . . . . . . . . . 45

3.12 SEM of a fabricated Al slotted disk displacement amplifier. . . . . . . . . . . . . 46
3.13 Schematic of the measurement setup that was used to characterize the motional

currents simultaneously from two different electrodes of the slotted disk. . . . . 47
3.14 Measured frequency responses from the input and output ports of a slotted

displacement-amplifying Al disk. . . . . . . . . . . . . . . . . . . . . . . . . . . 48
3.15 Measured frequency responses from the input and output ports of a non-slotted

Al wine glass disk. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
3.16 Schematic of the demonstrated Al filter-power amplifier together with the mea-

surement setup. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
3.17 Measured hot switching waveform of the Al filter-power amplifier using the mea-

surement setup of Fig. 3.16. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.1 Schematic pictorially summarizing important loss mechanisms that constrain the
Q of a wine-glass disk resonator. . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.2 (a) Schematic of a wine-glass disk micromechanical resonator in a preferred two-
port bias, excitation, and sense configuration. (b)SEM photo of a wine-glass disk
resonator test device. (c) Wine-glass mode shape simulated via finite element
analysis showing the locations of quasi-nodal points. . . . . . . . . . . . . . . . . 54

4.3 Schematic of wine-glass disk micromechanical resonators using various support
configurations to vary anchor losses in this work: (a) four 1-µm supports; (b) two
1.5-µm supports oriented 180◦; and (c) two 1.5-µm 90◦-oriented support beams. 55

4.4 Photo of the Suss MicroTec PMC150 probe station used to measure microme-
chanical resonators at cryogenic temperatures. . . . . . . . . . . . . . . . . . . . 55

4.5 Measured frequency response for a 32 µm-radius wine-glass disk with two asym-
metric supports at room temperatures and at cryogenic temperatures with VP =
3 V. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

4.6 Measured Q vs. temperature for 32 µm-radius wine-glass disks with varying num-
bers and orientations of support beams. . . . . . . . . . . . . . . . . . . . . . . 57

4.7 Plot of measured Q versus temperature alongside theoretical Q limits imposed
by various loss mechanisms. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58



ix

4.8 SEM and measured frequency spectrum of a micromechanical electroplated nickel
folded-beam comb-driven resonator. . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.9 Measured frequency responses of the comb-driven resonator shown in 4.8 before
and after a rapid thermal annealing for 2 mins at 400◦, showing Q substantially
increases from 561 to >10,000. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.10 Fabrication process flow for folded-beam comb-driven microstructures in polysilicon-
filled CNT material. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

4.11 SEMs of CNT structures grown (a) with and (b) without the oxide mold, before
and after polysilicon-filling. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4.12 SEM of polysilicon-filled CNT clamped-clamped and cantilever beam arrays im-
mediately after release, showing little or no curling or buckling. . . . . . . . . . 63

4.13 (a) Overview and (b) zoom-in SEMs of a fabricated polySi-filled CNT comb-
driven resonator. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.14 Electrically measured frequency response of the resonator of Fig. 4.13 before in
situ localized annealing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.15 Zoom-in SEM of the cross-section view of a released structure showing the voids
inside the material. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.16 Curve fitting to extract the acoustic velocity of polysilicon-filled CNT material
from frequency information. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

4.17 Setup for in situ localized annealing and measurement of frequency characteristics. 69
4.18 Measured frequency characteristics before and after in situ localized annealing

under Va = 4 V. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
4.19 (a) SEMs of unannealed and annealed parts; and (b)-(c) respective zoom-in views. 70
4.20 Measured Q ’s for conventional non-slotted resonators and displacement amplifiers

with elliptic and arc slots with varying support scheme as labeled. . . . . . . . 72
4.21 Simulated vibration-induced temperature deviations in (a) a CC-beam; (b) an

elliptic-slot disk; (c) an arc-slot disk; and (d) rectangular-slot disk, illustrating
the postulation of the thermoelastic loss in the slot region. . . . . . . . . . . . . 73

4.22 Schematic of a slotted disk used to calculate the thermoelastic damping in which
the slotted disk is approximated as a composite of a partial wine-glass disk and
CC-beams. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

4.23 Theoretical QTED vs. extracted QTED showing that for a larger displacement gain
suffers higher thermoelastic damping and thus, a lower QTED magnitude and that
disks with rectangular slots exhibit higher TED compared to disks with other slot
designs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

4.24 Measured Q versus aspect ratio from three dies. Here, AR=1 corresponds to a
circular disk, while higher ARs indicate ellipses. AR=1.2 presents the lowest Q
while AR > 1.6 seems to be able to recover Q back to that of a circular disk.
(Reprint of Fig. 2.26) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78



x

4.25 (a) Schematic of an elliptic disk dissipating energy into the substrate while vi-
brating. (b) FEA-simulated deformation of the center stem bottom (substrate
is not shown for clarity). (c) Illustration of z displacement components versus
rotating angle along the circumference at the bottom of the center stem when the
elliptic disk vibrates in the wine glass mode shape. . . . . . . . . . . . . . . . . 79

4.26 FEA-simulated z-displacement components versus aspect ratio, indicating a large
vibration magnitude along the z axis when AR = 1.2. . . . . . . . . . . . . . . . 80

5.1 Schematic of laser trimming on micromechanical CC-beam resonators. . . . . . . 82
5.2 (a) Schematic of a CC-beam micromechanical resonator in a favored 2-terminal

measurement setup. (b) Mode shape of fundamental transverse vibration by finite
element analysis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

5.3 Effective mass and stiffness for a CC-beam ((l, w, h) = (40 µm , 10 µm, 2 µm)),
showing a trimming hole generates location-dependent stiffness and mass devia-
tions and therefore a location-dependent frequency shift. . . . . . . . . . . . . . 84

5.4 Schematic of a trimmed CC-beam where the CC-beam is decomposed by two
intact CC-beams and one CC-beam that has the trimming holes across the width. 86

5.5 Schematic of a trimmed CC-beam and its mechanical model, where the trimming
spots are modeled as cracks. Three cracks are shown in this example with depths
of a1, a2, and a3, at locations x1, x2, and x3, respectively. Each of the cracks is
modeled as a rotational spring (k1, k2, and k3). . . . . . . . . . . . . . . . . . . 87

5.6 Frequency shift (relative to a crack-free version) versus crack location for a CC-
beam resonator with dimensions of (l, w, h) = (40 µm, 10 µm, 2 µm) estimated by
the analytical model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

5.7 Comparison of frequency shift versus crack location using the analytical model
and CoventorWare FEA for a CC-beam resonator with dimensions of (l, w, h) =
(40 µm, 10 µm, 2 µm). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

5.8 Stress intensity factor test specimen used to estimate the adjusting factors for
partial-width trimming holes: (a) a partial-width central hole compared to (b)
an edge hole. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

5.9 Adjusting factors (inverse) for partial-width trimming holes for varying crack
depth, showing factors due to area and edge effects. . . . . . . . . . . . . . . . . 93

5.10 Frequency shift versus trimming location in a CC-beam ((l, w, h) = (40 µm, 10
µm, 2 µm)) resonator with a 1-µm-diameter 0.5-µm-deep circular hole estimated
by FEA and the analytical model (only considering stiffness change). . . . . . . 94

5.11 Frequency shift pattern using the analytical model added with mass removal
effects, showing positive frequency shifts (i.e., trim-up) regions. . . . . . . . . . 95

5.12 Photograph of the apparatus used to trim micromechanical CC-beam resonators. 96
5.13 Measured frequency response of a fabricated CC-beam resonator with dimensions

of (l, w, h) = (40 µm, 10 µm, 2 µm). . . . . . . . . . . . . . . . . . . . . . . . . . 97



xi

5.14 SEM of the trimmed CC-beam resonator with dimensions of (l, w, h) = (40 µm,
10 µm, 2 µm), showing regions ablated by the applied laser pulses and with a inset
of zoom-in view of the laser trimming spot. . . . . . . . . . . . . . . . . . . . . . 98

5.15 Measured frequency shift versus trimming location for the CC-beam resonator
of Fig. 5.14 alongside with that obtained from the analytical model and FEA
simulation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

5.16 SEM of the trimmed CC-beam resonator with dimensions of (l, w, h) = (49 µm,
10 µm, 2 µm). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

5.17 Measured frequency shift versus trimming location for the CC-beam resonator
of Fig. 5.16 alongside with that obtained from the analytical model and FEA
simulation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

5.18 Measured Q versus laser pulse sequence for the device of Fig. 5.16, illustrating
how symmetric trimming maintains the CC-beam Q. . . . . . . . . . . . . . . . 100

5.19 FEA-simulated mode shapes of vertical z-displacement at either ends of a CC-
beam ((l, w, h) = (40 µm, 10 µm, 2 µm)) with (a) no trimming holes; (b) a single
trimming hole at midpoint; (c) a single trimming hole away from midpoint by
15 µm, and (d) two trimming holes symmetrically away from midpoint by 15 µm. 101

5.20 SEM of a CC-beam ((l, w, h) = (40 µm, 10 µm, 2 µm)) labeled with the sequence
of applied pulses that is used to demonstrate deterministic trimming from its
initial resonance frequency of 10.27612 MHz to the 10-MHz target frequency. . . 102

5.21 Resonance frequency and the corresponding Q as a function of the applied laser
pulse number for the deterministic trimming of the CC-beam resonator of Fig. 5.20
towards a 10-MHz target frequency. . . . . . . . . . . . . . . . . . . . . . . . . . 102

5.22 (a) Schematic of a center stem supported disk resonator showing the measurement
setup and targeted trimming locations. (b) The FEM simulated wine glass mode
shape showing a hole on the disk solid model (mass removal) to imitate the
trimmed spot. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

5.23 Measured frequency shift versus the trim location measured from the center of
disk, presenting a good matching against the FEM simulated data. The SEM of
the trimmed disk is shown in the inset with pulse sequence number labeled. . . . 105

5.24 Measured Qs versus the pulse number that has been applied sequentially, exhibit-
ing Q degradation for trims of #1 and #2, which are closest to the center. . . . 106

5.25 FEM simulation for comparison of vertical displacement (shown as the color leg-
end) for trimming location occurred at (a) 8 µm, and (b) 2 µm from the center,
illustrating unbalanced movement/stress was introduced by a close-to-center laser
pulse. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

5.26 Measured frequencies and Qs for a trimming sequence with all pulses being ap-
plied on the edge of disk, verifying the postulation that Q can be kept as long as
pulses are away from the center. . . . . . . . . . . . . . . . . . . . . . . . . . . . 107



xii

List of Tables

2.1 Summary of Elliptic Disk Designs . . . . . . . . . . . . . . . . . . . . . . . . . . 29

4.1 Expressions estimating the Q limits imposed by various loss mechanisms in mi-
cromechanical resonators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.2 Deposition rate and resistivity comparison between CVD polySiC and polySi-
filled CNT grass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.3 Summary data for devices used in acoustic velocity extraction . . . . . . . . . . 66

5.1 Pulse sequence used for deterministic trimming of a CC-beam resonator targeted
to a desired frequency of 10 MHz . . . . . . . . . . . . . . . . . . . . . . . . . . 103



xiii

Acknowledgments

First, I would like to thank my advisor, Professor Clark T.-C. Nguyen, who has guided,
inspired, and encouraged me through the past eight years. His pay-attention-to-detail and
challenging-the-impossible attitude will continuously influence me throughout the rest of my
life.

I am grateful to Professor Elad Alon, Professor Ali Javey, and Professor Roya Maboudian
for their valuable advice to my research. I thank Professor Ali Javey and Professor Ana Arias,
and of course, Professor Clark Nguyen for choosing me as the Head GSI of EE143. It was a
wonderful experience working with you all.

I am grateful to the staff in BSAC for organizing IAB meetings and seminars. I thank
NanoLab Staff (formerly Microlab), especially Joe Donnelly and Jay Morford for their in-
credible work on keeping the critical tools up and running. Without them, I won’t be able
to finish the most critical parts of my process. I also thank Dr. Xiaofan Meng for the help
of metal deposition, especially the last Al run that saved my process!

Early collaborations with Dr. Wen-Lung Huang, Dr. Bongsang Kim, Dr. Tommi Riekki-
nen, and of course, Zeying Ren taught me the essential fundamentals and disciplines about
microfabrication, which benefit me a lot along the way. I’d also like to thank Dr. Yang Lin
for all of the times we worked together on developing “resoswitches”.

In addition, thanks for inspiring conversations and all of the help and support along
the road from my labmates and friends Mehmet Akgul, Thura Lin Naing, Tristan Roche-
leau, Henry Barrow, Bobby Schneider, Lingqi Wu, Turker Beyazoglu, Ruonan Liu, Alper
Ozgurluk, Chih-Ming Lin, Yenhao Chen, Jun-Chau Chien, Yung-Kan Chen, Wei-Chen Lien,
Jack Yaung, Chao-Shiun Wang, Chung-Hsun Lin, Tsung-Te Liu, Long You, Yingqi Jiang,
Peng Zheng, Yuji Takabayashi, Eric Zheng, Cary Lin, and Melanie Chang. I am especially
grateful for all the encouragement given by Yi-Chin Chiang and Dr. Yu-Ting Kuo, my best
friends for 20+ years. That indeed means a lot to me.

According to NanoLab Manager Bill Flounder, I hold the record of the most semesters
of serving the EE143 Head GSI in the history—Spring’10, Fall’13, Spring’14, Fall’14, and
Spring’15. Thanks to all the students (and GSI’s!) for behaving well in the lab and not
getting me into any troubles. It was absolutely fun teaching this class, and most of all I had
my name engraved on the mask together with Kirt Williams, Jack Judy, Katalin Voros, and
Mattew Last! (What an achievement!)

I am grateful to my former M.S. advisor Professor C.-k. Wang for his continued encour-
agement and advise. I also want to thank Professor Sheng-Shian Li and Professor Weileun
Fang for the encouraging conversations.

I thank my family for their boundless support throughout these years. I am especially
grateful to my parents, for their unconditional love and early attitude that they instilled in
me that led to all of this.

Words can not describe my gratitude to Matilda Yun-Ju Lai. I am very lucky to have
Matilda’s company through these tough yet sweet years. I will never forget those days and



xiv

nights that we spent together fabricating devices in the Nanolab. Thank you for always
being supportive and lighting up my life.



1

Chapter 1

Introduction

To date, billions of sensors installed ubiquitously in the environment are playing a key role
to make a better world. Those sensors are connected to the Internet via wireless sensor
networks (WSNs) to enable the Internet of Things (IoT) concept that embraces seemingly
unbounded possibilities such as (1) structural health monitoring; (2) unmanned vehicles;
(3) environmental sensing; and (4) personal health monitoring (cf. Fig. 1.1). In fact, the
success of IoT would heavily depend on the amount of sensors available in the network–the
more sensors distributed in the environment, the more powerful and accurate information
that can be retrieved. While being driven by demand, the speed how fast more sensors can
be deployed is a direct consequence of the progress of cost reduction for production and
maintenance of individual wireless sensor modules.

1.1 Motivation: Towards Zero-Quiescent Power

Radio Front-Ends

Particularly, wireless sensor modules are distributed with no intention of returning to re-
place their power sources (to reduce maintenance cost), thereby spurring an obvious need to
minimize their power consumption.

Among components in a sensor node, the wireless communication radio module is very
often a major power hog. Within this module, transmit power is critical, especially when
sleep strategies are utilized to greatly reduce the average receive power consumption that
might otherwise dominate the battery drain.

To minimize transmit power, the efficiency of the power amplifier (PA) is paramount.
Among high efficiency PA topologies, the switched-mode Class-E design theoretically delivers
the highest drain efficiency–ideally 100%–by shaping the switching waveform so that no
power dissipates across the switch [1].

When sleep strategies cannot be employed, e.g., in cellular networks, receive power can
actually overshadow transmit energy consumption, since receive path electronics must remain
“on” over periods to listen for interrogating signals. Thus, it is important that front-end RF
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Figure 1.1: Wireless sensor networks (WSNs) enables Internet of Things (IoT) that connects
billions or even trillions of sensors to the Internet for structural monitoring, transportation
management, smart grid, smart homes, and even personal health monitoring.

receive path circuits, e.g., the low noise amplifier (LNA) and mixer, operate with very low
standby power consumption.

1.2 Issues of Current Technologies

1.2.1 Transistor-Based Switches

To date, unfortunately, large parasitic capacitances associated with transistor-based switches
dramatically degrades the circuit performance that otherwise would be much higher. Take
Class-E switched-mode power amplifier for example. Class-E switched-mode power amplifier
was first demonstrated that theoretically can achieve 100% drain efficiency by managing
to realize non-overlapped voltage and current waveforms across the switch component [1].
Fig. 1.2 (a) presents a conventional transistor-based switched-mode power amplifier whereby
the transistor is operated as a switch, together with the right amounts of reactive components
(i.e., C1, C2, and L1) as listed in Fig. 1.2 (b), to shape the current and voltage such as shown
in Fig. 1.2 (c).

However, in order to attend low turn-on resistance Ron, the transistor component needs to
be relatively wide (i.e., R−1

on ∝ transistor width) and in turn rises the parasitic capacitance to
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Figure 1.2: (a) A schematic of a transistor-based Class-E PA. (b) The theoretical amounts
of value for the reactive components shown in (a) required to achieve the non-overlapped
current and voltage waveforms across the switch device. (c) Simulated (ideal) switching
current and voltage waveforms, showing the product of current times voltage is zero at any
times.

a point where the right value of C1 no longer can be used. This is one of the major issues that
prevent switched-mode power amplifiers using current transistor technologies from reaching
the theoretical 100% efficiency especially for those high frequency applications up to GHz
range [2].

To better elucidate the resoswitch-induced benefits, Fig. 1.3 presents simulations of switch
voltage and current in a typical Class-E PA for two cases: (a) a transistor switch with very
large Coff∼1.1 pF; and (b) a MEMS resoswitch that allows the right value of C1. As expected,
when C1 takes on the right value, very little energy per cycle is wasted. On the other hand,
when Coff∼1.1 pF, large currents spike during turn-on that dissipate sizable energy per cycle,
thereby dramatically degrading efficiency. Clearly, if use of a resoswitch allows the right Coff,
it should also greatly reduce transmit power consumption.
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Figure 1.3: Comparison of effects on swithing waveforms and dissipated energy per cycle by
using (a) an ideal value of C1 and (b) a larger value of capacitance of C1 dominated by the
parasitic.

1.2.2 Conventional MEMS Switches

Micromechanical switches operating at radio frequencies (RF) have exhibited superior per-
formance over transistor-based counterparts in insertion loss, isolation, and power handling
capability [3]. In particular, the small parasitic capacitances of MEMS switches offers switch
figure of merits (FOM’s1) several orders better than transistor counterparts, which could
substantially enhance the efficiency of periodic switch applications, such as power amplifiers
and converters. However, the majority of MEMS switches demonstrated so far still suffer
from slow switching speeds, large actuation voltages (i.e., on the order of 20-80 V), and
poor long-term reliability. These unsolved issues greatly limit the use of these devices in
RF applications, e.g., phased-array antennas, and outright prevents them from addressing
higher volume switched-mode power amplifier or power converter applications.

1FOM = 1
RonCoff
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1.3 Approach: Micromechanical Resonant Switches

The receive chain of a wireless sensor module needs to remain on when sleep mode technique
cannot be utilized, which in turn requires a finite standby power to consume the battery drain
if transistor circuits are used. In order to reduce the power consumed by the receiver front-
ends, RF channel selection technique can be first employed prior to the front-end circuits.
As covered in [4], if RF channel selection were available to remove all incoming blockers
before they reach front-end electronics, then the local oscillator phase noise and dynamic
ranges of the LNA and mixer in any RF front-end could be relaxed enormously, to the point
where highly nonlinear (and thus, low power) designs of these functions become permissible.
In fact, an ultimate yet simpler solution could be enabled by MEMS resonant switches
(“resoswitch”) that allow simultaneous signal filtering and amplification when equipped in
a switched-mode power amplifier circuit (cf. Fig. 1.4).

Micromechanical resonant switch (“resoswitch”) harnesses the resonance and nonlinear
dynamic properties of micromechanical resonators to greatly increase switching speed and
cycle count and lower the needed actuation voltage with much lower parasitic capacitances.
In particular, when at resonance, the displacement of mechanical structures enhances by Q
times and therefore, actuation voltages are small even though the stiffness of the device can be
quite large. The large stiffness in turn allows very fast operation (because of high resonance
frequency) and very reliable operation, since large stiffness generates large restoring forces
against any sticking phenomenon.

The first resoswitch demonstrated in [5] based on a polysilicon wine-glass disk resonator
yielded a switching frequency of 61 MHz (i.e., a switching tme of ∼4 ns) with an actuation
voltage of 2.5 V. This device, however, suffered from impacting at input port since the
symmetrical structure exhibits the same displacement along the input and the output axes
which have the same gap spacing. Another revised version of resonant switch demonstrated
in [6] utilized asymmetrical mechanical structural design to yield different magnitudes of
stiffness and so as displacement along the input and the output axes. By preventing the input
port from impacting, the displacement-amplifying resonant switch posted a cycle lifetime of
173 trillion hot-switched cycles. The two resoswitches above, however, were constructed in
doped polysilicon, which compromised their ability to achieve power gain, since the high
series and contact resistances loaded down its FOM. To solve this, work in [7] introduced a
resoswitch in nickel metal to lower the Ron to less than 1 Ω with varying gap spacing along
the input and the output axes achieved by intentionally sputtering the sidewall sacrificial
material with varying thickness. When embedded in a simple switched-mode power amplifier
circuit, the device generate 17.7 dB of sustained electrical power at 25 MHz, marking the
first successful demonstration of RF power gain using a micromechanical resoswitch device.

