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Abstract

High-Q AlN Contour Mode Resonators with Unattached, Voltage-Actuated Electrodes

by

Robert Anthony Schneider

Doctor of Philosophy in Engineering–Electrical Engineering and Computer Sciences

University of California, Berkeley

Professor Clark T.-C. Nguyen, Chair

High-Q narrowband filters at ultra-high frequencies hold promise for reducing noise and
suppressing interferers in wireless transceivers, yet research efforts confront a daunting chal-
lenge. So far, no existing resonator technology can provide the simultaneous high-Q, high
electromechanical coupling (k2

eff ), frequency tunability, low motional resistance (Rx), stop-
band rejection, self-switchability, frequency accuracy, and power handling desired to select
individual channels or small portions of a band over a wide RF range. Indeed, each technol-
ogy provides only a subset of the desired properties.

Recently introduced “capacitive-piezoelectric” resonators, i.e., piezoelectric resonators
with non-contacting transduction electrodes, known for achieving very good Q’s, have re-
cently emerged (in the early 2010’s) as a contender among existing technologies to address
the needs of RF narrowband selection. Several reports of such devices, made from alu-
minum nitride (AlN), have demonstrated improved Q’s over attached electrode counterparts
at frequencies up to 1.2 GHz, albeit with reduced transduction efficiency due to the added
capacitive gaps. Fabrication challenges, while still allowing for a glimpse of the promise of
this technology, have, until now, hindered attempts at more complex devices than just simple
resonators with improved Q’s.

This thesis project demonstrates several key improvements to capacitive-piezo technol-
ogy, which, taken together, further bolster its case for deployment for frequency control
applications. First, new fabrication techniques improve yields, reliability, and performance.
Second, design modifications now allow k2

eff ’s on par even with attached-electrode contour-
mode devices, while most importantly, achieving unprecedented Q-factors for AlN. Third,
a new electrode-collapse based resonance-quenching capability allows ON/OFF switching of
resonators and filters, such as would be useful for a bank of parallel filters. Fourth, an in-
tegrated voltage-controlled gap-reduction-based frequency tuning mechanism permits wide
frequency tuning of devices and thus much improved frequency accuracy. Gap actuation
also allows for the decoupling of filters in the OFF state. And fifth, switchable and tunable
capacitive-piezo narrow-band filters are demonstrated for the first time.
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This thesis is divided into eight parts. In the first chapter, context is provided to demon-
strate the purpose of this work. RF channel selection is introduced and a survey of currently
available technology is presented. The second chapter explains key operating principles for
MEMS resonators so a novice reader can be better equipped to fully understand the design
choices made in later chapters. Chapter 3, on high-performance capacitive-piezo disk res-
onators, introduces the fundamental device of this thesis, providing examples of performance
and design optimization, experimental results, simulation methods, and modeling. Chap-
ter 4 introduces capacitive-piezoelectric disk arrays as a method to increase the area and
thereby reduce the motional resistance of the unit disk resonator. Chapter 5 discusses volt-
age controlled gap actuation of the capacitive piezoelectric transducer’s top electrode, which
enables voltage controlled frequency tuning and on/off switching. Chapter 6 takes a thor-
ough look at the fabrication technology needed to make capacitive-piezo devices, including
lessons learned on how to avoid certain pitfalls. Chapter 7, on filters, contains both theory
and measurement results of filters. Chapter 8 concludes the thesis by summarizing the key
achievements of Chapters 3 through 7, highlighting key areas needing further development,
and discussing implications of this technology for the future.
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Chapter 1