The recent demonstration of a wireless receiver employing a micromechanical resoswitch
to permit continuous listening while consuming no power until a valid input signal arrives
[8] has sparked renewed interest in ultra-low power sensor networks that dispense with the
complexity of sleep/wake cycles and remain awake and listening at all times. Indeed, such
a zero-quiescent power receiver, with block diagram pictured in Fig. 1.4, obviates the need
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Figure 1.4: Schematic of a resoswitch-enabled zero-quiescent power receiver architecture.

for real-time clocks to synchronize the wake-up times of networked sensor motes, thereby
eliminating their cost and power consumption.

1.4 Overview

This dissertation will focus upon design issues of MEMS-based filter-power amplifiers using
micromechanical resonant switches. It starts in Chapter 2 with discussion of micromechan-
ical displacement-amplifying resonant switches, from design, to modeling, to experimental
verification. Next, Chapter 3 discusses an aluminum resoswitch embedded filter-power am-
plifier circuit based on the displacement-amplifying resonant switch. The detailed fabrication
process flow, experimental results, and utility of the filter-power amplifier in the receive path.
Next, Chapter 4 addressed one of the most important attributes of micromechanical reso-
nant switch–Q–that would affect the receiving signal sensitivity. Several techniques will be
discussed and demonstrated to raise Q of micromechanical vibrating resonators. Chapter 5
then addresses yet another important attribute: frequency accuracy. Laser trimming tech-
nique that preserves high-Q with bidirectional frequency tuning will be demonstrated on
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CC-beam and wine-glass disk resonators as demonstrate vehicles and an analytical model
for location-dependent frequency shift will be detailed. Finally, Chapter 6 finishes with some
conclusions and possible future research directions.
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Chapter 2

Micromechanical
Displacement-Amplifying Resonant
Switches

Although the -60dBm sensitivity demonstrated in [8] is already sufficient for many short
range wireless sensor applications, its 20-kHz frequency relegates it to low bit rate long-
range applications, e.g., time transfer from an atomic reference (perhaps at NIST) to a
portable clock thousands of miles away that receives atomic time via radio transmission in
the 60-kHz LF WWVB band [9][10]. To address more abundant higher bit rate applications,
operation at higher frequencies spanning 60 MHz to 5.8 GHz is desirable.

This chapter will describe two designs of VHF micromechanical displacement-amplifying
resonant switches that dispense the need for additional process step used in [7] and rather
utilize a design-centric approach–directional stiffness engineering–to effect displacement am-
plification in the switch structure. In Design#1, introducing slots into the wine glass disk
resonator structure generates difference stiffness along the orthogonal axes, thereby differ-
ent displacement amplitudes–larger displacements along its output axis than its input, so
that impact occurs only at the output electrodes. Although Design#1 nicely provides dis-
placement gain, it does so at the expense of Q via concentrated stress as well as excessive
thermoelastic damping (details will be discussed in Chapter 4) at the corners of its slots. To
solve this, Design#2 uses ellipse geometry that provides stiffness differences by geometric
ratioing rather than Q-degrading slots, where the smaller stiffness along the longer axis (i.e.,
the major axis of the ellipse) yields a larger displacement than that along its shorter, hence
stiffer, input minor axis. The elliptic disk avoids the energy-consuming stress corners of
slots, allowing itself to retain high Q.
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Figure 2.1: (a) Schematic for a wine glass disk resonant switch and its transistor analogue
operating as a switch. (b) Periodic switching between two phased cycles, showing a larger
gap at input is needed to prevent the input port from impacting.

2.1 Slotted-Disk Displacement Amplifier

2.1.1 Structure and Operation

Fig. 2.1 (a) presents a micromechanical resoswitch based on a conventional wine glass disk
resonator and its equivalent transistor switch circuit. Note that the gap spacing along the
input axis is wider than that along the output axis to prevent the disk from impacting the
input electrodes. As shown in Fig. 2.1 (b), during the first half cycle of vibration while
the disk expends along its output axis, the disk provides a short path, i.e., switching “on”,
between the two output electrodes (i.e., as the drain and source terminals in a transistor)
when the displacement is large enough. In the next half cycle while the disk expends towards
the input electrodes with the same displacement magnitude as that in the previous half cycle,
a larger gap spacing that prevents the input electrodes from impacting ensures the driving
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Figure 2.2: Schematic of a slotted displacement amplifying disk resonator, which yields a
larger displacement along the output axis than that along the input and in turn prevents
input from impacting without the need of larger gap spacing.

signal remains intact.
One possible way to achieving the desirable different gap spacings along the two axes is

the use of uneven sidewall sacrificial layer as demonstrated in [7]. Particularly, intentional
tilting of the substrate with respect to the sputtering flux during sidewall sacrificial layer
deposition yields a non-uniform–wider along the input axis than along the output axis–gap
spacings between the disk and electrodes. As a consequence of the added complex process,
this technique suffers from repeatability and greatly increases cost.

2.1.2 Single-Stage Slotted-Disks

Fig. 2.2 plots the schematic of a slotted disk, where two slots cut along the output axis of
the conventional disk structure effectively lower the stiffness of the disk along the output
axis, resulting in a larger displacement along the output axis than the input axis when
vibrating under the wine glass mode. By doing so, even with identical gap spacing along
the two axes, the displacement difference only allows impact between the disk and output
electrodes. Thus, there no longer exists a need for varying gaps, nor the special processing
that would entail.

Fig. 2.3 plots the schematics of slotted disks with (a) rectangular- (as seen in [11]); (b) arc-
; and (c) elliptic-slots. Fig. 2.4 illustrates the displacement filed between (a) a conventional
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Figure 2.3: Slot opening design of (a) rectangular; (b) arc; and (c) elliptic slots.

disk (i.e., with no slots) and (b) an arc-slotted disk sized as (R,wb, ws, θs) = (32 µm, 8 µm,
2 µm, 45◦). The conventional disk resonator exhibits a maximum displacement along the
two orthogonal axes (input and output), at equal displacement magnitudes (both in red).
In contrast, the slotted resonator of Fig. 2.4 (b) yields a larger displacement (red) along the
output axis than that along the input (blue), for a total displacement amplifying gain of
3.45×. Fig. 2.4 (c) plot the normalized radial displacement as a function of angular location
along the perimeter φ, where both devices exhibit similar movement for φ below 60◦. For
φ above 60◦, the conventional disk exhibits a symmetric mode shape along the quasi-node
point at φ = 45◦ (same magnitude with opposite signs). The slotted disk, however, exhibits
a larger radial displacement magnitude and for this particular slot dimension, yields a 3.45×
displacement gain between the output axis (φ = 90◦) and the input axis (φ = 0◦).

2.1.3 Slotted-Disk Arrays

Use of a slotted disk array, composed of multiple such individual slotted disks coupled via
beam couplers, can provide further displacement amplification when needed [12]. Such beam
couplers present the greatest efficiency when their lengths equal multiples of half wavelengths
at the disk resonance frequency. The following defines the relationship

Lcoupler = i× λ

2
, i = 0, 1, 2, ... (2.1)

where λ represents the extensional-mode wavelength, at which point the beam couplers’
dynamic stiffnesses become virtually infinite. This “infinite” stiffness forces the two coupled
locations to move with the same amount, as shown in Fig. 2.5, in opposite directions for odd
numbered i, and in the same direction for even numbered i.

Fig. 2.5 also illustrates how a two-stage array produces a higher displacement gain. In
particular, the coupler attached to the small displacement point (i.e., input) of one disk and
to the large displacement point (i.e., output) of another disk enforces identical displacement
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Figure 2.4: CoventorWare® FEA simulation compares the mode shape of (a) a conven-
tional wine glass disk resonator and (b) a slotted displacement amplifying disk resonator of
(R,wb, ws, θs) = (32 µm, 8 µm, 2 µm, 45◦), presenting an identical radial displacement along
the two orthogonal axes in a conventional disk resonator while the slotted disk first follows
the mode shape of the conventional counterpart but then rapidly increases its displacement
as φ increases.
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Figure 2.5: Schematic of two slotted disk array to illustrate boundary conditions set by the
coupler to achieve a larger displacement gain.

at the two coupled locations. This connection allows the displacement gain G of each in-
dividual slotted disk to combine with the others for an overall gain of Gn (where n is the
number of stages). Fig. 2.6 (a) presents the simulated mode shape for a two-slotted-disk
array composed of two identical slotted disks and a zero-length coupler. Fig. 2.6 (b) plots
normalized displacement as a function of angular location along the perimeter φ for each
of the disks in the two-stage array. As expected, cascading two slotted disks both with a
displacement gain of 3.45× achieves a larger overall displacement gain of 11.9× (= (3.45×)2).

2.1.4 Negative-Capacitor Equivalent Circuit Model

Fig. 2.7 presents a negative-capacitor equivalent circuit of displacement-amplifying slotted
disks, in which the mechanical impedance transformer with a turn ratio of ηc captures dis-
placement amplification. The mechanical impedance transformer effectively yields an asym-
metrical network with a lower impedance seen from the output port than from the input
port.
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Figure 2.6: (a) FEA-simulated mode shape of a slotted-disk array achieved by coupling
two displacement amplifying resonators with a zero-length of coupler. (b) The normalized
radial displacement for each of the disks. Note that each of the slotted disks has the same
displacement gain (i.e., G = 3.45) from the non-slotted axis to the slotted axis, together
with the coupler which forces the coupled locations to have identical displacement, yield an
overall displacement gain of G2 (= 11.9).
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Figure 2.7: A negative-Capacitor based equivalent circuit model for slotted disk displacement
amplifier.

2.2 Slotted-Disk Displacement Amplifier Design

Procedure

The following outlines the design procedure for displacement amplifying slotted disks:

2.2.1 Semi-Empirical Model of Displacement Gain

Considering the case of zero slot angle (θS = 0) or the “beam” width equaling the radius
(wb = R), where the displacement gain Gdisp = 1, a semi-empirical displacement gain model
based on FEA for given dimensions of R, wb, and θs takes the form

Gdisp = [cos (θs)]
1−R/wb , 0 ≤ θs ≤

π

4
. (2.2)

Gdisp = Gdisp|θS=π
4

+ [1− 0.4(
R

wb
)2] cos (2θs),

π

4
≤ θs ≤

π

2
. (2.3)

Note that (2.2) and (2.3) neglects the displacement gain dependency on slot width ws
since, according to FEA simulation, displacement gains show insensitive to varying slot
width. For instance, a variation of ±1 µm for a typical slot width of 2.5 µm (on 32-µm
radius disks) would merely lead to a displacement gain variation less than 4% for all slot
angles of interest. Fig. 2.8 plots the displacement gain for a 32-µm-radius disk with varying
θs for different wb values by the modeling formulas and FEA. If higher precision is necessary,
(2.2) and (2.3) can include more dimension variables including the slot width ws that provides
better match with FEA predictions (cf. Fig. 2.9):

Gdisp = [cos (θS)]f(R/w−b,θs)×(1−R/wb), 0 ≤ θs ≤
π

4
. (2.4)
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where f(R/wb, θs) is
f(R/wb, θs) = α3θ

3
s + α2θ

2
s + α1θs + α0

where

α3 = −0.223(
R

wb
)2 + 1.303(

R

wb
)− 3.595

α2 = 0.366(
R

wb
)2 − 2.403(

R

wb
) + 5.891

α1 = −0.256(
R

wb
)2 + 2.397(

R

wb
)− 5.762

α0 = 0.096(
R

wb
)2 − 1.164(

R

wb
) + 4.08

and

Gdisp = Gdisp|θs=π
4

+ p(
ws
R

)q(
R

wb
) cos (2θs)

g(R/wb),
π

4
≤ θs ≤

π

2
. (2.5)

where
p(
ws
R

) = −2.272(
ws
R

) + 1.178

q(
R

wb
) = 0.455(

R

wb
)2 − 0.398(

R

wb
)− 0.446

g(
R

wb
) = −0.0122(

R

wb
)2 + 0.0476(

R

wb
) + 1.061

2.2.2 Semi-Empirical Model of Resonance Frequency and
Stiffness

Slot-induced resonance frequency shifts as a function of slot span angle θs and beam width
wb can be approximated as

f ′ = foh(R/wb, θs),

h(R/wb, θs) = β4(1− cos θs)
4 + β3(1− cos θs)

3 + β2(1− cos θs)
2 + β1(1− cos θs) + 1,

(2.6)

where

β4 = −0.1513

(
R

wb
− 1

)2

− 0.13

(
R

wb
− 1

)
+ 0.3801,

β3 = 0.2091

(
R

wb
− 1

)2

+ 0.8404

(
R

wb
− 1

)
− 1.2402,

β2 = −0.0513

(
R

wb
− 1

)2

− 1.013

(
R

wb
− 1

)
+ 1.2458,
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Figure 2.8: Displacement gain estimated by the simplified fitting model of (2.2) and (2.3).

Figure 2.9: Displacement gain estimated by the complete fitting model of (2.4) and (2.5).
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and β1 = −0.006

(
R

wb
− 1

)2

+ 0.2188

(
R

wb
− 1

)
− 0.567.

Note that the function format of h(R/wb, θs) again derives from the fact that Gdisp = 1
when θs = 0◦.

Additionally, slots induce higher input stiffnesses compared to that of conventional wine
glass disks with a factor γin derived by FEA:

km,in = γinkm, km,out = γinkm/Gdisp

γin =

(
1 +Gdisp

2

)
exp

(
−T (θs)×

R

wb

)
,

(2.7)

where
T (θs) = 8.1415 (1− cos θs)

5 − 24.047 (1− cos θs)
4 + 26.735 (1− cos θs)

3

−13.327 (1− cos θs)
2 + 2.6038 (1− cos θs)− 0.1107

2.2.3 Determine the Slot Span Angle θs and Radius-to-Slot
“Beam” Width Ratio R/wb

First, we select a value for either the slot span angle θs, or the disk radius-to-beam width
R/wb ratio, and then determine the magnitude of the other parameter by solving (2.4) and
(2.5) for a desirable displacement gain. Although the magnitude of ws exhibits little influence
on the resulting displacement gain, as will be discussed later, it effects Q–a relatively small
magnitude of ws is preferable for a higher Q. For example, when ws/R and θs are 0.1 and
47.5◦, respectively, an R/wb ratio of 2.55 from (2.5) is calculated for a target displacement
gain Gdisp of 2.

2.2.4 Determine the Disk Radius R and Slot “Beam” Width wb

Next determines the magnitudes of the disk radius R and slot “beam” width wb based on
the target operating frequency. The resonance frequencies of slotted disks differ from that of
conventional non-slotted wine glass disks by a multiplying factor of γin, which is a function
of R/wb and θs modeled in 2.2.2. Here, the design example in the previous section yields
a frequency reduction factor 0.892. Taking a target resonance frequency of 100 MHz for
example, a disk radius R of 17.14 µm is needed to achieve a resonance frequency of 112.23
MHz (100/0.891 MHz) as if for a conventional wine glass disk [13]. Finally, wb can be
obtained to be 6.72 µm.



CHAPTER 2. MICROMECHANICAL DISPLACEMENT-AMPLIFYING RESONANT
SWITCHES 19

Figure 2.10: Schematics of device cross-sections via (a) conventional disk process and (b)
thick-polysilicon-interconnect process, showing that the modified process uses a ∼3× thicker
polysilicon layer, 1.5 µm versus 0.4 µm, for reduced interconnect resistances.

2.3 Experimental Results of Slotted-Disk

Displacement Amplifiers

Fabrication of slotted-disk displacement amplifiers with varying slot design followed a process
flow similar to that of [13], but used a thicker polysilicon interconnect layer, from 400 nm to
1.5 µm, resulting in a interconnect sheet resistance of 1.6 Ω/sq. As illustrated in Fig. 2.10, the
reduced series resistance of thicker polysilicon interconnects minimizes the parasitic resistive
loading effect when presented on the device measurement.

2.3.1 Mixing Technique for Measuring Displacement Gain

The motional current for a vibrating capacitive-gap transducer under a fixed bias and a small
vibration amplitude takes the form The measurement set-up for obtaining displacement gain,
as shown in Fig. 2.11, utilizes a mixing measurement technique that apply an ac voltage of
frequency ωRF on the input electrodes and an ac voltage of frequency ωLO on the structure.
Capacitive gaps convert the electrical field between the input electrodes and disk structure
to mechanical force via a square-law transfer function. The frequency components of the
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Figure 2.11: Schematic of mixing measurement set-up that is used to measure separately
the motional currents from the input and output ports.

force reside at ωIF = (ωRF −ωLO) and (ωRF +ωLO). When one of these components matches
the resonant frequency ω0, the force component at this frequency drives the displacement
amplifier into vibration. This mechanical vibration produces time-varying gap spacings
and thus time-varying capacitance, which finally yields electrical ac currents at ω0 with a
magnitude of

im ∼= VP
εA

d2
ωoX, (2.8)

where VP is the dc bias applied to the structure from a bias-T circuit, A and d are the
electrode-to-resonator overlap area and gap spacing, respectively, and X is the amplitude
of vibration. Spectrum analyzers then capture these motional currents flowing to the input
and the output ports. However, as illustrated in Fig. 2.11, the frequency offset function
in a network analyzer allows one to capture the motional currents as a spectrum analyzer.
Implementation of this set-up requires connection of the network analyzer to the displacement
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amplifier in a standard two-port measurement fashion. Next, the network analyzers driving
port (e.g., Port 1) sends a signal to the input electrodes at frequency ωRF , away from the
resonance frequency ω0 by a magnitude of ωLO. The network analyzers other two receive
ports (e.g., Port 2 and 3) measure the signal frequency responses from both the input and
output electrodes by turning on S-parameter measurements.

Given identical gap spacings and overlap area along the in-put and output axes, the
amplitudes of motional current collected from the two orthogonal electrodes depend upon
the integral of displacement magnitude across the angles covered by the electrodes along each
axis. It is reasonable to assume that the input and output ports both move as the wine glass
mode shape but with different amplitudes characterized by the displacement gain. Thus, the
motional currents from the two axes take the form

im,input ∝ |X|
im,output ∝ Gdisp |X| ,

(2.9)

where Gdisp is the displacement gain defined as the ratio of displacement amplitude along
two axes. Measured power magnitudes finally estimate the magnitude of the displacement
gain Gdisp via

G =
Xoutput

Xinput

=
im, output

im, input

=

√
Poutput√
Pinput

(2.10)

2.3.2 Single-Slotted-Disk Displacement Amplifiers

Rectangular Slot

Fig. 2.12 plots the measured power of motional current from the input and output electrodes
of the rectangle-slot displacement amplifying disk as seen in [6], for which the slots are sized
as (R,wb, ws, ls) = (32 µm, 10 µm, 5 µm, 15.5 µm) by using the mixing testing set-up in
Fig. 2.11. Here, the output port receives an additional power of 7.4 dB, corresponding to a
displacement gain of 2.34× by (2.10). In this case, the rectangle slots measure an equivalent
slot opening angle θS ∼ 43.35◦ (i.e., 2 × tan−1(7.75 µm/19.5 µm)) and plugging the values
into (2.4) predicts a gain of 2.28×. Although the fitting model of (2.4) established previously
was for arc-slot displacement amplifiers, it still predicts fairly well for the rectangular-slot
diskwithin 3% off from the measured value.

Arc Slot

Fig. 2.13 presents the SEM of a fabricated single disk with arc-shaped slots displacement
amplifying resonator with dimensions of (R,wb, ws, θs) = (32 µm, 8 µm, 2 µm, 47.5◦). Note
that the slots are intentionally finished with rounded edges to minimize slot-induced stress
concentrated at corners. Fig. 2.14 plots the measured mixing power for the two axes, pre-
senting a displacement gain of 3.68×. Note that for this particular device the input has two
symmetrical electrodes while the output only has a single electrode and thus, a factor of 2
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Figure 2.12: Measured mixed powers from input and output electrodes of a disk with rect-
angle slots as seen in [11] and the difference of two measured powers presents a displacement
gain of 2.34× achieved by this single slotted disk structure.

Figure 2.13: SEM images of overview and close view for a fabricated displacement amplifying
disk with arc slots sized as (R,wb, ws, θs) = (32 µm, 8 µm, 2 µm, 47.5◦).
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Figure 2.14: Measured mixed powers from input and output electrodes of the arc-slot disk in
Fig. 2.13 and the difference of two measured powers presents a displacement gain of 3.72×
achieved by this single slotted disk structure.

is required for the displacement gain calculation by (2.10). With given structural dimen-
sions, the fitting model of (2.4) predicts a displacement gain of 3.62×, which corresponds a
negligible <2% discrepancy compared to the measured value.

Elliptic Slot

Fig. 2.15 presents the SEM of an ellipse-slot version of dis-placement amplifying resonator
with dimensions of (R,wb, as, bs) = (32 µm, 8 µm, 7 µm, 1 µm). Fig. 2.16 shows the measured
output and input mixed frequency spectrums, where again the input has two times larger
electrode area than the output and therefore even though the input axis has measured power
slightly higher than that from the output axis, the disk with elliptic slot design still achieves
a measured displacement gain of 1.86×. Similarly, plugging the dimensions including an
equivalent slot angle θS ∼ 33.86◦ (i.e.,2× tan−1(7 µm/23 µm)) in the model of (2.4) gives an
estimation of displacement gain of 1.89×, <2% higher than the measured value.
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Figure 2.15: SEM images of overview and close view for a fabricated displacement amplifying
disk with elliptic slots sized as (R,wb, as, bs) = (32 µm, 8 µm, 7 µm, 1 µm).

Figure 2.16: Measured mixed powers from input and output electrodes of the elliptic slot
disk in Fig. 2.15 and the difference of two measured powers represents a displacement gain
of 1.86× achieved by this single slotted disk structure.
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Figure 2.17: Measured mixed powers from input and output electrodes of a disk with rect-
angle slots as seen in [6] and the difference of two measured powers presents an overall
displacement gain of 6.09× and 2.45× achieved by each of the individual slotted-disks.

Figure 2.18: SEM of a two-stage ellipse-slot disk array with a zero-wavelength coupling
beam.



CHAPTER 2. MICROMECHANICAL DISPLACEMENT-AMPLIFYING RESONANT
SWITCHES 26

Figure 2.19: Measured mixed powers from input and output electrodes of the two-stage
array in Fig. 2.18 composed by two single ellipse-shaped slotted-disks and a half-wavelength
coupling beam. The difference of two measured powers represents an overall displacement
gain of 2.19× achieved by this two-stage array (1.48× for each of the disks).

2.3.3 Slotted-Disk Array

Rectangular-Slot Disk Arrays

To verify the idea of increasing the displacement gain by arraying multiple individual slotted-
disks, Fig. 2.17 plots the measured power from the input and output ports of a two-stage
displacement amplifiers with rectangle slots, where two slotted disks identical to the device
of Fig. 2.12 are coupled by a half-wavelength (Lcoupler = λ/2) coupling beam [6]. Here,
a displacement gain of 2.45× by each of the single slotted-disk yields an overall 6.03×
(2.45× 2.45) displacement gain.

Elliptic-Slot Disk Arrays

Fig. 2.18 presents the SEMs of a two-stage displacement amplifier array consisted of a zero-
wavelength coupler and two elliptic-slot disks sized as (R,wb, as, bs) = (32 µm, 8 µm, 7
µm, 1 µm). Fig. 2.19 plots the measured mixing frequency responses, identifying an overall
displacement gain of 2.19× achieved by two stages (i.e., implying that 1.48× by each of the
individual slotted disks). Compared to the single slotted-disk as shown in Fig: 2.16, the
two-stage version of dis-placement amplifier measures a lower displacement gain and it is
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Figure 2.20: Descriptions of (a) array; (b) slotted-disk; and (c) elliptic-disk displacement am-
plifiers, along with a table comparing their performance, where the elliptic-disk displacement
amplifier clearly presents the highestQ.

mainly caused by the imperfection of photolithography that in fact yielded a smaller θs.

2.4 Elliptic-Disk Displacement Amplifiers

Since (as shown in [8]) the sensitivity of a reswowtich-embedded receiver like that of Fig. 1.4
is proportional to frequency and inversely proportional to the Q of its resoswitch, the Q of
10,500 achieved in [6] must rise to at least 100,000 if reasonable sensitivity is to be maintained
at frequencies in the 80-100 MHz range. In addition, displacement amplification is desirable
to not only prevent input impacting while promoting output impacting [5], but also to
improve impedance matching and in some cases further improve sensitivity. Unfortunately,
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previously demonstrated displacement amplifying resoswitches in this frequency range suffer
Q degradation, negating any sensitivity advantages. In particular, energy-balancing array-
based resoswitches post Q ’s of only 10,500 [6], while slotted-disk ones on the order of only
5,000 [11], the latter far lower than the >100,000 normally exhibited by their base resonator
designs. In effect, these devices sacrifice Q to attain displacement gain.

Pursuant to breaking the apparent Q versus dis-placement gain trade-off, an 89-MHz
micromechanical elliptic-disk displacement amplifying resoswitch preserves Q by 1) gener-
ating gain-inducing axial stiffness differences from ellipse geometry rather than previous
Q-degrading slots; and 2) using an elliptic resonance strain field that better negates energy
loss at a center anchor, allowing for Q ’s in some cases even higher than circular disks. These
strategies together permit a dis-placement gain of 2.04 with a Q of 101,600 more than 9×
higher than that of previous array-based [6] and slotted-disk [11][14] approaches. Measure-
ments reveal that the Q ’s of elliptic disks vary with ellipse aspect ratio (AR) defined as the
major axis length a to the minor axis b, shown in Fig. 2.20(c). Specifically, a 95-MHz ellipse
with AR = 1.2 (a/b = 21.91µm/18.26µm) exhibits the lowest Q, while one with AR = 1.6
and beyond restores the Q to equal or sometimes exceed that of a circular disk with AR = 1.

2.4.1 Advantages over Previous Resoswitches

Fig. 2.20 compares the present elliptic design in (c) with previously-demonstrated displace-
ment amplifying methods based on (a) energy-balanced coupling of asymmetric disk array-
composites [6]; and (b) stiffness engineering via strategic geometrical cuts [11][14].

The disk array resoswitch of Fig. 2.20(a) generates displacement gain by coupling an input
disk array-composite to an output one (using a single disk in Fig. 2.20(a)) via a quarter-
wavelength beam that effectively balances the energy on both sides. Since the stiffness of the
4-disk half-wavelength-coupled input array (nin = 4) in Fig. 2.20(a) is four times larger than
that of the single output disk (nout = 1), the output disk must move more than the input ones
to possess equal energyspecifically,

√
nin/nout = 2× more–thereby providing displacement

gain. So far, the only demonstrated such mechanical circuit of [6] utilized radial mode disk
resonators, which constrained its Q to only 10,500. Based on [13], a wine-glass disk based
version should do much better, but this has yet to be demonstrated.

On the other hand, the slotted-disk of Fig. 2.20(b) generates displacement gain by cutting
slots along one axis (i.e., the output axis) of a wine glass disk thereby lowering the stiffness
in that direction, hence raising its displacement relative to that along the orthogonal input
axis. The result: displacement amplification in a single mechanical structure. Unfortunately,
the slots induce higher energy losses at the slot-induced stressed corners, which degrade Q
to ∼10,000, which is many times smaller than commonly exhibited by non-slotted wine-glass
disks.

The elliptic resoswitch of Fig. 2.20(c) basically engineers stiffness in a similar manner as
the device of Fig. 2.20(b), except without the use of slots. Instead, it effects differences in
orthogonal axial stiffness via geometric ratioing of the ellipse aspect ratio AR (a/b), where
the smaller stiffness along its longer output axis yields a larger displacement than that along
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Figure 2.21: FEM simulated mode shapes comparing displacements along input and out-
put axes for (a) a conventional wine-glass disk resonator; (b) a slotted-disk displacement
amplifier; and (c) an elliptic displacement-amplifying disk.

a, b (µm2) ab = 400
Thickness h (µm) 3
Stem Radius (µm) 1
Stem Height (µm) 0.7

Aspect Ratio AR 1 1.2 1.4 1.6 1.8 2
Frequency (MHz) 96.49 95.36 92.68 89.31 85.79 82.40

Table 2.1: Summary of Elliptic Disk Designs

its shorter, hence stiffer, input axis. Unlike the slotted disk, the elliptic disk avoids the
energy-consuming stress corners of slots, allowing it to retain high Q. Fig. 2.21 compares
the FEM-simulated mode shapes of the new design in (c) with those of (a) a conventional
wine-glass disk and (b) the slotted disk, showing no displacement gain in (a), but (by red
coloring) ample output displacement gain for both the slotted and the elliptic disks.

2.4.2 Displacement Gain Modeling

Unlike a slotted-disk, for which displacement gain depends on the size, location, as well as
shape of its slots, making modeling very complex; the elliptic disk presents a much simpler
structure, for which displacement gain depends only on its geometric aspect ratio AR and
the Poisson ratio ν of its structural material. A semi-empirical model based on FEA that
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Figure 2.22: (a) SEM of a fabricated polysilicon elliptic disk with an AR = 1.6. Measurement
set-up for extracting displacement gain is indicated. (b) Measured transmissions obtained
via the device and set-up in (a), exhibiting a displacement gain ∼2.04 and a measured Q
over 100,000.

predicts the displacement gain as a function of these two parameters takes the form

Gdisp = AR−4.73ν+2.626 (2.11)

The basic form of (2.11) derives from knowledge that a purely circular disk (AR = 1)
has an orthogonal axis displacement gain of one regardless of the value of Poisson ratio.
Note that the displacement gain modeling provided here is merely for a quick estimation of
displacement gain. A pure analytical method, e.g., the Ritz method, would enable a more
universal model. Work towards this continues.
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Figure 2.23: Comparison of displacement gains as a function of aspect ratio obtained from
measurement, FEA, and prediction using (2.11).

2.4.3 Experimental Results

Elliptic displacement amplifiers were fabricated using a polysilicon surface micromachining
process similar to that of [13]. Table 2.1 summarizes the designs, which span AR values from
1 to 2. Note that all elliptic disk designs have a fixed ellipse area of 400π µm2 (i.e., πab)
and their resultant resonance frequencies span from 96.5 MHz for AR = 1 to 82.4 MHz for
AR = 2. Fig. 2.22(a) presents the SEM of one such fabricated elliptic device with AR = 1.6.

Devices like this were measured under 10−5 Torr vacuum provided by a turbo pump using
the indicated circuit, where one input electrode is connected to port 1, and the other input
electrode and the output electrode are connected to port 2 and 3, respectively. Fig. 2.22(b)
presents measured frequency transmissions between two input ports (S21) (blue) and be-
tween the input and output ports (S31) (red) of an elliptic disk with AR = 1.6, where the
transmitted power difference between the two peaks indicates a displacement gain of 2.04.

Fig. 2.23 plots measured displacement gain as a function of aspect ratio AR varying from
1 (a purely circular disk) to 2 alongside predictions by FEA and Eq. (2.11) (with ν = 0.226),
showing good agreement. Here, a single elliptic disk with AR = 2 achieves a displacement
gain up to ∼3.

Fig. 2.24 plots the frequency shift versus electrical-stiffness tuning voltage applied at the
input electrode (VB1, blue curve) and the output electrode (VB2, red curve), where the larger
frequency shift of the latter confirms lower stiffness along the output axis. Fig. 2.25 presents
measured frequency responses taken at the output electrode of an 89-MHz elliptic resoswitch
as a function of increasing input voltage, showing the expected peak flattening as the elliptic
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Figure 2.24: Measured frequency shifts with tuning voltages applied on input (VB1) versus
on output (VB2), where the lower mechanical stiffness along the output axis yields a larger
tuning range.

disk impacts the output electrode.
Fig. 2.26 plots measured Q as a function of AR for several elliptic disks spanning 82.4-96.5

MHz on three different dies, indicating similar Q variations regardless of their Q magnitudes.
Interestingly, when AR = 1.2 Q drops consistently from that of a conventional circular wine
glass disk (AR = 1), but increases afterwards as the AR rises. Possible reasons that govern
the Q fluctuations as a function of AR will be discussed in Chapter 4.6

2.5 Conclusions

This chapter demonstrated two designs of directional stiffness engineering to attain displace-
ment gain necessary for preventing the resoswitch input port from impacting. Particularly,
one technique strategically introduces slots into micromechanical disk structures that yield
a larger displacement amplitude along the output axis than along the input axis but with
the expense of Q. A better approach for high-Q resoswitch is to use geometry ratioing rather
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Figure 2.25: Measured input to output frequency response spectra as a function of input
drive voltage, showing flattening and bandwidth widening of the response at the onset of
impacting.

than Q-degrading slots. A single elliptical disk with an aspect ratio AR of 1.6 yielded a
displacement gain of 2.04 with a measured Q >100,000 at 89 MHz.

By engineering stiffnesses via dimensional ratioing rather than slots, the demonstrated
elliptic disks provide an alternative method to achieve displacement amplifying resoswitches
that retain high resonator Q ’s exceeding 100,000 that should improve the sensitivities of
resoswitch-based zero-quiescent power radios at VHF. In fact, the almost 10× improvement
in Q over previous disk array and slotted disk approaches should yield sensitivity reductions
(i.e., improvements) on the order of 10dB. Of course, this work presented only polysilicon
elliptic resoswitches with high contact resistances that preclude use in many desired applica-
tions. To be useful in an actual zero-quiescent power radio, next generation devices should
employ metals or other more conductive materials at their contact interfaces. Methods for
doing so without sacrificing Q are currently under study.
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Figure 2.26: Measured Q versus aspect ratio from three dies. Here, AR = 1 corresponds to
a circular disk, while higher AR’s indicate ellipses. AR = 1.2 presents the lowest Q while
AR > 1.6 seems to be able to recover Q back to that of a circular disk.
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Chapter 3

Metal Micromechanical
Frequency-Selective Power Amplifiers

The displacement-amplifying resoswitches described in Chapter 2 have been plagued by high
contact and series resistances due to the use of polysilicon. This chapter first discusses a
fabrication process used to achieve metal aluminum displacement-amplifying slotted-disk
resoswitches that greatly reduces the contact and series resistances. Next, a filter-power
amplifier circuit with the Al resoswitch embedded will be demonstrated with a 13.8 dB of
power gain within a channel-selecting bandwidth.

3.1 Structure and Operation

Fig. 3.1 illustrates the architecture of a channel-selecting communication receiver front-end
that utilizes a displacement-amplifying resoswitch embedded filter-amplifier to achieve sig-
nal filtering and power amplification using a FSK modulated signal as an example. The
displacement-amplifying resoswitch used in the filter-amplifier essentially comprises a slot-
ted disk identical to that discussed in Chapter 2. To operate the device as a filter-power
amplifier, a supply voltage is tied to the conductive structure, and an input comprising a
combined dc bias VP,in and ac voltage vin, similar to that used in the switched PA, are
applied to the input electrodes. As seen in Fig. 3.2, when the frequency of vin is within a
small bandwidth around the resonance frequency with a magnitude larger than a prescribed
threshold, the amplitude of vibration is then large enough to close the power supply VP,disk

to the output (periodically), thereby delivering power to the output. The resoswitch itself
responds only over a small frequency bandwidth around its own resonance and rejects all
other frequencies. In doing so, the device behaves as a very small percent bandwidth fil-
ter, i.e., a channel select filter, and it does its filtering before its amplification. In effect,
the resoswitch realizes RF channel-selection and amplification, i.e., a filter-LNA function, in
a single component, so stands to greatly alleviate the design complexity of low-power RF
receiver front-ends.
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Figure 3.1: Schematic of the displacement-amplifying Al resoswitch-based filter-PA used in
a FSK-based RF receiver chain, showing a highly nonlinear amplification while all other
out-of-channel signals have been eliminated/filtered.

Obviously, the input-to-output transfer function of this device is quite nonlinear as a
constant voltage value VP,disk is delivered to the output once the switch is closed. Normally
this would be problematic, since it would allow blockers to generate spurious signals that
could interfere with the desired signal. But this is of little consequence now that the filtering
function of the resoswitch has removed all blockers, i.e., there are no blockers to generate
intermodulation distortion or any other spurious signals. Furthermore, no dc current flows
when the resoswitch is not resonating. Thus, this device consumes no quiescent power when
in standby! With this device, the design of an FSK channel-select receiver with zero quiescent
power might be as simple as that depicted in Fig. 3.1. The trick, of course, will be in how
small the threshold voltage amplitude that instigates periodic switching can be made, as this
governs sensitivity.
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Figure 3.2: Illustrations of displacement amplifier operation that as the displacement of the
vibrating structure is much higher and conventional disks and limited by the gap as of (a),
the disk would close the gap and deliver power from the bias applied on the structure to
the output around a small bandwidth of resonance frequency as of (b). In this switching
bandwidth, a time domain waveform can be then measured, with a much higher amplitude
than the capacitively vibrating ac signals as shown in (c).
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(a) (b)

Figure 3.3: Cross-section of Al films deposited in (a) a contaminated conventional DC mag-
netron sputtering system and in (b) a clean S-gun sputtering system with an optimized
recipe.

3.2 Fabrication Process

In order to achieve robust micromechanical vibrating devices, especially for those with sub-
100 nm lateral gap spacings [13], a sophisticated etch process is key to achieve a smooth
and straight structural sidewall that avoids any sharp points which otherwise may create
short circuit paths between the structure and electrodes and cause pull-in failures. A in-
ductively coupled plasma (ICP) based etcher was utilized to define the metal aluminum
structure of the displacement-amplifying slotted disk, where a RF power is used to generate
ions and reactive chemical species and another RF bias directs ions onto the substrates for
more anisotropic etch profiles. This section first describes the Al deposition process used to
achieve a void-free Al film to begin with. Next discusses effects of various process param-
eters on the resultant sidewall profiles in the TCP etch, namely bias power, chemical gas
amounts/ratios, and process pressures. A vertical smooth structural sidewall was obtained
based on the characterization. The Al fabrication processes finally achieved a one-mask
folded-beam comb-driven micromechanical resonator and a displacement-amplifying slotted
disk resonant switch.

3.2.1 Sputtering Deposition of Al Structural Material

Considering the desirable Al structure thickness (i.e., 2-3 µm) and availability of metal
deposition tools in the laboratory, sputtering is used due to its fast deposition rate (i.e., less
heat is being generated during deposition which otherwise would cause a milky Al film), and
better film quality. To illustrate how the sputtering chamber clearness effects the sputtered
film, Fig. 3.3 compares cleaved cross-sections of (a) a conventional DC magnetron sputtering
system that contains three other co-existed metal targets, and (b) a S-gun sputtering system
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(a) At 8 mTorr (b) At 4 mTorr

Figure 3.4: Cross-section of Al film etched in varying process pressures (RF/Bias Power =
800/100 W, Cl2/BCl3 = 90/45 sccm).

(i.e., Endeavor ATTM, OEM Group). Obviously, the film obtained from the conventional
chamber is not smooth and filled with voids resulted by contaminants as well as high substrate
temperatures during deposition. The issues, however, are elevated in the S-gun sputtering
tool, where with a base pres-sure ≤ 5 × 10-8 torr and a 0.5 mTorr process pressure (i.e.,
regulated by flowing Ar gas at 6 sccm), a 5-kW DC power sputters Al at a rate as quick
as 333.3 nm/min, and a smooth, free-of-pinholes Al film is achieved. Splitting the total 540
seconds sputtering time for a 3-µm Al into three runs with a 60-second rest between each
run, much shorter deposition time and therefore much less heat generated compared to that
in the conventional tool, together with a clean chamber condition, are key to realize such a
high quality film with a measured compressive stress of < 100 MPa.

3.2.2 Etching of Al Structural Material

To optimize the etching process to yield a smooth and vertical Al structural sidewall, test
wafers that are first sputtered with a 3-µm Al (using the S-gun system described above) fol-
lowed by a 1.5-µm SiO2 (low-temperature LPCVD at 400◦C) served as the etching hard mask
are used to characterize various etching parameters, including process pressure, reactive gas
ratio, and bias power. After undergoing photolithougraphy and SiO2 hard mask etching, the
test wafers that contain the thin film stack identical to the structural stack of actual disk
devices are then ready for the Al etching characterization.

Process Pressure

Fig. 3.4 compares the Al structural sidewall etched under a process pressure of 8 mTorr in
(a) (i.e., standard etching recipe of this specific etcher, with gases flow of Cl2/BCl3 = 90/45
sccm) and a lower process pressure at 4 mTorr in (b). Here, it can be observed that the higher
process pressure of 8 mTorr led to a rougher sidewall profile due to excessive ion scattering. In
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(a) 80/40 sccm (b) 60/30 sccm

Figure 3.5: Cross-section of Al film etched with varying Cl2/BCl3 ratios (RF/Bias Power =
800/100 W, process pressure = 4 mTorr)

general, a TCP etcher allows control of the process pressure independently from the plasma
generation, whereby a relatively low process pressure can be applied reducing ion scattering
to achieve more anisotropic etching.

Cl2/BCl3 Flow Ratio

In a typical Al dry etch process, Cl2 and BCl3 are the two commonly used reactive gases as Cl
can form volatile product with Al. The purpose of Cl2 is used as the Al main etchant while
BCl3 is mainly for etching/breaking through the native oxide and producing by-product to
protect sidewall to enhance anisotropy. Fig. 3.5 compare the results of varying Cl2/BCl3 gas
flow ratio, 80/40 and 60/30 sccm, while keeping the Cl2/BCl3 ratio at 2. The original 90/45
combination in Fig. 3.4 obviously creates too many reactive ions and causes a rough/undercut
etching sidewall, and it gradually becomes smoother as the total gas flow reduces while
keeping the same gas ratio (i.e., Cl2/BCl3 = 2). However, scalloped etching profiles are still
observed for these etch conditions due to cycled etching. In fact, multiple cycles of etching
are necessary in etching such thick metal layers to prevent excessive heat generated and
to help remove corrosive etch byproduct such as AlCl3 during the initial chamber pumping
down of each etching cycle that would otherwise cause under-cut etching.

To reduce the scalloping effect, given BCl3 assists compound generation for protect-
ing the sidewall, the gas mixture ratio of Cl2/BCl3 is then adjusted with increased BCl3
concen-tration. Fig. 3.6 (a) presents the result of using a higher BCl3 concentration of
Cl2/BCl3 = 50/40 sccm (i.e., a total flow of 90 sccm), yielding a less-scalloping profile with
a considerable amount of undercut. This at least verifies the addition of BCl3 does help
improve the smoothness of vertical sidewalls. Another trial with Cl2/BCl3 = 35/25 sccm
shown in Fig. 3.6 (b), a total gas flow of 60 sccm, then demonstrates a straight and smooth
sidewall with much less undercut. Of course, this achievement requires a trade-off with
etching selectivity (over the capped SiO2 hard mask) as a higher BCl3 make-up etches the
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(a) 50/40 sccm (b) 35/25 sccm

Figure 3.6: Cross-section of Al film etched with varying Cl2/BCl3 ratio (Cont’d) (RF/Bias
Power = 800/100 W, process pressure = 4 mTorr).

(a) 50 W and Cl2/BCl3 = 60/30 sccm (b) 150 W and Cl2/BCl3 = 35/25 sccm

Figure 3.7: Cross-section of Al film etched with varying RF bias (RF power = 800 W, process
pressure = 4 mTorr).

oxide faster. Fortunately, this compromise of selectivity can simply be accommodated by
depositing a thicker oxide hard mask from the beginning.

Bias Power

As mentioned, the bias power used to accelerate reactive ions can be controlled separately
from the RF power in a TCP system, and generally a high bias power Fig. 3.7 (a) plots a
case with Cl2/BCl3 = 60/30 sccm at a lower bias power of 50 W to be compared with the
previous 100-W bias power in Fig. 3.5 (b), where the etching process in the lower bias power
of 50 W is dominated by chemical reaction of neutral reactive species and therefore leads to
a non-uniform, scalloping sidewall.

Although a high bias power is desirable for anisotropic etching, the resultant non-deal
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Figure 3.8: One-mask fabrication process flow used to achieve the folded-beam comb-driven
micromechanical Al resonator, where the Si substrate was first doped and deposited a 2-
µm sacrificial oxide as in (a), followed by a 2-µm Al sputtering of (b). The Al was then
photolithographed and etched as in (c) and finally, a timed release of (d) was performed in
a commercial Al-compatible solution to remain the oxide isolation island under the anchor
areas.

effects, such as ion bombardment damage and/or selectivity degradation, also need to be
considered in determining a suitable bias power. To illustrate this, Fig. 3.7 (b) shows the
result that uses the same gas ratio of Cl2/BCl3 = 35/25 sccm as that used in Fig. 3.5 (b)
but with the bias power increased from 100 W to 150 W. As a result, the 150-W bias power
case yields a thinner final hard mask oxide thickness, indicating that a higher bias power
exhibits a poorer etching selectivity against the capping oxide.

3.2.3 Process Flow for Al Comb-Driven Resonators

To first identify if Al has a high mechanical Q needed for a low actuation voltage, a one-mask
fabrication process as depicted in Fig. 3.8 is used to achieve a metal aluminum folded-beam
comb-driven resonator. In particular, the process starts with a silicon wafer coated with a
2-µm low temperature silicon dioxide (LTO) via LPCVD of Fig. 3.8 (a) serving as a sacrificial
material. A 3-µm Al layer is then sputtered on the wafer by the S-gun sputtering system
described in III.A, followed by structure photolithography and etching (cf. Fig. 3.8 (b)
and (c), respectively). Finally, a timed release is performed in Silox Vapox III® (Transene,
Inc.), a commercial oxide etchant saturated with Al for enhanced selectivity [15], to partially
remove the sacrificial LTO, yielding the final suspended structure anchored by the remaining
oxide to the substrate (cf. Fig. 3.8 (d)). Again, the simplicity of the one-mask process allows
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Figure 3.9: Surface micromachined fabrication process used to achieve the slotted Al dis-
placement amplifiers.

a fast turnaround time to reveal the quality factor of materials as the structural layer of
resonators.

3.2.4 Process Flow for Al Disk Resonators/Displacement
Amplifiers

Fig. 3.9 presents the fabrication process flow used to achieve slotted disk resoswitches in
metal aluminum structural material. The Al slotted resonant switch with an all-Al structure,
including interconnects and the structure itself, allowing the device to be integrated directly
over advanced CMOS.

The process begins with the growth of 2-µm thermal oxide on a starting silicon substrate,
followed by atomic layer deposition (ALD) of 100-nm Al2O3, both of which together serve
as electrical insulation. A 100-nm thick pure aluminum film is then sputtered and patterned
via plasma etching, as shown in Fig. 3.9 (a). Next, 750 nm of LPCVD oxide is deposited
at 400 ◦C to act as a sacrificial layer, followed by photolithography and etching to form
anchors (Fig. 3.9 (b)). Note that the 400◦C deposition temperature is the lowest temperature
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Figure 3.10: SEM images of (a) the fabricated Al comb-drive and (b) a zoom-in view on the
comb structures.

limit of the deposition furnace and less than 2/3 of the Al melting point, chosen minimize
impact on the first Al thin film. The second Al film (for the structure) is then sputtered
2.5-µm thick, followed by deposition of a 1.5-µm-thick oxide hard mask (Fig. 3.9 (c) (d)).
The electrode-to-resonator spacing is then defined by depositing a 70-nm sacrificial LPCVD
oxide, again at 400 ◦C, as seen in Fig. 3.9 (e). The field oxide is then patterned to access
interconnects (Fig. 3.9 (f)), followed by a 1.5-µm Al deposition, which is patterned to form
electrodes (Fig. 3.9 (g)). Finally, vapor phase HF (Primaxx® Etch System, SPTS) removes
all sacrificial oxide to yield Fig. 3.9 (h). Here, vapor phase HF is chosen rather than Silox
Vapox III® for the reasons that the Silox Vapox III® solution would still attack Al in a slow
rate and the structure and interconnect Al cannot sustain such a long release time, much
longer than that needed for the comb-driven devices, required to clean up the narrow gaps
around the disk structure; plus, vapor phase HF exhibits a very high oxide:Al selectivity
that ensures the Al structure remains intact after the release step.

3.3 Experimental Results

3.3.1 Al Comb-Driven Resonators

Fig. 3.10 presents SEMs of a fabricated one-mask Al comb-driven resonator. Tested in a
typical two-port RF measurement with a commercial transimpedance amplifier IC (SA5211)
connected at the output, the Al comb-drive resonator yields a measured frequency response
as shown in Fig. 3.11 under a bias of 50 V and a vacuum level of 10-5 Torr, showing a
Q up to ∼20,000. This as-fabricated Q value is essentially higher than the achieved Qs
in electroplated Ni devices treated with post-fabrication annealing [16] and close to that
demonstrated in polysilicon version [17], identifying that sputtered aluminum material indeed
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Figure 3.11: Measured frequency response of the Al comb-drive showing a high mechanical
Q in Al structural material up to ∼20,000.

has a high mechanical Q.

3.3.2 Al Disk Resonators/Displacement Amplifiers

Fig. 3.12 depicts the SEM of a fabricated Al slotted-disk displacement-amplifying resoswitch
with a radius of 32 µm and slots sized as (wb, ws, θs) = (9 µm, 5 µm, 90◦). The displacement
gain of the slotted resoswitch was measured using the RF/LO mixing measurement setup
described in Chapter 2 designed to simultaneously measure motional currents from any two
ports on a capacitively transduced resonator (cf. Fig. 3.13). Particularly, the displacement
gain, defined as the ratio of the displacement amplitude along the output axis to that along
the input axis, can be extracted from the power levels measured from the input and output
electrodes via

G =
Xo

Xi

∼
√
Po√
Pi

(3.1)

Fig. 3.14 plots the measured power waveforms generated at the electrodes of the Al slotted
disk of Fig. 3.12, clearly showing a larger power level attained at the output compared to that
along the input axes. Plugging the measured power values into (1) yields a displacement gain
of 5.38× for the slotted displacement-amplifying resoswitch, confirming the efficacy of slot-
based stiffness engineering. In contrast, Fig. 3.15 presents the measured power waveforms
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Figure 3.12: SEM of a fabricated Al slotted disk displacement amplifier.

of a conventional 32-µm-radius Al wine-glass disk resonator with no slots introduced, where
a similar power level is observed at both the input and output electrodes indicating the
displacement amplitudes along the two axes are identical.

However, the Q in the Al wine glass disk resonator is only around 1,500 (cf. Fig. 3.15),
much lower than the high-Q observed in the one-mask Al comb-drives. The low-Q could be
contributed from several mechanisms among which the Al film quality degraded during the
additional process steps in the disk fabrication perhaps is the dominant one. This hypothesis
can be verified by measuring the Q of the comb-driven resonators available on the same wafer
fabricated using the complete five-mask disk fabrication process (cf. Fig. 3.9), which also
yields a Q round ∼1,000.

As will be discovered and discussed in Chapter 4, the Q of slotted disks Al devices
degrades. In particular, thermoelastic damping (TED) dominates the energy loss in slotted
structures and TED could be even enhanced in metal materials. As a result, a Q∼500 was
observed in the measured frequency responses of Fig. 3.14.

Of course, further improvement of the fabrication process as well as investigation of
other possible mechanisms that may cause the low-Q issue are needed. If the Q in the
conventional Al disk resonators can be recovered to a point around that measured in the
one-mask Al comb-drives, then the array technique could be employed to achieve a certain
desired dis-placement gain, consisted by multiplying the displacement gain of each individual
slotted disks designed in a low-to-mid range aimed for retaining a reasonable high-Q. For the
demonstration purpose, however, a Q on the order of thou-sand is already enough to achieve
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Figure 3.13: Schematic of the measurement setup that was used to characterize the motional
currents simultaneously from two different electrodes of the slotted disk.

the desired filter-power amplifier circuit which will be discussed in the following section.

3.3.3 Al Switched-Mode Filter-Power Amplifiers

Fig. 3.16 plot the schematic of the circuit that was used to demonstrate the filter-power
amplifier embedded with a slotted-disk Al resoswitch. The input signal was applied to the
input axis via a network analyzer sweeping the frequency around the resonance frequency of
the slotted resoswitch, the input electrodes were dc-biased at VP,in = 21 V separated from the
vin using a bias-T circuit, and the resoswitch structure was tied to a 2-V supply of VP , disk.
When vin = 2 V near the 23-MHz resonance frequency, the output displacement amplitude
becomes large enough to impact the output electrode, thereby switching the 2-V VP , disk
supply to the output 50-Ω load to yield an output waveform as of Fig. 3.17 with a voltage
amplitude of 0.15 V. When the input signal vin is swept over a frequency span around the
resonance frequency, the resoswitch responds and produces output signals only over a small
bandwidth around the resonance peak. For input signals outside this bandwidth, the switch
is at rest, and there is no output. Thus, as advertised, the device performs both frequency
selection and power amplification, which is also illustrated in Fig. 3.2, where (a) plots the
frequency domain displacement of the resoswitch structure, (b) shows its output power gain
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Figure 3.14: Measured frequency responses from the input and output ports of a slotted
displacement-amplifying Al disk.

Figure 3.15: Measured frequency responses from the input and output ports of a non-slotted
Al wine glass disk.
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Figure 3.16: Schematic of the demonstrated Al filter-power amplifier together with the
measurement setup.

Figure 3.17: Measured hot switching waveform of the Al filter-power amplifier using the
measurement setup of Fig. 3.16.
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spectrum and finally (c) depicts the time domain waveforms. Particularly, the displacement
of resoswitch is limited by the gap spacing and create a small bandwidth of switching (cf.
Fig. 3.2 (a)), and within this bandwidth the device delivers power from the disk supply to
the output to realize power amplification (cf. Fig. 3.2 (b)), where the output signal level is
much higher than that outside the switching band (i.e., essentially a feedthrough signal) (cf.
Fig. 3.2 (c))

Note that although there is no voltage gain, the input impedance of 200 kΩ determined
by the device motional resistance is much higher than the output 50-Ω load, and thus, the
input driving power and delivered output power can be calculated as

Pin =
(vin/

√
2)2

Rin

=
(2/
√

2)2

200k
= 10µW (3.2)

Pout =
(vout/

√
2)2

RL

=
(0.15/

√
2)2

50
= 238.6µW (3.3)

The measured power gain can then be calculated to be 13.8 dB. Unfortunately, this power
gain lasted only a short while. In particular, the device pulled into its electrode due to the
need for a rather large VP,in, brought about by a device Q of only 500, which is subject to
be improved by tailoring its fabrication process.

3.4 Conclusions

The displacement-amplifying metal Al micromechanical resoswitch-equipped filter-power
amplifier has been demonstrated a power amplification gain of 13.8 dB with simultaneous
frequency selection function enabled by the vibrating resonant mechanical structure. This
demonstration presents a novel method that can be utilized to greatly reduce the power
consumption of RF front-end amplifiers towards ultra-low power wireless communications.
In particular, the resoswitch-embedded amplifier circuit requires no standby power to oper-
ation while the input signal is out of band (i.e., while being in rest) which in turn eliminates
the standby power that usually dominates the battery drain especially in the systems where
the receive chain needs to be on at all times. With fabrication improvements to enhance
the quality factors to improve the reliability, and with design options to reduce the input
signal sensitivity and noise level, there seems to be plenty room for further performance
improvement.
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Chapter 4

Quality Factor of Micromechanical
Resonators and Resoswitches

Since (as shown in [8]) the sensitivity of a resoswitch-embedded receiver is proportional
to frequency and inversely proportional to the Q of its resoswitch, Q is apparently one
of the most important attributes that determine the performances of such receivers. This
chapter will discuss 1) intrinsic loss mechanisms of conventional wine-glass disk resonators;
2) annealing techniques to raise Q of micromechanical nickel as well as polysilicon-filled
CNT composite comb-driven resonators; 3) loss mechanisms in slotted disks; and 4) loss
mechanisms in elliptic disks.

4.1 Quality Factor Fundamentals

The energy loss mechanisms responsible for limiting the Qs of micromechanical resonators
have been widely discussed and modeled [18] and include gas damping [19], thermoelastic
dissipation (TED) [20], phonon-phonon interactions [21], phonon-electron interactions [22],
and anchor loss [23], each of which is summarized pictorially in Fig. 4.1. The energy loss
contributed by each of these mechanisms can be modeled as an individual Q i that combines
with the other Q i’s to set the total Q of a given micromechanical resonator according to the
expression

1

Q
=
∑
i

1

Qi

(4.1)

where i is meant to indicate any one loss mechanism.
Among the listed loss mechanisms, gas damping is most easily rendered inconsequential

by merely operating under vacuumsomething that will be necessary anyway when operat-
ing at cryogenic temperatures. All other listed mechanisms, however, are more difficult to
eliminate, so must be considered. Table 4.1 provides analytical expressions from the open
literature for some of the more well-researched ones.
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Figure 4.1: Schematic pictorially summarizing important loss mechanisms that constrain the
Q of a wine-glass disk resonator.

Phonon-Phonon Interaction Qph−ph =
ρν2
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Phonon-Electron Interaction Qph−e =
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ρ: density α: thermal expansion coeff.
ν: sound velocity σ: electric conductivity
C: heat capacity me: electron mass
κ: thermal conductivity εF : Fermi energy
VD: Debye sound velocity e: electron charge
ψ: mode shape-determined constant

Table 4.1: Expressions estimating the Q limits imposed by various loss mechanisms in mi-
cromechanical resonators
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Among the mechanisms in Table 4.1, phonon-phonon interaction and thermoelastic dis-
sipation are generally more dominant than phonon-electron interaction and have reciprocal
dependences on temperature that en-courages the use of cryogenic operation to raise Q.
So far, however, these loss mechanisms have never been measured for micromechanical res-
onators at VHF and higher frequencies. Rather, for micromechanical resonators designed to
avoid TED, anchor losses have always dominated; or at least they have set an upper bound
on Q that is lower than that predicted by the expressions in Table 4.1. For this reason, it is
quite possible (and even likely) that measurements of Q versus temperature for any existing
VHF and higher micromechanical resonator will reveal more the dependency of anchor loss
on temperature, rather than the dependencies of the mechanisms in Table 4.1. To maximize
the chances of actually observing phonon-phonon interactions or thermoelastic dissipation,
a resonator design that minimizes losses to the substrate via anchors is needed.

4.2 Cryogenic Operation to Raise Q

4.2.1 Test Devices–Wine-Glass Disk Resonators

In addition to anchor losses, transducer losses must also be minimized. For this reason, a
resonator using capacitive transducers is perhaps most appropriate here, since such transduc-
ers intrude very little with resonator operation, so commonly allow the highest Q ’s among
transducer types. This work utilizes the capacitively transduced wine-glass disk resonator
depicted in Fig. 4.2 (a) and (b), comprising a 32 µm-radius, 3 µm-thick disk surrounded by
four closely spaced electrodes and supported by anchored beams attached at quasi-nodal
locations, where radial displacements are negligible compared to other parts of the disk
structure when the disk vibrates in its wine-glass mode shape shown in Fig. 4.2 (c). As
shown, the device is ex-cited to resonance via a combination of a dc-bias volt-age VP applied
to its conductive resonant structure and an ac signal voltage vi applied to two symmetrically
placed input electrodes, both of which combine to in-duce a drive force at the frequency of
vi. Once vibrating, an output current io is generated by the ensuing VP -biased time varying
capacitance between the disk and its output electrodes. Attachment of supports at nodal
locations helps to block the energy conduit from disk to support, thereby minimizing anchor
losses to the substrate. Such losses are further reduced by making the supports as thin as
permissible by lithography and sizing them to correspond to quarter-wavelength dimensions
[12]. With careful support design, wine-glass disks generally exhibit the highest VHF Qs at
room temperature among other available geometries, including free-free beams and contour
mode disks, so are arguably the best vehicles with which to study temperature dependent
loss mechanisms. The Q of this resonator design can be further increased by reducing the
number of supports, which then further reduces anchor losses. As shown in [24], wine-glass
disks exhibit their highest Q ’s over 150,000 when using two 1 µm-wide supports; and much
lower Q ’s 9,000 when supported by four 3 µm-wide supports. Thus, by merely varying the
number and orientation of supports, such as in Fig. 4.3, the Q ’s of wine-glass disks can be
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Figure 4.2: (a) Schematic of a wine-glass disk micromechanical resonator in a preferred two-
port bias, excitation, and sense configuration. (b)SEM photo of a wine-glass disk resonator
test device. (c) Wine-glass mode shape simulated via finite element analysis showing the
locations of quasi-nodal points.

tailored to within specific ranges. In fact, the variation in Q among wine-glass disks with
varying numbers of supports can be used to gauge the degree to which anchor losses still
influence the Q at any given temperature.

4.2.2 Cryogenic Measurement

Fig. 4.4 presents a photo of the setup used to measure the frequency characteristics of
micromechanical wine-glass disks under cryogenic temperatures. Here, a Suss MicroTec
PMC150 cryogenic probe station is used that allows probing of chuck-mounted wafers under
high vacuum while they are cooled via liquid helium (to the chuck). A turbo pump is used
to provide vacuums down to 6 × 10−5 Torr, which practically eliminates air damping while
providing thermal isolation against convection. A feedback control heating unit allows precise
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Figure 4.3: Schematic of wine-glass disk micromechanical resonators using various support
configurations to vary anchor losses in this work: (a) four 1-µm supports; (b) two 1.5-µm
supports oriented 180◦; and (c) two 1.5-µm 90◦-oriented support beams.

Figure 4.4: Photo of the Suss MicroTec PMC150 probe station used to measure microme-
chanical resonators at cryogenic temperatures.
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(a) At 300K (b) At 5K

Figure 4.5: Measured frequency response for a 32 µm-radius wine-glass disk with two asym-
metric supports at room temperatures and at cryogenic temperatures with VP = 3 V.

control of the device temperature during measurement. Ideally, devices can be cooled to ∼4.2
K using this probe station, dependent upon several conditions, e.g., the lowest achievable
pressure.

Fig. 4.5 (a) and (b) present frequency characteristics measured using this set-up for two-
support 32 µm-radius wine-glass disks with VP = 3 V at 300 K (i.e., room temperature)
and at 5 K, where Q ’s of 144,074 and 362,768, respectively, are observed. The increase
in Q of 2.5× not only verifies the utility of cooling to increase micromechanical resonator
Q, but would also result in a nearly 10-dB improvement in the phase noise performance
of an oscillator referenced to the tested device. Fig. 4.6 presents a measured plot of Q
versus temperature for 32 µm-radius wine-glass disks with varying numbers and orientations
of support beams. Here, the measured curves clearly show higher Q ’s for devices employing
fewer supports, and this even at cryogenic temperatures. Thus, although Q ’s do rise with
decreasing temperature, it is likely that anchor losses still dominate among loss mechanisms,
and thus, still mask losses due to phonon-phonon interaction or other mechanisms.

Interestingly, the device employing an asymmetric two-support suspension performs bet-
ter than that using a symmetric one, at least from a Q perspective. In addition, the Q of
the symmetric two-support suspended device does not exceed that of the four-support device
until the temperature drops below 20K. More study into this phenomenon is needed to iden-
tify the exact mechanism, but it is possible that over certain temperatures the symmetric
two-support suspension imposes a more non-uniform stress field onto the disk than either
the four-support or asymmetric two-support suspensions, thereby generating more loss over
most of the low temperature range.
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Figure 4.6: Measured Q vs. temperature for 32 µm-radius wine-glass disks with varying
numbers and orientations of support beams.

4.2.3 Measurement vs. Theory

Although impressive, the measured Q of 362,768 at 5 K is nowhere near the 300 million
exhibited by quartz at a similar temperature. The question then arises: Why isn’t the Q of
the micromechanical resonator also in the millions? As already mentioned, it is likely that
anchor losses are still dominant in this work, and the measured curves of Fig. 4.6 still do
not convey the ultimate Q limited by phonon-phonon or other interactions. To convey the
degree to which anchor losses (or some other loss) dominates, Fig. 4.7 plots the theoretically
predicted Q limits imposed by TED, phonon-phonon interactions, and phonon-electron in-
teractions, alongside the measured data of Fig. 4.6. Here, theoretical values are obtained via
Table 4.1, using parameter values obtained from existing literatures [25][26][27][28]. From
the plot, phonon-phonon interactions impose the highest energy dissipation among these loss
mechanisms, so set the lower bound on Q. Clearly, however, this lower bound is still much
higher than the measured data, further bolstering a suspicion that another loss mechanism,
most likely anchor loss, still dominates the measured Q ’s

Whatever the dominant loss mechanism is, the Q seems to show a relatively weak depen-
dence on temperature for temperatures below 100K. Above 100K, on the other hand, a dip
in the Q versus temperature curve is observed. Looking closely at Fig. 4.7, this dip seems
to coincide with the predicted dip imposed by phonon-phonon interactions, suggesting that
although other loss mechanisms mask much of the desired information on phonon-phonon
interactions, the data of Fig. 4.7 might still confirm at least the portion and parameters of
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Figure 4.7: Plot of measured Q versus temperature alongside theoretical Q limits imposed
by various loss mechanisms.

the theory that set the temperature where phonon-phonon-based losses peak

4.3 Annealing to Raise Q

An alternative approach to raise the Q is to anneal the as-fabricated devices. Here, a
electroplated nickel comb-driven resonator is used to demonstrate this technique.

4.3.1 Test Devices–Nickel Comb-Driven Resonators

Fig. 4.8 shows the electroplated nickel comb-driven resonator fabricated using a process
similar to that in [16]. The as fabricated Q is in the range of 500. The possible reason
for low Q might result from the low temperature process (i.e., 50◦) which could lead to a
less dense structural material. To density the material, as what is done for low-temperature
oxide, the as fabricated Ni device is annealed using rapid thermal annealing (RTA) at 400◦ for
a short 2 mins. Fig. 4.9 plots the measured frequency responses before and after annealing,
showing that the Q dramatically increases from the initial 561 up to 11,000.
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Figure 4.8: SEM and measured frequency spectrum of a micromechanical electroplated nickel
folded-beam comb-driven resonator.

4.4 Material Approach to Raise Q: Polysilicon-Filled

CNT Structural Material

To date, capacitively-transduced micromechanical resonators have posted the highest Qs
among on-chip resonator technologies, with Q values exceeding 150,000 in the VHF range [29]
and exceeding 11,000 in the GHz range [30]. However, the exceptional Qs of these resonators
are avail-able in concert with the sub-200 Ω impedances desired by off-chip board-level
applications only when technologies that achieve tiny high aspect-ratio gaps are used, such
as that of [31] or [32]. Aside from impedance issues, there are applications that demand even
higher Qs at GHz frequencies [33], which means higher frequency-Q products are also desired.
To this last point, theoretical studies in literature generally predict that the material Q of
SiC should exceed that of silicon at the same frequency [25][34]. So far, however, actual SiC
devices have yet to best silicon in this area. This combined with higher electrical resistance
and greater difficulty depositing low-stress doped SiC makes this material much less popular
than silicon or polysilicon for high Q, high aspect-ratio applications.

Recently, Hutchinson [35] demonstrated a polysilicon-filled CNT grass structural mate-
rial that combines carbon and polysilicon on the nanoscale in a process that achieves high
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Figure 4.9: Measured frequency responses of the comb-driven resonator shown in 4.8 before
and after a rapid thermal annealing for 2 mins at 400◦, showing Q substantially increases
from 561 to >10,000.

aspect-ratio microstructures more easily than conventional deposition and etch based meth-
ods. Although its combination of silicon and carbon are not at the molecular level, there
is some interest in determining how closely this material mixture might approximate the
material properties of molecular SiC. This work investigates this by first fabricating folded-
beam capacitive-comb-driven micromechanical resonators in polysilicon-filled CNT material
using a modified process that insures straighter sidewalls and adds post-fabrication in situ
annealing of structures to improve material properties; then extracting material properties,
such as Q and acoustic velocity, from their electrically measured resonance curves. Using
this approach, a 28.658-kHz in situ localized annealed version yields a Q of 3,230 twice as
high as that of an unannealed one; and an acoustic velocity of 9,042 m/s slightly higher than
the 8,024 m/s of polysilicon, and inching towards the ∼12,000 m/s typical of SiC.

4.4.1 Fabrication Process Flow

Fig. 4.10 presents the fabrication process flow used to achieve devices in polysilicon-filled
CNT structural material. This process is based on that of [35] but modified to include an
oxide mold that prevents CNTs at the edges of structures from growing sideways. This in
turn allows for smaller widths and gaps than those achieved in [35].

The process begins with heavy doping of the silicon substrate using POCl3, followed by
a blanket deposition of 5-µm-thick silicon dioxide to serve both as an insulating anchor and
as the aforementioned CNT-guiding mold. The silicon dioxide layer is then patterned and
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Figure 4.10: Fabrication process flow for folded-beam comb-driven microstructures in
polysilicon-filled CNT material.
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PolySiC PolySi-Filled CNTs

3 µm 7.5 hrs 2 mins+3 hrs

60 µm 6.2 days1 10 mins+3 hrs

Resistivity
(Ω-cm)

0.02 0.0016

Table 4.2: Deposition rate and resistivity comparison between CVD polySiC and polySi-filled
CNT grass

timed-etched to achieve the cross-section of Fig. 4.10 (c), where battlement-like structures
rise 3 µm above a 2-µm thick base of blanket oxide. Next, 5 nm of Fe seed layer (for later CNT
growth) is evaporated and lifted off the tops of the battlements by removing the remaining
photoresist to achieve the cross-section of Fig. 4.10 (d). CNTs are then grown using a gas
mixture of H2/C2H4 at 720 ◦C in a custom CVD furnace. The lengths of the CNTs, which
determine the eventual thick-ness of the structural layer, are controlled via the growth time–
in this case, only two minutes to attain a desired CNT grass thickness of 3 µm to achieve
the cross-section of Fig. 4.10 (e). The as-grown CNTs are then filled by depositing a thin
layer of LPCVD doped polysilicon, followed by a timed dry etch of polysilicon to remove
the polysilicon layer on the surface, but keep the polysilicon in the composite material, to
yield the cross-section of Fig. 4.10 (g). Finally, a timed HF dip releases the structures while
preserving oxide mesas under large area features that serve as anchors.

It should be noted that the CNT growth rate is substantially faster than the deposition
rate of conventional SiC CVD processes. To expand on this, Table 4.2 summarizes the
required deposition time according to a reported deposition rate for polycrystalline SiC
CVD [36] compared to the CNT growth time under the conditions described above, plus the
fixed 3-hr deposition time for filling with polysilicon. Alt-hough the desired thickness for the
devices designed here is around 3 µm, this process provides even greater benefits for thicker
structures, e.g., 60-µm thick, for which the needed CNT grass requires only 10 minutes of
deposition time under the growth conditions used here.

To gauge the efficacy of oxide molding, Fig. 4.11 compares SEMs of CNT structures grown
with (right) and with-out (left) the oxide mold, before and after filling with polysilicon.
Clearly, the sidewalls are uneven after polysilicon filling without the guiding oxide mold,
while the oxide mold confines the growth towards straight sidewalls after filling. This process
not only provides a relatively fast method for fabricating high-aspect ratio structures with
small gap structures, it also does so with little stress compared with alternative methods.

1This is of course an unrealistically long deposition time. In practice, rather, a thinned SiC wafer can
be used.
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Figure 4.11: SEMs of CNT structures grown (a) with and (b) without the oxide mold, before
and after polysilicon-filling.

Figure 4.12: SEM of polysilicon-filled CNT clamped-clamped and cantilever beam arrays
immediately after release, showing little or no curling or buckling.
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Fig. 4.12 confirms this with a SEM showing released clamped-clamped and cantilever beam
arrays constructed in polysilicon-filled CNT material with no apparent buckling and much
less bending than other approaches. Thus, if this material does end up approximating SiC, it
would do so while avoiding many of the stress issues often experienced by structures formed
using CVD SiC. Indeed, stress control remains a major challenge for CVD SiC [37].

4.4.2 As-Fabricated Polysilicon-Filled CNT Material Properties

To allow characterization via electrical measurement, this work employs one-mask folded-
beam capacitive comb-driven resonators [38], such as shown in Fig. 4.13 (a), as measurement
vehicles. As with previous one-mask devices, the anchors in this device are made much
larger than any resonator features to allow complete undercutting of the resonator while
retaining sufficient oxide under the anchors to hold the structures steadfast to the substrate.
Fig. 4.13 (b) zooms in on the interdigitated fingers of the device’s transducer, showing the 1-
µm gaps in ∼3-µm thick polysilicon-filled CNT material achieved by this process. This SEM
also reveals considerable surface roughness immediately after fabricationa problem to be
addressed. To extract material properties, such as Q and acoustic velocity, the resonance
behavior of this device must be measured, and this was done using conventional means,
such as described in [39]. Fig. 4.14 presents the measured frequency response of a 28.482-
kHz folded-beam comb-driven device using a 30V-bias under 10-4 Torr immediately after
fabrication, i.e., with no post-fabrication annealing (to be used later). Here, a Q of 1,636 is
measured, which is lower than the Q of 10,000 exhibited by previous LPCVD polySiC comb-
driven micromechanical resonators [40]. On first glance, the lower Q seems to arise at least
partly from surface energy losses associated with the large surface roughness of the structure
shown in Fig. 4.13 (b). One look at Fig. 4.15, however, which presents cross-sections of the
polysilicon-filled CNT material, reveals voids that form during the polysilicon filling process
and that could be major source of defect-based losses, where hysteretic movement of defects
consumes energy, leading to loss and reducing Q. Although quite porous, the polysilicon-
filled CNT material seems to still post a very good resistivity of 1.610−3 Ω × cm, which is
an order lower than reported for previous CVD polycrystalline SiC films [36].

To extract acoustic velocity, the well-known formula for the resonance frequency of a
folded-beam comb-driven resonator is used, which can be expressed by [39]

fo =
ν

2π

√
2(
W

L
)3

1

Aequiv

, ν =

√
E

ρ
(4.2)

where ν is the acoustic velocity of the material governed by its Youngs modulus E and
density ρ; W and L are the width and length of the supporting beams, respectively; and
Aequiv is the equivalent area of the shuttle, truss and beams, determined by considering their
respective kinetic energies [39].

Table 4.3 summarizes measured frequencies for devices with varying beam lengths. By
plotting measured frequency versus 1/

√
L3, as shown in Fig. 4.16, the acoustic velocity of
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Figure 4.13: (a) Overview and (b) zoom-in SEMs of a fabricated polySi-filled CNT comb-
driven resonator.
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Figure 4.14: Electrically measured frequency response of the resonator of Fig. 4.13 before in
situ localized annealing.

No.
Beam Size L/W

(µm)
Equiv. Area
Aequiv (mm2)

Frequency (kHz)

1 140/2 0.0151 28.67

2 150/2 0.0152 25.95

3 160/2 0.0152 23.40

Table 4.3: Summary data for devices used in acoustic velocity extraction
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Figure 4.15: Zoom-in SEM of the cross-section view of a released structure showing the voids
inside the material.
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Figure 4.16: Curve fitting to extract the acoustic velocity of polysilicon-filled CNT material
from frequency information.

this material is extracted to be 9,042 m/s from the slope. It should be noted that this
direct electrical measurement of resonance provides a more accurate reading of material
properties, especially for acoustic velocity, than the non-electrical, non-resonance methods
used previously [35]. The fact that the measured value of acoustic velocity sits between the
8,024 m/s of polysilicon and the 12,000 m/s of SiC seems to suggest that the combination
of silicon and carbon in the makeup of this material, although not at the molecular level,
still approximates to some degree the behavior of SiC, at least from an acoustic velocity
standpoint.

4.4.3 In Situ Localized Annealing to Raise Q

As already stated, the measured Q of 1,636 is not reminiscent of previous CVD SiC, as it is
too low. To raise the Q of the as-fabricated polysilicon-filled CNT material, an in situ local-
ized annealing step was applied, which has been demonstrated previously to raise the Q ’s of
nickel comb-driven micromechanical resonators from 4,103 to 14,172 [16]. Fig. 4.17 describes
the annealing setup: a voltage difference Va sends electrical current into one anchor, through
the structure and its supports, then out the other anchor, all while the device is driven
into resonance vibration via an ac voltage provided by a network analyzer. The electrical
current Joule-heats the structure and its supports to temperatures exceeding 1300◦C when
Va = 4 V (predicted by finite element simulation), allowing annealing of the structure while
it operates. Fig. 4.18 presents measured frequency characteristics before and after in situ
localized annealing under Va = 4 V for one hour and cooling down to room temperature (i.e.,
Va = 0 V), revealing a doubling in Q over the original unannealed Q to a value of 3,230.

To provide some insight into the mechanism behind the observed of Q increase, Fig. 4.19
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Figure 4.17: Setup for in situ localized annealing and measurement of frequency character-
istics.

presents SEMs showing the surface morphology before and after in situ annealing, revealing
a much smoother surface afterwards. That the Q is higher when the surface is smoother
bolsters the suspicion that surface roughness-derived energy losses play a key role in limiting
the Q of this material. However, there are other plausible reasons, such as 1) removal of
contaminants from the surface and voids of the polysilicon-filled CNT material; 2) hardening
of anchors after high temperature treatment; and 3) removal of material defects, which occurs
more rapidly when high temperature raises defect diffusivity during device operation help
to push them out toward the material surfaces. Whatever the mechanism, the observed
doubling in performance is quite welcome.

4.4.4 Conclusions

Although in no way polished at this time, polysilicon-filled CNT grass material seems to
exhibit material properties commensurate with the needs of some lower end MEMS appli-
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Figure 4.18: Measured frequency characteristics before and after in situ localized annealing
under Va = 4 V.

Figure 4.19: (a) SEMs of unannealed and annealed parts; and (b)-(c) respective zoom-in
views.
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cations. In particular, the measured frequency response for a 28.658-kHz in situ localized
annealed folded-beam comb-driven resonator in this material yields a Q of 3,230, which is
not unusable; and an extracted acoustic velocity of 9,042 m/s that sits right between the
8,024 m/s of polysilicon and the 12,000 m/s of SiC, suggesting that the makeup of this
material, although not at the molecular level, might still approximate to some degree the
behavior of SiC, at least from an acoustic velocity standpoint. If so, then it does so with the
further benefits of a considerably faster fabrication process for low-stress high-aspect ratio
structures with small gaps. Obviously, further improvements on film quality (e.g., its me-
chanical Q) are needed before any conclusions can be made on whether or not this material
really approximates SiC, and how closely (if at all).

4.5 Quality Factor of Slotted-Disk Displacement

Amplifiers

4.5.1 Quality Factors vs. Varying Slot Geometry

Although slotted disks nicely provide the needed displacement amplification without com-
plicated processing steps, they do so at the expense of Q. In particular, measurements in-
dicate that slotted disks yield lower Q compared to that of conventional non-slotted disks.
Fig. 4.20 plots measured Q for varying slot designs and support schemes. The support
schemes include side supporting beams placed at the quasi-nodal locations with dimen-
sions of W/L = 1 µm/5.8 µm, 2 µm/3 µm, and 2 µm/1 µm (where W and L represent the
support beam width and length, respectively), and a center stem with a diameter of 4 µm
(Dstem = 4 µm). Among them the support beam of W/L = 1 µm/5.8 µm corresponds to a
quarter-wavelength support (i.e., a clamped-guided beam) [41] [42]. In the ideal case, this
configuration should confine the strain energy caused by disk vibration to the structure:
none of this energy dissipates in the substrate, thereby maximizing Q. In practice, however,
the quarter-wavelength-supported version does not the Q∼140,000 seen in [13]. The finite
tolerance in photolithography results in non-ideal quarter-wavelength sup-ports leading to
a non-slotted Q∼68,000. Other support beam sizes perform less well and ostensibly suffer
larger anchor losses. On the other hand, the center stem supported disk yields a non-slotted
Q∼110,000, even with a stem diameter of 4 µm. This result indicates that the wine-glass
mode shape exhibits less susceptibility to the center stem support compared to radial mode
devices [30], which often suffer low Q due to energy dissipation through the center stems.
Nevertheless, slots induced to the disks reduce Q to a range of 1,500-15,000, depending upon
the slot dimension and support scheme.

4.5.2 Energy Losses in Slotted Disks

The “beam” structure of the slotted area as illustrated in Fig. 4.21 suggests the presence
of excessive thermoelastic damping (TED). This damping which typically exhibits little
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Figure 4.20: Measured Q ’s for conventional non-slotted resonators and displacement ampli-
fiers with elliptic and arc slots with varying support scheme as labeled.

influence on conventional wine-glass disks due to the long heat transfer pat–thus, the TED
characteristic frequency is much lower than the resonance frequency–seemingly becomes a
dominant source of loss in slotted-disk displacement amplifiers. Additionally, as the actual
mode shape changes and becomes asymmetric (no longer a pure wine-glass mode), energy
loss through supporting beams is likely to increase. Other energy loss such as phonon-
phonon interaction would also impose a geometry-independent energy loss [43]. The overall
Q, therefore, takes a general form of

1

Q
=

1

QTED

+
1

Qanchor

+
1

Qphonon−phonon
+ ... (4.3)

Recent research focused on loss analysis identifies TED as the dominant loss factor for
micromechanical beam resonators [20] [44] since its frequency-dependent magnitude incurs
the maximum at frequencies in the vicinity of the resonance frequencies. TED-induced Q
takes a general form of
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Figure 4.21: Simulated vibration-induced temperature deviations in (a) a CC-beam; (b) an
elliptic-slot disk; (c) an arc-slot disk; and (d) rectangular-slot disk, illustrating the postula-
tion of the thermoelastic loss in the slot region.

where Wmax represents the maximum strain energy stored in the vibrating mechanical struc-
ture; and ∆WTED represent the TED-induced energy dissipation in one cycle. Fig. 4.22
presents the schematic of a slotted disk used to model the TED-induced Q. The figure ap-
proximates the slotted disk as a combination of a CC-beam and a disk portion operating in
a wine-glass mode shape.

Most of the works on TED of micromechanical beam resonators consider the TED energy
loss only along the beam thickness direction assumed much shorter, hence higher thermal
gradient, than along the length direction [20] [45]. However, the equivalent beam length and
thickness in slotted disks differ by only a factor of 2-3. Thus, TED-induced for slotted disks
needs to incorporate TED-induced energy loss along both the length (in-plane) and thickness
(transverse) directions. Additionally, the heat transfer around the slot area induces excessive
energy loss distinct from those within the beam structure itself.

To do this, an analytic model developed in [46] that fully captures TED-induced energy
loss along both length and thickness axes of a CC-beam resonator (cf. Fig. 25) is used here,
taking the form of
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C

h

θsr′wb

∞∑
m=1

∞∑
p=1

ωn
k
C

(β2
m + γ2

p)

ω2
n + k2

C2 (β2
m + γ2

p)
2
χ2
mη

2
p (4.5)



CHAPTER 4. QUALITY FACTOR OF MICROMECHANICAL RESONATORS AND
RESOSWITCHES 74

Figure 4.22: Schematic of a slotted disk used to calculate the thermoelastic damping in which
the slotted disk is approximated as a composite of a partial wine-glass disk and CC-beams.

where
βm =

mπ

θsr′
,m = 1, 2, . . .

γp =
pπ

wb
, p = 0, 1, 2, . . .
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cos γpz(z − wb/2)dz

and where Z is the displacement of the CC beam along the z axis; E, α, k, and C are the
structure material’s Young’s modulus, thermal expansion coefficient, thermal conductivity,
and heat capacity, respectively [41]. The use of sin βmx and cos γpz accounts for the ther-
mal boundary conditions of isothermal on the clamped-clamped ends along the x-axis and
adiabatic on the free-free ends along the z-axis, respectively.

At frequencies of interest, the summation term in (4.5) which includes the addition of
β2
m and γ2

p can be approximately split into two terms, representing energy losses along the
beam thickness (∆WTED,⊥) and along the beam length (∆WTED,‖), and the TED-induced
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energy loss takes a linear combination of the two losses:
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Differing from ∆WTED, ‖, TED inside the disk, where the boundary conditions are pre-
scribed rather as free-clamped ends and the temperature linearly distributes over an equiv-
alent width of w′b, takes the form

∆WTED,disk =
4πE2α2To

C

h

θsr′wb

∞∑
m=1

∞∑
p=1

ωn
k
C

(β2
m)

ω2
n + k2

C2 (β2
m)2

χ2
mη

2
p (4.7)

where
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where sin γqz
′ accounts for the free-clamped thermal boundary conditions and z is defined

starting from the free end, i.e., the edge of slots, towards the center of the disk.
On the other hand, the maximum strain energy Wmax in (4.4) contains strain energy

stored in the “beam” and remaining disk structures:

Wmax = 2Wbeam +Wremainingdisk

= 2κbeamWCCbeam + κdiskWpartialWG−disk
(4.8)

where κbeam and κdisk represent the FEA-derived correction factors accounting for deviations
from the strain energy calculated using the analytical formula described in the following;
WCCbeam and WpartialWG−disk represent the strain energy stored in the beam and in the
remaining disk structure, respectively. According to Euler-Bernoulli beam theory, WCCbeam

takes the form

WCCbeam =
1

2
EI

∫ θsr′

0

(
∂2Z ′

∂x2

)2

(4.9)

As the beam length is shorter less than 10× the thickness, the actual strain energy in
the beam reduces by the factor of κbeam derived by FEA simulation:

κbeam = log10

(
θsr
′

wb

)
(4.10)
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WpartialWG−disk takes the form

WWGdisk = 4× 1

2

∫ R

0

∫ π
2
− θs

2

0

(σrεr + σθεθ + 2σrθεrθ)rdrdφ

+2× 1

2

∫ R−wb−ws

0

∫ π
2

+ θs
2

π
2
− θs

2

(σrεr + σθεθ + 2σrθεrθ)rdrdφ

(4.11)

where

σr =
E

1− ν2
(εr + εφ), σφ =

E

1− ν2
(εφ + νεr), σrφ =

E

1 + ν
εrφ

εr =
∂Ur
∂r

, εφ =
1

r
(Ur +

∂Ur
∂φ

), εrφ =
1

2
(
1

r

∂Uφ
∂φ

+
∂Uφ
∂r
− Uφ

r
),

where Ur and Uφ are the radial and tangential displacements of the wine glass mode shape,
respectively. The following equations of the radial and tangential displacements used in
(4.11) normalize the maximum radial amplitude to unity (i.e., ∆d = 1 in Fig. 24) and use
m = 2 for wine glass mode [13]

Ur =

[
∂
∂r
Jm

(
ζR
ξ
r
)

+ mB
A

1
r
Jm
(
ζ
R
r
)]∣∣∣12 (Jm−1

(
ζ
ξ

)
− Jm+1

(
ζ
ξ

))
+ mB

A
1
R
Jm(ζ)

∣∣∣ cos (mφ),

Uφ =

[
−1
r
Jm

(
ζR
ξ
r
)
− B

mA
∂
∂r
Jm
(
ζ
R
r
)]∣∣∣12 (Jm−1

(
ζ
ξ

)
− Jm+1

(
ζ
ξ

))
+ mB

A
1
R
Jm(ζ)

∣∣∣ sin (mφ),

(4.12)

where

ζ = 2πfoR

√
ρ(2 + 2σ)

E
, ξ =

√
2

1− σ
, and m = 2.

The amplitude of Z ′ in (4.5) and (4.9) depends on the achievable displacement gain and
takes the form

|Z ′| = Disp.Gain×∆d−
∣∣∣∣cos(2

(
π

2
− θs

2

))∣∣∣∣∆d, (4.13)

where the cos (2φ) term comes from the angular dependence of Ur along φ and where the
displacement at the input ∆d, whose magnitude equals one, is kept here for clarity.

The correction factor κdisk for WpartialWG−disk takes the form

κdisk = D3(1− cos θs)
3 +D2(1− cos θs)

2 +D1(1− cos θs) + 1, (4.14)

where

D3 = −23.814

(
wb + ws
wb

)
+ 20.926,

D2 = 24.18

(
wb + ws
wb

)
− 18.985,
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Figure 4.23: Theoretical QTED vs. extracted QTED showing that for a larger displacement
gain suffers higher thermoelastic damping and thus, a lower QTED magnitude and that disks
with rectangular slots exhibit higher TED compared to disks with other slot designs.

and D1 = 1.455

(
wb + ws
wb

)3

− 5.118

(
wb + ws
wb

)2

+ 2.497

(
wb + ws
wb

)
+ 1.477

4.5.3 Theoretical versus Measured QTED

Fig. 4.21 plots the deformation-induced temperature deviation for an equivalent CC-beam
and slotted disks with varying slot designs. Note that (1) the elliptic-slot case exhibits
similar thermal distribution, hence similar TED, in the upper and lower halves of the slots;
(2) the arc-slot (2) the elliptic- and arc-slot designs have a temperature distribution with an
equivalent width around wb/2 while the rectangular slot exhibits a broader distribution of
∼ wb.

Measured Q of non-slotted and slotted disks can be used to estimate slot-induced QTED

via
1

QExtractTED,slotted

=
1

QMeasure,slotted

− 1

QMeasure,noslot

(4.15)

Fig. 4.23 plots QExtract TED, slotted from (4.15) for the three slot designs alongside QTED

from the theory given by (4.4). The arc-slot and rectangular-slot displacement amplifiers
possess lower QTED magnitudes compared to the elliptic-slot counterpart. As shown in 4.21,
compared to the elliptic-slot version, the arc-slot design has a larger thermal gradient in the
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Figure 4.24: Measured Q versus aspect ratio from three dies. Here, AR=1 corresponds
to a circular disk, while higher ARs indicate ellipses. AR=1.2 presents the lowest Q while
AR > 1.6 seems to be able to recover Q back to that of a circular disk. (Reprint of Fig. 2.26)

disk area while the rectangular-slot design has a wide thermal distribution that generates
higher ∆WTED,disk

4.5.4 Conclusions

Slot-induced Q degradation of slotted-disk displacement amplifiers has been identified. Mea-
surements on devices with varying slot designs and support schemes indicate that thermoe-
lastic damping and anchor loss constitute the primary energy loss mechanisms decreasing
Q in slotted-disk displacement amplifiers. Particularly, that a larger displacement gain suf-
fers higher thermoelastic damping and thus, a lower QTED magnitude and that disks with
rectangular slots exhibit higher TED compared to disks with other slot designs. Possible
remedy to the trade-off between Q and displacement gain is coupling multiple displacement
amplifiers with a low-to-medium displacement gain and acceptable Q into an array that
supposedly ensures a high Q while achieves a higher displacement gain than a single device.
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Figure 4.25: (a) Schematic of an elliptic disk dissipating energy into the substrate while
vibrating. (b) FEA-simulated deformation of the center stem bottom (substrate is not
shown for clarity). (c) Illustration of z displacement components versus rotating angle along
the circumference at the bottom of the center stem when the elliptic disk vibrates in the
wine glass mode shape.

4.6 Quality Factor of Elliptic-Disk Displacement

Amplifiers

4.6.1 Quality Factor vs. Varying Ellipse Aspect Ratio AR

Fig. 4.24 reprints Fig. 2.26 of measured Q as a function of AR for several elliptic disks
spanning 82.4-96.5 MHz on three different dies, indicating similar Q variations regardless
of their Q magnitudes. Interestingly, when AR = 1.2 Q drops consistently from that of a
conventional circular wine glass disk (AR = 1), but increases afterwards as the AR rises.

4.6.2 AR-Dependent Anchor Loss

The measured Q of 100,000 for a 96-MHz AR = 1 circular disk is short of the expected
intrinsic Q limit, most likely due to a combination of anchor loss and phonon-phonon in-
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Figure 4.26: FEA-simulated z-displacement components versus aspect ratio, indicating a
large vibration magnitude along the z axis when AR = 1.2.

teraction loss [34][47]. Since phonon-phonon interaction energy loss is less influenced by
geometry, the reduction in Q as AR changes from 1 to 1.2 likely results from anchor dis-
sipation. In particular, the center stem dissipates energy into the substrate via z-directed
motion perpendicular to the substrate surface, as illustrated in Fig. 4.25(a).

4.25(b) and (c) plot the FEA-simulated mode shape around the anchor area and the z
displacement amplitude as a function of angle θ for a point along the circumference of the
bottom of the center stem where it attaches to the substrate. Here, the z displacement
comprises an average component “Zdisp,avg” and a varying one with peak-to-peak magnitude
“Zdisp,pp” . An increase in either component raises the amount of energy lost to the substrate,
thereby lowering Q.

4.26 plots the simulated z-displacement components, “Zdisp,avg” and “Zdisp,pp”, as a func-
tion of AR for elliptic disks with varying AR values. Here, the simulated 1 µm-radius, 0.7
µm-tall center stem seems to best couple the vibrating energy of the 95-MHz elliptic disk
when the AR = 1.2, which produces the largest “Zdisp,avg”, as shown in 4.26. This ob-
servation aligns well with the measurement results of 4.24 where the elliptic disks with an
AR = 1.2 yield the lowest Q ’s. In addition, aside from the circular disk case (AR = 1), AR
= 1.6 yields the smallest “Zdisp,avg”, which might explain why this AR yields the highest
measured Q ’s for two of the curves in 4.24. For AR > 1.6, on the other hand, although
“Zdisp,avg” magnitudes rise as AR increases, “Zdisp,avg”’s decrease, perhaps cancelling the
former and allowing Q ’s on par with that of AR = 1.6, as shown in 4.24.
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Chapter 5

Laser Frequency Trimming of
Micromechanical Resonant Devices

In addition to Q, frequency accuracy of resoswitches is another important attribute as the
resoswitch resonance frequency needs to align with the target radio frequency when used
as a filter-power amplifier. This chapter will discuss laser frequency trimming technique for
post-fabrication resonance frequency correction.

5.1 Overview

Over the past decade, vibrating high-Q RF MEMS devices have played an important role in
wireless communications. For example, piezoelectric film bulk acoustic resonators (FBARs)
have served as front-end duplexers in CDMA phones since their introduction in 2001 [48];
timing oscillators referenced to capacitive gap-transduced micromechanical resonators have
steadily increased their market share [49]; and new products that use single resonators to
realize complete transceivers are on the horizon (this Thesis).

For applications enabled by vibrating MEMS technologies, resonator frequency stability
and accuracy are two important attributes. To date, there are several solutions that attain
adequate frequency stability. Examples of temperature compensation techniques that achieve
thermal stability performance on par with AT-cut quartz crystals include introduction of
silicon dioxide into structural materials [50], electrical stiffness compensation [51], and inte-
grated micro-ovens combined with phase-locked loops [52]. On the short-term stability front,
devices that satisfy GSM phase noise specifications have also been demonstrated [29][53].
On the other hand, an ultimate solution that enables accurate resonator frequency is still
missing. A popular approach often used in commercial products is to embed vibrating
devices in a fractional-N phase locked loop (PLL) circuit to pro-duce an accurate output
frequency [54][55]. This approach can generally yield frequency accuracy within 10 ppm via
digital baseband control. However, fractional-N circuits inherently generate large spurs that
can potentially interfere with other channel users. Although the spurs can be suppressed via
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Figure 5.1: Schematic of laser trimming on micromechanical CC-beam resonators.

compensation circuits (i.e., narrowband loop filters, highly linear charge pumps, or advanced
fractional modulators), the resultant excess phase noise, settling time, power consumption,
and design complexity make this approach impractical for many communication applications.

Indeed, precise frequency trimming would obviate any need for fractional-N locking
and rather allow direct embedding of a MEMS-based frequency-setting element into the
closed-loop oscillator circuit within an integer-N PLL with resultant improvements in power
consumption and noise performance. Beyond benefits to timing and frequency references,
ppm-level trimming would also simplify the manufacture of very small percent bandwidth
MEMS-based bandpass filters, such as needed for channel-selecting front-ends [56]. With
percent bandwidths as small as 0.03%, such multiple-resonator mechanical circuits might
require matching between adjacent resonators to within 10 ppm to avoid excessive passband
distortion and spurious responses.

It is no surprise that there has been an abundance of re-search focused on trimming
frequency by tailoring resonator structure mass and stiffness, including the use of metal dif-
fusion [56], localized oxidation [57], or laser pulses [54][58]. However, these methods have
faults. Although the metal diffusion technique is possible to trim up or down via different
diffusion metals, it falls short of simultaneous bidirectional trimming flexibility. Addition-
ally, metal diffusion and localized oxidation techniques require Joule heating through the
structures, limiting applicable resonator geometries and materials–e.g., they will not work
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Figure 5.2: (a) Schematic of a CC-beam micromechanical resonator in a favored 2-terminal
measurement setup. (b) Mode shape of fundamental transverse vibration by finite element
analysis.

for nonconductive piezoelectric structural materials. In contrast, applying laser pulses to
partially remove the structural material, as illustrated in Fig. 5.1, appears as a universal yet
simple frequency trimming approach, as it enables bidirectional frequency tuning flexibility
with no significant reduction in Q [58]. Unfortunately, the demonstrations of laser trimming
so far lack a comprehensive analytical model that predicts the dependence of frequency shift
on laser blast location, which otherwise would enable an efficient trimming sequence that
consists of the minimum number of laser pulses for a target tuning amount.

To remedy this, an analytical model that employs rotational springs to model stiffness
reduction induced by laser blasts captures well the frequency shift dependence on trimming
location. Here, a fabricated micromechanical clamped-clamped beam (CC-beam) resonator
trimmed by a Nd:YAG laser serves as the demonstration vehicle, verifying the efficacy of
laser trimming and the accuracy of the analytical mod-el. While presenting a good match
to the measurement results of CC-beams, the theory enables a modeling framework for laser
trimming on generic beam resonators. For instance, it would work for cantilevers or free-free
beam resonators if the according boundary conditions are used in the theory.

5.2 Frequency Trimming Fundamentals

Fig. 5.2 (a) presents a schematic of a micromechanical CC-beam resonator in a typical
bias and excitation configuration. The CC-beam resonator comprises a beam anchored at
both ends, with an underlying electrode typically spaced 100 nm (i.e., do in Fig. 5.2 (a))
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Figure 5.3: Effective mass and stiffness for a CC-beam ((l, w, h) = (40 µm , 10 µm, 2 µm)),
showing a trimming hole generates location-dependent stiffness and mass deviations and
therefore a location-dependent frequency shift.

below. Under normal operation, a dc-bias VP is applied to the beam structure via a bias-
T circuit, and ac excitation vi to the underlying input electrode, where VP >> vi. This
combination of voltages generates an electrostatic force at the frequency of vi that drives
the beam into vertical resonance vibration (i.e., perpendicular to the plane of the substrate)
as the simulated mode shape shown in Fig. 5.2 (b) when the frequency of vi matches the
beam resonance frequency [59]. The resonance frequency for CC-beam resonators (or for
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any mechanical structure) takes a general form

fo =
1

2π

√
kr
mr

(5.1)

where kr and mr are the effective stiffness and mass, respectively, at a certain location along
the beam. Fig. 5.3 plots the effective mass and stiffness as a function of normalized location
for a polysilicon CC-beam resonator sized as (l, w, h) = (40 µm, 10 µm, 2 µm), where both
parameters exhibit symmetrical distribution and the minimum magnitudes at the midpoint.

As mentioned, laser pulses blasts induce deviations to the effective stiffness and mass of
Fig. 5.3. The deviations shift the resonance frequency fo by a magnitude of ∆f to f ′:

f ′ = fo + ∆f =
1

2π

√
kr + ∆k

mr + ∆m
(5.2)

where ∆f and ∆m represent stiffness and mass offsets, respectively. The mass deviation ∆m-
induced frequency shift linearly proportional to the ratio between removed mass in magnitude
over location-dependent mr [59]. For a fixed size of removed mass, the dependence of ∆m-
induced frequency shift on location would follow the trend of mr in Fig. 5.3. On the other
hand, the magnitude of stiffness deviation ∆k itself depends on the vibrating mode shape.
As will be seen, instead of calculating the magnitude of ∆k, a model that includes rotational
springs at laser blast locations directly solves resultant resonance frequencies of trimmed
CC-beams.

5.3 Modeling of Laser Trimming of CC-Beam

Resonators

Fig. 5.4 depicts a trimmed CC-beam as an example where the beam has a width w of
with three 1

5
-w diameter laser spots on the surface. The procedure used here to estimate the

resonance frequency of such a CC-beam outlines as follows: first, divide the beam into several
parallel beams separating the intact portions from the trimmed portions; then, calculate the
resonance frequency of the trimmed portions using the model discussed in a bit; finally,
combine the resultant frequency of the trimmed portions with that of the intact parts to
estimate the overall frequency. Performing the first step to the CC-beam of Fig. 5.4 yields
one 1/5-w-wide partial beam with the three laser blasts and two 2/5-w-wide intact beams,
where the trimmed beam portion approximates the laser blasts as uniformly cut across the
surface with a crack-like cross-section profile as indicated by the atomic force microscopy
(AFM) image shown in [54]. For the fact that the cracks essentially soften the effective
dynamic stiffness of the beam and there-by allow the structure to have extra bending while
vibrating in the transverse modes, rotational springs would successfully capture stiffness
modification induced by the laser blasts.
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Figure 5.4: Schematic of a trimmed CC-beam where the CC-beam is decomposed by two
intact CC-beams and one CC-beam that has the trimming holes across the width.

Fig. 5.4 depicts a CC-beam with a width of and three 1
5
-w-diameter laser blasts on the

surface. The procedure to obtain ∆k-induced resonance frequency change for such a CC-
beam outlines as follows: (1) divide the beam into several parallel beams separating intact
portions from trimmed portions; (2) calculate the resonance frequency of trimmed portions
using a model discussed shortly; and (3) combine the resultant frequency with that of the
intact parts to attain the final resonance frequency. Performing the first step to the CC-beam
of Fig. 5.4 yields one 1

5
w-wide partial beam with three laser blasts and two 2

5
w-wide intact

beams. AFM image provided in [54] shows that laser blasts exhibit crack-like cross-section
profiles. Thus, for simplicity, the model represents laser blasts as cracks uniformly cut across
the beam surface (cf. Fig. 5.4).

5.3.1 Stiffness Change–a Rotational Spring Model

The cracks introduce a spring softening effect, allowing extra bending when the beam vibrates
in the transverse direction. The extra bending suggests that rotational springs to capture
the stiffness modification [60]. Fig. 5.5 plots an equivalent mechanical model for the trimmed
portion of Fig. 5.4, in which rotational springs (j = 1, 2, and 3) represent the corresponding
laser blasts with depths of aj. The beam now consists of n rotational springs and (n + 1)
segments (i.e., n = 3 in this case). One possible way to attain the resonance frequency
of such a mechanical model is to solve the boundary conditions, using the state vectors at
junctions of beam segments and rotational springs and the state-vector transfer matrixes of
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Figure 5.5: Schematic of a trimmed CC-beam and its mechanical model, where the trimming
spots are modeled as cracks. Three cracks are shown in this example with depths of a1, a2,
and a3, at locations x1, x2, and x3, respectively. Each of the cracks is modeled as a rotational
spring (k1, k2, and k3).

of beam segments and rotational springs [60].
Considering a beam structure in free transverse vibration governed by Euler-Bernoulli

beam theory, the displacement φ(x) takes on the form

φ′′′′(x)− λ4φ(x) = 0, (5.3)

where λ, the frequency parameter, takes the form

λ4 = ω2 ρA

EI
(5.4)

in which Ω is the angular resonance frequency; E and ρ are the Youngs modulus and density
of the structural material, respectively; A is the cross-section area of the beam; I is the area
moment of inertia about x axis in Fig. 5.5. From (5.3), one possible set of state vectors at
the left (x = 0) and right (x = L) ends of the entire beam takes the forms

S+
o =


φ(0+)
φ′(0+)

EIφ′′′(0+)
−EIφ′′(0+)

 and S−L =


φ(L−)
φ′(L−)

−EIφ′′′(L−)
EIφ′′(L−)

 , (5.5)

respectively. Similarly, the state vectors for the left and right ends of the beam segment
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sandwiched by laser blasts at xj − 1 and xj are

S+
j−1 =


φ(x+

j−1)
φ′(x+

j−1)
EIφ′′′(x+

j−1)
−EIφ′′(x+

j−1)

 and S−j =


φ(x−j )
φ′(x−j )

−EIφ′′′(x−j )
EIφ′′(x−j )

 , (5.6)

respectively.

Rotational Spring Transfer Matrix

The magnitude of the additional rotational angle ∆θ(xj) induced by the laser blast at xj
relates to the corresponding rotational spring kj via

θ(x+
j ) = θ(x−j ) + ∆θ(xj) (5.7)

where

∆θ(xj) =
1

kj
M(xj)

where M is the moment applied on the beam. Recalling that θ(x) = φ′(x) for small angles
and that the differential equation governing an elastic curve

φ′′(xj) =
M

EI
, (5.8)

(5.7) becomes

φ′(x+
j ) = φ′(x−j ) +

EI

kj
φ′′(x−j ). (5.9)

Rewriting (5.9) using the state vectors yields
φ(x+

j )
φ′(x+

j )
EIφ′′′(x+

j )
−EIφ′′(x+

j )

 =


1 0 0 0
0 1 0 k−j 1
0 0 −1 0
0 0 0 −1




φ(x−j )
φ′(x−j )

−EIφ′′′(x−j )
EIφ′′(x−j )

 (5.10)

→ S+
j = J j · S−j ,

where J j is the transfer matrix of the rotational spring kj.
From Castiglianos second theorem, the additional rotation equals the first partial deriva-

tive of the strain energy in the rotational spring with respect to the applied moment, taking
on the form

∆θ =
∂UT
∂M

, (5.11)
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where UT represents the strain energy induced by the crack. The magnitude of the strain
energy can be obtained by integrating the strain energy density JS over the crack depth,
yielding

UT = w′
∫ a

0

JS da, (5.12)

where w′ is the width of the cracked beam portion and the strain energy JS takes the form

JS =
1− ν2

E
K2
I , (5.13)

where is the stress intensity factor of an opening mode fracture (i.e., Mode I). Here, based
on an empirical function developed for macroscopic single-edge crack beam specimen under
pure bending moment of M [61], the magnitude of the stress intensity factor KI takes the
form

KI = σ0

√
πa× F (α),

where σ0 =
6M

w′h2
, α =

a

h
,

(5.14)

where F (α) is an adjusting factor based on empirical data

F (α) = 1.12− 1.40α + 7.33α2 − 13.1α3 + 14.0α4. (5.15)

Plugging (5.12) and (5.14) into (5.11) and then comparing with (5.7) finally yields

k−1
j =

6πh(1− ν2)

EI
IC(αj),

where IC(αj) =
1

2
α2
jF

2(αj).

(5.16)

Beam Segment Transfer Matrix

Next, the beam segment between xj−1 and xj can be described by a transfer matrix T j that
links the state vectors at both ends of the beam segment, such as

S−j = T j · S+
j−1, (5.17)

where the transfer matrix T j takes on the form

T j =


K1(λlj) K2(λlj)/λ K4(λlj)/EIλ

3 −K3(λlj)/EIλ
2

λK4(λlj) K1(λlj) K3(λlj)/EIλ
2 −K2(λlj)/EIλ

−λ3EIK2(λlj) −λ2EIK3(λlj) −K1(λlj) λK4(λlj)
λ2EIK3(λlj) λEIK4(λlj) K2(λlj)/λ −K1(λlj)

 (5.18)
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where lj (= xj −Xj−1) is the segment length and K1 to K4 equal to

K1(x) =
1

2
(cosh(x) + cos(x))

K2(x) =
1

2
(sinh(x) + sin(x))

K3(x) =
1

2
(cosh(x)− cos(x))

K4(x) =
1

2
(sinh(x)− sin(x))

(5.19)

Multiplying all transfer matrices of the rotational springs and the beam segments (i.e., as
described by (5.10) and (5.18), respectively) renders the transfer matrix of the entire n-crack
beam Q , which links the state vectors of the right end (i.e., S−L) and left end (i.e., S+

0 ) of
the beam:

S−L = T n+1 · J n·T n · J n−1 · · · J 2 ·T 2 · J 1 ·T 1 · S+
0

⇒ S−L = Q · S+
0 ,

(5.20)

On the other hand, the boundary conditions at both ends of the beam take on the matrix
forms [

B0
11 B0

12 B0
13 B0

14

B0
21 B0

22 B0
23 B0

24

]
φ(0+)
φ′(0+)

EIφ′′′(0+)
−EIφ′′(0+)

 = 0⇒ B0 · S+
0 = 0

[
BL

11 BL
12 BL

13 BL
14

BL
21 BL

22 BL
23 BL

24

]
φ(L−)
φ′(L−)

−EIφ′′′(L−)
EIφ′′(L−)

 = 0⇒ BL · S−L = 0

(5.21)

Combining (5.20) to (5.21) leads to

B0 · S+
0 = 0

BL · S−L = BL ·Q · S+
0 = 0

⇒
[

B0

BLQ

]
S+

0 = A · S+
0 = 0,

(5.22)

The determinant of the 4times4 matrix A in 5.22 needs to vanish for the existence of
non-zero solutions:

det(A) = 0 (5.23)

Solving (5.23) yields the value of the frequency parameter λ and finally attain the natural
frequency ω of the n-crack beam via (5.4).

Here, in the case of clamped-clamped supports, the boundary condition matrices B0 and
BL in (5.21) are simply

B0 = BL =

[
1 0 0 0
0 1 0 0

]
, (5.24)
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Figure 5.6: Frequency shift (relative to a crack-free version) versus crack location for a
CC-beam resonator with dimensions of (l, w, h) = (40 µm, 10 µm, 2 µm) estimated by the
analytical model.

and there (5.23) reduces to

det (A) = Q13Q24 −Q23Q14 = 0, (5.25)

where Qmn represents the element in the overall transfer matrix Q in (5.20). Fig. 5.6 plots
the frequency shift as a function of normalized crack location for two normalized crack depth
values for a single crack CC-beam with dimensions of (l, w, h) = (40 µm, 10 µm, 2 µm). For
most beam locations, the amount of frequency shift increases as the crack depth increases due
to a lowered magnitude of rotational spring stiffness. However, there are two particular spots,
symmetrically located at x/l = 0.224 and 0.776, where the resonance frequency remains
unaffected by laser blasts. Zero frequency change indicates no additional rotation at the
two particular locations, where, according to (5.7) and (5.8), both the internal moment and
second derivative of deflection of the fundamental flexural mode shape are zero. In other
words, the two locations represent the inflection points of such a mode shape. Interestingly,
it can be proved that the two locations also coincide with the nominal nodal line locations
of the fundamental flexural mode of a free-free beam resonator [62]. Fig. 5.7 plots the
resonance frequency shift estimated by the analytical model alongside the FEA simulations
by CoventorWare®, showing that the theory matches FEA prediction fairly well.
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Figure 5.7: Comparison of frequency shift versus crack location using the analytical model
and CoventorWare FEA for a CC-beam resonator with dimensions of (l, w, h) = (40 µm, 10
µm, 2 µm).

5.3.2 Combining Trimmed and Un-trimmed Beam Portions

Now, we are ready to combine the resultant resonance frequency of the cracked beam portion
with the intact portions and attain the overall resonance frequency. The magnitudes of strain
energy in (5.12) and crack-induced additional rotation in (5.11) are proportional to crack
lateral dimension w. Thus, according to (5.7), for a first-order approximation, the compliance
k−1
j of the entire beam would be the compliance k−1

j of the cracked beam portion multiplied
by a dimension factor of γdim = w′/w. Here, we assume the laser blast has a semicircle
cross-section profile with a depth of and an opening width of 2a (i.e., w′ = 2a).

In addition, edge cracks exhibit higher stress intensity factors compared to cracks with
the same dimension but buried in the middle of the beam. The edge effect that further lowers
the beam stiffness should be considered in the correction factor together with the dimension
factor when combining the cracked beam portion with intact ones.

In fact, comparing the compliances of two single-crack beam specimens shown in Fig. 5.8–
(upper) one with a single crack that only extends partially over the beam width to capture
both the edge and dimension effects and (lower) one with an edge crack to represent the
cracked beam portion developed in the previous section–directly yields the overall correction
factor. Particularly, according to (5.16), the compliance (i.e., k−1

j ) is proportional to the
magnitude of IC and thereby an overall correction factor of the overall beam compliance
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Figure 5.8: Stress intensity factor test specimen used to estimate the adjusting factors for
partial-width trimming holes: (a) a partial-width central hole compared to (b) an edge hole.

Figure 5.9: Adjusting factors (inverse) for partial-width trimming holes for varying crack
depth, showing factors due to area and edge effects.
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Figure 5.10: Frequency shift versus trimming location in a CC-beam ((l, w, h) = (40 µm,
10 µm, 2 µm)) resonator with a 1-µm-diameter 0.5-µm-deep circular hole estimated by FEA
and the analytical model (only considering stiffness change).

takes the form [63]

γtotal = γdim × γedge =
IC, partial width

IC, edge

=
(2a
w

)2F 2
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h
)2F 2

edge

,
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w
)2√
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)
,
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h
) + 10.6(

a

h
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a

h
)3 + 30.4(

a

h
)4.

(5.26)

Fig. 5.9 plots the inverses of the dimension factor, γ−1
dim (i.e., (2a

w
)−1), of the edge effect

correction factors, γ−1
edge , and of the overall correction factor, γ−1

total , showing that while the
dimension correction factor reduces as the crack depth a increases, the overall correction
factor in fact increases due to the edge effect factor.

Plugging in values into (5.26) for the 0.5 µm-deep single-crack beam used in the previous
section as an example gives a total correction factor γtotal of 0.0718 that consists of the
dimension factor of 0.1 (i.e., =1 µm/10 µm) and the edge effect factor of 0.718. Fig. 5.10
plots the overall frequency shift of the entire cracked beam. The frequency shift reduces after
combining the cracked portion with intact ones. For example, at the midpoint it reduces
from the initial -23,642 ppm of Fig. 5.9 to -1,803 ppm. Note that the analytical model has
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Figure 5.11: Frequency shift pattern using the analytical model added with mass removal
effects, showing positive frequency shifts (i.e., trim-up) regions.

yet only emphasized stiffness-induced frequency shift, thereby resulting in an over-estimated
frequency shift magnitude compared to FEA simulation, as shown in Fig. 5.10.

5.3.3 Mass Change

As denoted in 5.2, mass removal of structural material by laser pulses also accounts for
frequency changes. Particularly, the magnitude of removed mass is usually much smaller
than the effective mass mr and therefore the amount of frequency shifts due to mass removal
takes the approximated form (where ∆m is a negative value)

∆f ≈ −1

2

∆m

mr

fo. (5.27)
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Figure 5.12: Photograph of the apparatus used to trim micromechanical CC-beam res-
onators.

For the laser blast profile shown in the inset of Fig. 5.11, the removed mass equals

∆m =
1

2
πa2w′ρ = πa3ρ, (5.28)

where ρ is the material density. Adding the mass-induced frequency shift to the result of
Fig. 5.10 yields a better match to what FEA predicts, shown in Fig. 5.11.

More importantly, Fig. 5.11 indicates that mass removal effects a net positive frequency
shift (i.e., trim-up) in the vicinity of the two specific locations where, as mentioned before,
the stiffness model predicts zero frequency changes. This allows coexisting bidirectional
frequency trimming controlled by targeting laser pulses, much more flexible than the metal
diffusion method in [56], which requires different add-on metal materials for either trim-up
or trim-down.

5.4 Experimental Results

To demonstrate, micromechanical CC-beam resonators were first fabricated by a micro-
fabrication process identical to that of [59], and then trimmed using a laser system (EZLaze
3) based on Nd:YAG laser (Class 3b). Fig. 5.12 presents the experimental apparatus used in
this work, where the laser head mounted onto the microscope unit of a probe station allows
a controllable laser spot size as small as 1.5-2 µm. A drawback of this apparatus is that



CHAPTER 5. LASER FREQUENCY TRIMMING OF MICROMECHANICAL
RESONANT DEVICES 97

Figure 5.13: Measured frequency response of a fabricated CC-beam resonator with dimen-
sions of (l, w, h) = (40 µm, 10 µm, 2 µm).

the positioning stage is manual, which lacks precision control. Results with better match to
theory would probably be more attainable than the measured data to be shown if automatic
positioning system were available [54]. Nevertheless, the experimental set-up is sufficient to
demonstrate the laser trimming technique.

5.4.1 Location-Dependent Frequency Trimming

Fig. 5.13 plots a measured frequency response of a fabricated CC-beam resonator sized as
(l, w, h) = (40 µm, 10 µm, 2 µm) with its SEM image inserted as an inset. Fig. 5.14 presents
the SEM of the CC-beam after being trimmed with a fixed energy level at 300 µJ at varying
locations, where the numbers indicate the applied laser pulse sequence.

Fig. 5.15 plots the measured frequency shift against laser trim location for the CC-beam
of Fig. 5.14 alongside that predicted by the analytical model and by FEA, in which the
laser blasts are 0.5 µm in depth. Note that for blasts close to the edges of the beam, both
measured data and FEA simulation (the one without topography) yield smaller frequency
shift magnitudes than those predicted by the theory. The reason for less frequency shift
results perhaps from the actual topography due to the support scheme that makes the beam
more compliant and thereby mitigates the effect of stiffness change by laser blasts. As shown
in Fig. 5.15, FEA with topography considered predicts a better match with measured data.

Another measurement performed on a longer CC-beam sized as (l, w, h) = (49 µm, 10 µm,
2 µm) with with a laser applying sequence different from the previous case. Fig. 5.17 presents
a similar result as Fig. 5.15, verifying that the theory is applicable to various beam dimensions
and that the frequency shift magnitude induced by a laser pulse depends only on the location
regardless of any previous pulses.
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Figure 5.14: SEM of the trimmed CC-beam resonator with dimensions of (l, w, h) = (40 µm,
10 µm, 2 µm), showing regions ablated by the applied laser pulses and with a inset of zoom-in
view of the laser trimming spot.

Figure 5.15: Measured frequency shift versus trimming location for the CC-beam resonator
of Fig. 5.14 alongside with that obtained from the analytical model and FEA simulation.



CHAPTER 5. LASER FREQUENCY TRIMMING OF MICROMECHANICAL
RESONANT DEVICES 99

Figure 5.16: SEM of the trimmed CC-beam resonator with dimensions of (l, w, h) = (49 µm,
10 µm, 2 µm).

Figure 5.17: Measured frequency shift versus trimming location for the CC-beam resonator
of Fig. 5.16 alongside with that obtained from the analytical model and FEA simulation.
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Figure 5.18: Measured Q versus laser pulse sequence for the device of Fig. 5.16, illustrating
how symmetric trimming maintains the CC-beam Q.

5.4.2 Symmetrical Trimming to Preserve Q

Fig. 5.18 plots the measured Q over eleven laser pulses applied on the CC-beam of Fig. 5.16,
showing no significant degradation. In particular, Q decreases after an asymmetrical trim,
but then restores to certain degree after another pulse applied at the mirrored location of
the previous shot with respect to the midpoint, suggesting that symmetrical trimming helps
maintain the Q. One possible mechanism of Q preservation is that symmetrical laser blasts
balance crack-induced stress. Other possible mechanisms, such as laser-induced annealing
or intrinsic stress relaxation, would also help preserve (or even raise) Q. As a result, the Q
of the CC-beam in Fig. 5.16 merely drops from its initial 5,927 to 5,898 after eleven laser
shots.

Another point of view for the Q degradation caused by an asymmetrical trim might be the
fact that an asymmetrical trim results in an asymmetrical mode shape, which could induce
larger energy dissipation through anchors during vibrating. To illustrate this, Fig. 5.19 plots
FEA-simulated vertical dis-placements (i.e., z -axis) at either ends of a CC-beam along the
beam width while vibrating in the fundamental transverse mode shape with (a) no trims; (b)
single trim at midpoint; (c) single trim at 15 µm away from midpoint; and (d) two mirrored
trims with each 15 µm away from midpoint. As shown, the single unbalanced trim exhibits
uneven displacements at two ends (Fig. 5.19 (c)), while the cases with no trim or with
symmetrical trims present a balanced movement, which might be key to preserving high Q.
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Figure 5.19: FEA-simulated mode shapes of vertical z-displacement at either ends of a CC-
beam ((l, w, h) = (40 µm, 10 µm, 2 µm)) with (a) no trimming holes; (b) a single trimming
hole at midpoint; (c) a single trimming hole away from midpoint by 15 µm, and (d) two
trimming holes symmetrically away from midpoint by 15 µm.

5.4.3 Deterministic Trimming of a CC-beam Resonator

As discussed, simultaneous bidirectional frequency trim-ming allows one to tune the res-
onance frequency to a desirable target more flexible–can still reach the target if missing
it. To illustrate, a CC-beam resonator (cf. Fig. 5.20) is trimmed from its as-fabricated
10.27612-MHz resonance frequency towards 10 MHz, a typical resonance frequency available
in quartz crystal oscillators. It should be noted that the overall frequency tuning range of
27,612 ppm is in fact much larger than the range in practical cases, which is usually within
1,000 ppm [54].

Measurement results from the previous section suggest targeting on locations close to
either ends of the CC-beam for large frequency shifts and on locations around the two
“trim-up” spots for small or positive shifts. Fig. 5.21 plots the resonance frequency versus
laser pulse index. After the first eight pulses, the resonance frequency effectively reduces
to 9.99991 MHz, less than 10 ppm away from the 10-MHz tar-get. Next, pulse#9 intends
to move the resonance frequency to a lower value of 9.99535 MHz, -465 ppm away from
10 MHz. The following pulses target on the trim-up spots intended to bring the frequency
back. With additional nine pulses, the resonance frequency finally returns to a frequency
value of 10.00098 MHz, less than 100 ppm from 10 MHz. Although the results are seemingly
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Figure 5.20: SEM of a CC-beam ((l, w, h) = (40 µm, 10 µm, 2 µm)) labeled with the sequence
of applied pulses that is used to demonstrate deterministic trimming from its initial resonance
frequency of 10.27612 MHz to the 10-MHz target frequency.

Figure 5.21: Resonance frequency and the corresponding Q as a function of the applied laser
pulse number for the deterministic trimming of the CC-beam resonator of Fig. 5.20 towards
a 10-MHz target frequency.
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Table 5.1: Pulse sequence used for deterministic trimming of a CC-beam resonator targeted
to a desired frequency of 10 MHz

# Power* [mJ] Distance from Center [µm] Frequency [MHz] Freq. Shift [ppm]

0 NA NA 10.27612 NA
1 0.6 20 10.25556 2000.9
2 0.6 20 10.23563 1944.1
3 0.6** 20 10.20464 3017.1
4 0.6** 20 10.16509 3876.3
5 0.6** 20 10.12708 3738.6
6 0.6** 20 10.06203 6424.1
7 0.51** 20 10.02722 3459.1
8 0.51 20 9.99991 2723.5
9 0.3 9.03 9.99535 456.0
10 0.27 10.3 9.99679 +144.4
11 0.27 12.1 9.99686 +6.8
12 0.27 12.8 9.99542 143.8
13 0.27 13.7 9.99630 +87.5
14 0.27** 14.1 9.99705 +75.0
15 0.3** 13.7 9.99595 109.5
16 0.3 14.8 9.99608 +12.5
17 0.3** 12.4/13.4 9.99842 +234.5
18 0.3 11.0 10.00098 +256.2

*Note that the power specified here is the power output from the laser aperture, not the
laser power that arrives onto the CC-beam resonators, which is believed to be much lower
than the values indicated here.
**Indication for those pulses, which have two shots performed at same distance away from
the center, unless otherwise specified (i.e., #17).

impressive, the returning resonance frequency could be even closer to the 10 MHz target, and
the number of pulses needed to bring the frequency back could be less if a precise positioning
stage were available. Table 5.1 summarizes the laser pulse index, the corresponding location
and energy, and the resultant resonance frequency. It is worthwhile to mention that the Q
changes from its initial 5,138 to 4,400 after the first eight pulses, and to an even higher value
of 5,402 after all eighteen pulses, possibly enhanced by laser-induced annealing and/or stress
releasing.
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Figure 5.22: (a) Schematic of a center stem supported disk resonator showing the measure-
ment setup and targeted trimming locations. (b) The FEM simulated wine glass mode shape
showing a hole on the disk solid model (mass removal) to imitate the trimmed spot.

5.5 Laser Trimming of Micromechanical Wine-Glass

Disk Resonators

Wine-glass disk resonators (cf., Fig. 5.22 (a)) [13] are expected to have potentials being ap-
plied in more applications than their CC-beam counterparts, having been demonstrated with
Q ’s > 145,000 at 60 MHz with phase noise performance nearly satisfying GSM specifications
when being embedded in a oscillator circuit [13]. These resonators, however, are typically
350× stiffer than CC-beams, so cannot be tuned as easily via dc-bias-induced electrical stiff-
ness. Thus, laser trimming is quite desirable for wine-glass disk resonators, much more than
for the CC-beams.

Fig. 5.22 (a) presents a schematic of the micromechanical disk resonator, along with
the two-port measurement set up used in the work. The disk has a radius of 12 µm with
center stem size of 2 µm in diameter and gap spacing of 40 nm and is tied to a dc bias on
its structure, and excited/sensed via the two surrounding electrodes. The preferred wine
glass mode shape (with higher measured Q over radial contour mode [30]) is illustrated in
Fig. 5.22 1(b) with a hole on the disk solid model to mimic a trimmed spot.
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Figure 5.23: Measured frequency shift versus the trim location measured from the center of
disk, presenting a good matching against the FEM simulated data. The SEM of the trimmed
disk is shown in the inset with pulse sequence number labeled.

5.5.1 Experimental Results of Laser Trimming of Disk
Resonators

The disk resonators were first fabricated using a micro-fabrication process similar to that
in [30] of a conventional polysilicon disk resonator supported by a center stem, except that
instead of opening the stem anchor throughout the polysilicon structure, the bottom sacri-
ficial oxide was first opened for the stem layer and then structural polysilicon layer refilled,
chemical-mechanical polished (CMP’ed) and patterned. The use of CMP has also been ap-
plied to the electrode polysilicon after deposition to ensure less topography in the following
photolithography step, as well as to remove the overhead of electrodes, which were believed
as one of the factors that limit the pull-in voltage of the devices. Then, the fabricated devices
were trimmed using the same manual positioning laser system for CC-beam resonators.

Fig. 5.23 presents the frequency shift versus the pulse location of a fabricated 155-MHz
center stem supported wine glass disk resonator with a radius of 12 µm The device SEM
image is shown in the inset of Fig. 5.23 with labeled laser pulse sequences. The disk resonator
was trimmed along the zero-tangential-movement axis (cf. Fig. 5.22) from the center and
towards the edge of disk. presenting a coarse negative frequency shift up to 1787 ppm for
targeting at 2 µm away from the center and a fine positive shift as precise as +41.5 ppm
when trimming at 9.3 µm from center, together exhibits a flexible bidirectional frequency
trimming as also observed in the CC-beam devices.

However, unlike the CC-beams and side supported disks in [58] where the Q ’s degraded



CHAPTER 5. LASER FREQUENCY TRIMMING OF MICROMECHANICAL
RESONANT DEVICES 106

Figure 5.24: Measured Qs versus the pulse number that has been applied sequentially,
exhibiting Q degradation for trims of #1 and #2, which are closest to the center.

Figure 5.25: FEM simulation for comparison of vertical displacement (shown as the color
legend) for trimming location occurred at (a) 8 µm, and (b) 2 µm from the center, illustrating
unbalanced movement/stress was introduced by a close-to-center laser pulse.
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Figure 5.26: Measured frequencies and Qs for a trimming sequence with all pulses being
applied on the edge of disk, verifying the postulation that Q can be kept as long as pulses
are away from the center.

by asymmetric trims, the measured Q ’s of the center stem supported disk (cf. Fig. 5.24)
drops during the first two shots (i.e., location 1 and 2 in the SEM) for which the laser pulses
were targeted in the vicinity of disk center and then remains visually unchanged after-wards.
In other words, once the laser pulse is away from the center stem, the Q in a center stem
supported disk seems immune to the laser trimming process. As a result, the Q-reduction
in a side supported disk caused by unbalanced trimming is possibly resolved by the center
stem support scheme, where the stress introduced by laser pulses can be relieved even with
unbalanced trims. One of the possible mechanisms that lead to the degradation of Q might
be the laser pulse-induced stress causes unbalanced support of disk, and it could be better
illustrated by Fig. 5.25 of the FEM simulated out-of-plane displacement (along z-axis) for
two cases of trimming location such as (a) 8 µm and (b) 2 µm away from center. The case
of Fig. 5.25 (b) clearly shows a much more asymmetrical vertical movement occurred for
entire disk as well as on the center stem and therefore dissi-pates more energy (i.e., low-
Q) through the stem. To further verify this observation, another experiment presented in
Fig. 5.26 performed only trims around the edge of the disk and again confirmed that the
Q almost remains unchanged after each pulse and the overall reduction of Q after six laser
pulses is only 8.7% of the initial value.
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5.6 Conclusions

Permanent frequency trimming of vibrating micromechanical CC-beam and radial disk res-
onators has been demonstrated using location-dependent laser trimming with additional
geometrical targeting measures that allow bidirectional frequency shifts and that suppress
variations in resonator Q. In particular, an analytical model developed to capture the fre-
quency trimming location dependency shows a good agreement with measured trimming re-
sults on micromechanical CC-beam resonators with varying dimensions. Additionally, laser
trimming preserves Q of micromechanical resonators by symmetrically targeting the pulses
that help redistribute the localized stress and restore the unbalanced mode shape generated
by uneven pulses.

Although only CC-beams serve here as the demonstration vehicle, it is quite straight-
forward to employ the analytical model on beam resonators with differing support schemes,
e.g., free-free beams or cantilevers, by simply altering the boundary condition matrices (i.e.,
(5.24)) accordingly. Yet, it is possible to apply the theory on other resonator geometries,
such as disk and extensional ring resonators that are perhaps more useful in RF reference
applications, given that their stress intensity factors are available. Work towards this con-
tinues.
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Chapter 6

Conclusions

By harnessing the nonlinear dynamics of micromechanical vibrating devices, the resoswitch
technology as applied to resonant switching applications indeed enables new horizons in
ultra-low power (zero-quiescent power receivers) and on-chip high voltage (charge pump)
applications. This dissertation focuses on the development of the very first zero-quiescent
power filter-amplifier that employs a metal aluminum surface micromachined displacement
amplifying resoswitch. The beauty of the approach towards near-zero receivers is that the
device not only draws zero power while in stand-by but also functions as a channel-selecting
filter–essentially combining the filter and amplifier in a receiver front-end.

As a typical switch, the resoswitch wishes the input terminal controls the operation
and reminds isolated from other parts of the device. Therefore, the vibrating displacement
of the structure along the output axis is necessarily at least larger than that along the
input axis–in this case, the input signal remains intact as the structure switches only to the
output. To achieve this, here utilizes the slotted disk approach first demonstrated in [11],
which yields directional stiffness differences by cutting slots into the structure of a wine glass
disk resonator. This approach successfully effects displacement gain in a single mechanical
disk rather than using the area-consuming coupled disk array seen in [6]. A FEA-based
semi-empirical model for displacement gain prediction allows the first-hand estimation of
achievable displacement gains for given disk and slot dimensions.

Although slotted disks nicely provide displacement differences, they do so at expense of
Q. Because Q perhaps is the most important attribute in resonant devices that determines
performances such as frequency selectivity, receiver sensitivity, and actuation voltage, a low-
ered Q is typically unacceptable. Before looking into the mechanisms that cause low Q’s in
slotted-disks, one might wonder what the energy loss mechanisms that limit typical disk res-
onators’ Q’s are. Thanks to the abundance research efforts in micromechanical resonators,
several loss mechanisms have been identified as possible dominant ones in vacuum-operated
disk resonators including anchor loss and phonon-phonon interaction (Akheiser effect). Op-
erating at cryogenic temperatures reduces the temperature-dependent phonon-phonon in-
teraction and reveals the anchor loss at 5K, presenting a Q >360,000. The measurements
indicate that once the support scheme is designed correctly room temperature Q of disk
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resonators is typically determined by phonon-phonon interaction. In other words, although
the presented support beam design is good enough to make the anchor loss a secondary
loss mechanism in addition to phonon-phonon interaction at room temperatures, anchor loss
starts to dominate the overall Q rather than phonon-phonon interaction when operating the
device at cryogenic temperatures.

In fact, one might not be able to easily attain an as-fabricated Q of more than 100,000
even with perfect support design. Other mechanisms that would (often) limit Q include
the structural material, intrinsic stress, and vibrating mode shape. As a direct result when
these additional losses take place, the presented as-fabricated Q is typically lower than what
theory predicts by orders of magnitudes. Fortunately, annealing, a well known technique in
transistor industry used for restoring damaged lattice structure and interfaces, seems to be
also helpful in restoring Q for MEMS devices. In situ annealing has been demonstrated to
recover Q of micromechanical nickel comb-driven resonators. Here, the technique demon-
strates its Q-restoring efficacy again to a comb-driven resonators that use polysilicon-filled
carbon nanotube (CNT) composite as the structural material. Another experiment that uses
rapid thermal annealing also shows to restore nickel resonators’ Q’s from ∼500 to >10,000
for 2 mins at a temperature as low as 400◦, which should be low enough to be qualified as a
CMOS-compatible process.

Slotted-disk resonators exhibit much lower Q’s compared to conventional disk resonators.
Measurement results of Q with varying slot design and support scheme identify that Q is
always lower in slotted disks compared to non-slotted ones no matter their support schemes
and that a higher displacement gain would induce a lower Q. The reason for the Q degra-
dation is mostly likely due to slot-induced thermoelastic damping (TED). A TED theory
based on an already-developed 2-D TED model predicts the theoretical TED that matches
well the measured data. Because of the trade-off observed between the displacement gain
and Q, one way to accommodate the slot-induced low-Q is using a slotted disk array which
couples multiple slotted-disks with a low displacement gains. Or, one can try to realize dis-
placement gains in different ways. Here, elliptic disks are demonstrated that achieve stiffness
differences along the orthogonal axes by geometry ratioing rather than Q-degrading slots.
As a direct result of eliminating the Q-degrading slots, hence the slot-induced TED, the Q’s
of elliptic disks retain and somehow is even higher than that of regular wine glass disks,
reaching Q > 100, 000 with a displacement gain of 2.14 demonstrated by an elliptic disk
with an aspect ratio of 1.6.

Additionally, because the filter-amplifier would serve as a radio receiver, how accurately
the resoswitch resonance frequency matches with the target radio frequency would be an-
other primary concern. Although device design techniques such as use of arrayed disks
have been demonstrated that help reduce the matching tolerance [6], they fail to address
the absolute tolerance. In this regard, laser trimming that removes the material from the
resonator structures and allows flexible bidirectional trimming via controlling laser blast lo-
cation serves as a great candidate for post-fabrication frequency trimming. In particular,
laser trimming of the resonance frequency of micromechanical clamped-clamped beam res-
onators is demonstrated in steps as small as 6.8 ppm over a range of 26,879 ppm, and with
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targeting measures that suppress unwanted variations in Q and series motional resistance.
A model that divides the beam into several parallel beams, using stiffness-modifying cracks
in those receiving laser blasts, captures well the frequency shift dependence on laser blast
location. The accuracy of this theory further enables a deterministic trimming protocol that
specifies the laser targeting sequence to attains a needed frequency trim with minimal Q
reduction.

6.1 Future Research Directions

Although this dissertation demonstrated the resoswitch-based filter amplifier, a bunch of
issues need to be solved before it becomes practical. Here lists some possible future research
directions that may provide solutions towards this goal.

6.1.1 Reliability

The demonstrated Al resoswitch typical fails when the disk pulls in and fuses to one of the
electrodes due to high short current. A current limiting circuit is definitely needed in such
conductive devices. Resoswitches in polysilicon, however, do not seem to fuse to electrodes
after pulling in. Instead, in most of the cases measured, smaller motional current can still be
observed in the frequency spectrum (i.e., the resoswitch is still alive!) after the resoswitch
stops performing switch. It would be useful if we can understand how the structure changes
to cause the “smaller peaks” after switching. Laser Doppler vibrometry measurements may
be helpful to this. Another important direction is the electrode design [8]. According to
the work, more compliant electrodes help minimize variation of Q, hence allow more reliable
contact, during switching. It would be great to see comparisons of more varying electrode
designs, e.g., varying electrode stiffness as well as dynamically adapting electrode stiffness.

6.1.2 Resoswitch-Based Switched-Mode Power Amplifiers

Although currently demonstrated resoswitch-based radio components focus on the receive
path, resoswitches in fact can be even more powerful if they is employed in transmit am-
plifiers. For example, resoswitches can be integrated into Class-E switched-mode power
amplifiers. Class-E power amplifiers use LC resonance networks and current switches to
yield non-overlapped current and voltage waveforms across the switching devices, which
theoretically can achieve 100% efficiency. However, practical Class-E power amplifiers only
achieve ∼50% efficiency due to the large parasitic capacitances of transistor switches. If
the transistor switches of Class-E power amplifiers can be replaced by resoswitches which
have much smaller parasitic capacitances compared to transistor counterparts, the efficiency
should increase dramatically. In this case, the circuit better integrates the resoswitch with
on-chip inductors and capacitances to eliminate any parasitics as if using off-chip reactive
components.



CHAPTER 6. CONCLUSIONS 112

6.1.3 Integrated Resoswitch-Based Radios

To date, the demonstrations of zero-quiescent power receivers are merely component level.
It would be more promising and convincing if the devices are integrated with baseband tran-
sistor circuits. This would allow the ground-breaking technology more prominent to areas
other than MEMS. For the first phase, it can be done using a two-chip solution that connects
the resoswitches with CMOS circuits by wire bonding. Then, the monolithically integrated
version that could truly benefit sensor applications would reply on the low-temperature metal
fabrication technologies.

6.1.4 Laser Frequency Trimming of Other Types of Resonators

Laser frequency trimming of CC-beam resonators have been demonstrated together with the
frequency prediction model presenting an universal yet simple post-fabrication frequency
trimming approach. In fact, it certainly can be applied to other types of resonators such
as disk resonators and extensional ring resonators which might be actually more favorable
for frequency and timing applications. While the model can be employed for other beam
resonators by simply altering the boundary conditions, it may be necessary to replace the ro-
tational spring model by other springs and blast-induced stress intensity factors accordingly.
For example, regular springs should apply to extensional vibrating mode shapes.

6.2 Conclusion Remarks

To summarize, prototype micromechanical filter-power amplifiers based upon the novel re-
soswitch technology have been demonstrated in this dissertation. Two of the most important
attributes of resoswitches and resonant devices, Q and frequency accuracy, have been dis-
cussed and solutions to some issues observed have been demonstrated. Although many works
still need to be done before all of this becomes practical, the resoswitch-based zero-quiescent
power radios present great promise for one day being the paradigm-shifting components of
ultra-low power communication devices.



113

Appendix A

All-Al Disk Process Outline

The following comprises a step-by-step outline of the all-Al disk process, as run for the metal
Al resoswitches of this dissertation.

All-Al Disk Process

0.7-µm substrate gap, 3-µm thickness, Sputtered pure-Al

-----------------------------------------------------------------------------

0.0 Starting material: n-type, <100> prime wafers, w/ no minor flat!

Process wafers: 3

-----------------------------------------------------------------------------

1.0 Zero layer alignment mark photo mask (mask#0)

1.1 PR coating

1.1.1 HMDS prime, svgcoat6, 100◦C, 60 secs

1.1.2 PR spin, svgcoat6, UV210, 1.48krpm, 30 secs, target = 900 nm

1.1.3 soft bake, svgcoat6, 130◦C, 60 secs

1.2 Photolithography

1.2.1 expose, asml, 15-18 mJ

1.2.2 post-expose bake, svgdev6, 130◦C, 60 secs

1.2.2 develop, svgdev6, MF26A, 60 secs

1.2.4 hard bake, uvbake, U recipe, 140◦C
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1.3 Si etch, lam8, 8001 Cl2/HBr, 20 secs, target = 120 nm

1.4 PR strip, matrix, O2, 2.5 mins

-----------------------------------------------------------------------------

2.0 Substrate doping

2.1 Standard wafer clean

2.2 n+ diffusion, tystar13, POCL3, 900◦C, 30-min ramp, 30-min anneal

-----------------------------------------------------------------------------

3.0 Insulation layer

3.1 Transfer directly from tystar13 to tystar2

3.2 Wet oxidation, tystar2, O2, H2O, 1050◦C, 12 hrs, target = 2 µm

3.3 Al2O3 ALD, picosun (or cambridge), TMA (Al(CH3)3), H2O, 1000 cycles,

target = 100 nm

-----------------------------------------------------------------------------

4.0 Al ground plane (metal1) deposition

4.1 Transfer directly from tystar17 to aln2 in a clean cassette

4.2 Al sputtering, aln2, PM3, (5-6-19), 0.55 mTorr, 5 kW, 27 secs, 1 cycle,

target = 170 nm

4.3 Measure Rsh, cde-resmap, target<0.2 Ω/sq

-----------------------------------------------------------------------------

5.0 Al metal1 photo mask (mask#1)

5.1 PR coating

5.1.1 HMDS prime, svgcoat6, 100◦C, 60 secs

5.1.2 PR spin, svgcoat6, UV210, 1.48krpm, 30 secs, target = 900 nm

5.1.3 soft bake, svgcoat6, 130◦C, 60 secs

5.2 Photolithography

5.2.1 expose, asml, 13 mJ

5.2.2 post-expose bake, svgdev6, 130◦C, 60 secs

5.2.3 develop, svgdev6, MF26A, 60 secs

5.2.4 hard bake, uvbake, U recipe, 140◦C
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5.3 Al etch, lam7, Cl2/BCl3 = 35/25 sccm, ** secs;

Or, centura-met, Cl2/BCl3 = 60/10 sccm, 10 mTorr, 20 secs), target =

150 nm, visual inspection

5.4 PR strip, matrix, O2, 2.5 mins

-----------------------------------------------------------------------------

6.0 Bottom sacrificial oxide layer, w/ one ctrl wafer

6.1 metal clean, self prepared, SVC-14, 110◦C (water bath), 15 mins

6.2 LTO deposition, tystar12, SiH4, 400◦C, 60 mins, target = 700 nm

-----------------------------------------------------------------------------

7.0 Device anchor (anchor1) photo mask (mask#2)

7.1 PR coating

7.1.1 HMDS prime, svgcoat6, 100◦C, 60 secs

7.1.2 PR spin, svgcoat6, UV210, 1.48krpm, 30 secs, target=900 nm

7.1.3 soft bake, svgcoat6, 130◦C, 60 secs

7.2 Photolithography

7.2.1 expose, asml, 25 mJ

7.2.2 post-expose bake, svgdev6, 130◦C, 60 secs

7.2.3 develop, svgdev6, MF26A, 60 secs

7.2.4 hard bake, uvbake, U recipe, 140◦C

7.3 Oxide etch, lam6, 6001, CHF3/CF4, ** secs, (Or, centura-mxp, 2+1 mins),

target = 700 nm

7.4 test opening, probe station

7.5 PR strip, matrix, O2, 2.5 mins

7.6 metal clean, self prepared, SVC-14, 110◦C (water bath), 15 mins (prior

to Al deposition)

-----------------------------------------------------------------------------

8.0 Al structure (metal2) and oxide hard-mask deposition

8.1 Transfer directly from msink1 to aln2 in a clean cassette

8.2 Al sputtering, aln2, PM3, 0.55 mTorr, 5 kW, 150 secs, 4 cycle, target

= 3 µm, first run at least two dummy wafers
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8.2.1 Rsh measurement, cde-resmap, target <13 mΩ/sq, on the last dummy

wafer prior to the process wafers

8.3 LTO deposition, tystar12, SiH4, 400◦C, 2.5 hrs, target = 1.5 µm

8.3.1 place two ctrl wafers to sandwich the process wafers, may run only

two process wafer at this step

8.3.2 oxide thickness measurement, nanospec, target = 1.5 µm, on the

two ctrl wafers that sandwich the process wafers

-----------------------------------------------------------------------------

9.0 Al disk structure photo mask (mask#3)

9.1 PR coating

9.1.1 HMDS prime, svgcoat6, 100◦C, 60 secs

9.1.2 PR spin, svgcoat6, UV210, 1.48krpm, 30 secs, target=900 nm

9.1.3 soft bake, svgcoat6, 130◦C, 60 secs

9.2 Photolithography

9.2.1 expose, asml, 10 mJ

9.2.2 post-expose bake, svgdev6, 130◦C, 60 secs

9.2.3 develop, svgdev6, MF26A, 60 secs

9.2.4 hard bake, uvbake, U recipe, 140◦C

9.3 oxide hard-mask etch, STS oxide, Cl2/BCl3, ** secs, 10 cycles target

= 1.5 µm

9.4 Al etch, lam7, Cl2/BCl3 = 35/25sccm, 4 mTorr, ** secs, (or, centura-met,

Cl2/BCl3 = 40/20 sccm, 10 mTorr, 30 sec/cycle, 8 cycles) target = 3 µm

9.5 test opening, probe station

9.6 PR strip, matrix, O2, 2.5 mins

9.7 metal clean, self prepared, SVC-14, 110◦C (water bath), 15 mins

9.8 metal clean, self-prepared, EKC-270, 180◦C water bath, 10 mins (ready

for sidewall sacrificial oxide deposition)

-----------------------------------------------------------------------------

10.0 Sidewall sacrificial layer

10.1 Transfer directly from msink1 to tystar12

10.2 LTO deposition, tystar12, SiH4, 400◦C, 5 mins, target ∼ 70 nm
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10.2.1 may run one process wafer at this step, place process wafer(s)

around the center slot (slot#7)

10.2.2 oxide thickness measurement, nanospec, target = 70 nm at slot#7

-----------------------------------------------------------------------------

11.0 Electrode anchor (anchor2) photo mask (mask#4)

11.1 PR coating

11.1.1 HMDS prime, svgcoat6, 100◦C, 60 secs

11.1.2 PR spin, svgcoat6, UV26 3.0, 1krpm, 30 secs, target = 5.5 µm

11.1.3 soft bake, svgcoat6, 130◦C, 60 secs

11.2 Photolithography

11.2.1 expose, asml, 50 mJ

11.2.2 wait, at least 10 mins

11.2.3 post-expose bake, svgdev6, 110◦C, 90 secs

11.2.4 develop, svgdev6, MF26A, 60 secs

11.2.5 hard bake, vwroven, 120◦C, overnight

11.3 oxide etch, lam6, Cl2/BCl3, 60 secs per cycle, 3 cycles target = 800

nm

11.4 test opening, probe station

11.6 metal clean, self prepared, SVC-14, 110◦C (water bath), 15 mins

-----------------------------------------------------------------------------

12.0 Al electrode (metal3) deposition

12.1 Transfer directly from msink1 to Al evaporator in a clean cassette

12.2 Al deposition, dw (or cha), target=1.5 µm

-----------------------------------------------------------------------------

13.0 Electrode photo mask (mask#5)

13.1 PR coating

13.1.1 HMDS prime, svgcoat6, 100◦C, 60 secs

13.1.2 PR spin, svgcoat6, UV26 3.0, 1krpm, 30 secs, target = 5.5µm

11.1.3 soft bake, svgcoat6, 140◦C, 60 secs

13.2 Photolithography
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13.2.1 expose, asml, 50 mJ

13.2.2 wait, at least 10 mins

13.2.3 post-expose bake, svgdev6, 105◦C, 90 secs

13.2.4 develop, svgdev6, MF26A, 60 secs

13.2.5 hard bake, vwroven, 120◦C, overnight

13.3 Al etch, lam7, Cl2/BCl3 = 35/25sccm, 4 mTorr, ** secs;

Or, centura-met, Cl2/BCl3 = 60/30 sccm, 10 mTorr, 30 secs per cycles,

4 cycles or till visually clear, then 50/40 sccm, 30 secs per cycles,

6 cycles for over-etch, target = 1.5 µm

13.4 Al wet dip, msink8, Al etchant, 50◦C, 30 secs

13.5 SEM, stringer (if any) possibly is polymer, not Al

13.6 metal clean, self-prepared, EKC-270, 180◦C water bath, 25 mins (can

divide into 10+15 mins, SEM after each dip)

-----------------------------------------------------------------------------

14.0 Device release

14.1 PR strip, acetone and then heated SVC-14, 20 mins

14.2 release

14.2.1 vapor HF, primaxx, recipe2, 10 mins per cycle, 15 cycles

14.2.2 need a clean wafer carrier, clean with pirahna regularly.

-----------------------------------------------------------------------------

Wei-Chang Li

last revision: 8/23/12
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