Introduction

To motivate developing new microelectromechanical system (MEMS) resonator compo-
nents for radios, this chapter introduces key concepts related to radios and MEMS filters.
Section 1.1 highlights applications of radio communication, explains fundamental operating
principles for radios, and reviews operating requirements necessary for a reliable radio link.
We also examine a typical receiver to determine which (typically off-chip) components are
potentially replaceable by on-chip MEMS components. Section 1.2 examines the feasibility
and benefits of integrating high-Q resonant elements on-chip to reduce off-chip part counts
and improve performance. For example, narrowband filtering at RF offers benefits of sup-
pressing interferers, relaxing linearity requirements, and reducing power consumption in a
receiver. Section 1.3 provides a survey of existing radio front end filter technologies to exam-
ine the suitability of each for achieving high selectivity, preferably on chip, with an emphasis
on MEMS devices. We aim to highlight that new MEMS resonator technologies, offering
both integration and higher Q’s, will enable improvements in single-chip multi-mode UHF
receivers that consume very little power and occupy a tiny form factor.

1.1 Radios for Wireless Communication

Radio-based communication allows untethered connectivity and information transfer in
a manner not possible using wired systems, thus enabling applications such as wireless local
area networks (Wi-Fi), cell phone networks, wireless sensor networks, wireless health mon-
itoring, radio-frequency identification (RFID), air- and space-craft communication, cord-
less computer interface devices, keyless entry, wireless personal area networks (Bluetooth),
AM/FM/TV broadcasting, and the global positioning system (GPS). Indeed, society has
come rapidly to rely on a large variety of radio devices. What’s more, looking forward,
new frontiers in wireless research continue to seek out entirely new applications for radio.
Integrating the high-Q passives that a receiver uses onto a single chip is one path forward
towards enabling the transformative reductions in size, power consumption, and cost that
are desired for next-generation radios.
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Figure 1.1: Block diagram of a common heterodyne architecture for a radio receiver. The
frequency control elements shown in blue commonly use high-Q off-chip components.

Operating Principles

Radios operate through sending and receiving wireless signals between a transmitter and
one or more receivers. Such signals are carried by electromagnetic waves. Electromagnetic
waves can move at a speed of up to 300 million m/s, thus they are capable of spreading infor-
mation nearly instantaneously over non-astronomical length scales. Radio communication
signals commonly span frequencies ranging from under 1 MHz up to several 10’s of GHz.
Here, optimal frequency of operation depends on the application, but higher frequencies are
often preferred to allow for high data rates (bandwidths) and small size.

To transmit data wirelessly, one can encode an information signal onto a single tone
carrier wave and then transmit the modulated signal by driving a proportional current on
an antenna, thus creating electromagnetic waves. Some basic modulation schemes include
modulating a carrier’s amplitude (AM), modulating its frequency or phase (FM/PM), or
keying it on and off (OOK). More elaborate modulation schemes, such as gaussian minimum
shift keying (GMSK) or n-point quadrature amplitude modulation (n-QAM), are often used
to maximize the bandwidth efficiency of digital signals. Regardless of the modulation method
used, fundamentally, the amount of data one can send, in bits/second, is limited by the
bandwidth of the communication channel and its signal to noise ratio [1].

A receiver’s job, of course, is to detect the transmitted signal at a remote location and
demodulate it. Although several other receiver architectures exist, the heterodyne archi-
tecture, which employs frequency mixing to an intermediate frequency, is by far the most
widespread in modern radios due to its strong selectivity.

Heterodyne Receiver Architecture

Figure 1.1 presents a block diagram of a common heterodyne architecture for a radio re-
ceiver. Here, energy received from an antenna is passed through an RF filter centered around
the carrier frequency to eliminate out-of-band interferers. The signal is then strengthened
using an amplifier that ideally adds little to no noise. A mixer, which can here be considered
a simple analog multiplier, multiplies the received signal with a local oscillator (LO) tone at
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the carrier frequency to produce a copy of the received signal at a lower, intermediate fre-
quency (IF). Here, the translated signal is then filtered using a smaller bandwidth than that
of the RF filter, thus suppressing in-band interferers. From this point, an optional second
IF stage may be used for more frequency downconversion. Eventually, the signal is passed
to either an analog to digital converter (ADC) or a demodulator to extract the modulating
signal from the carrier.

Notably, the components of fig. 1.1 drawn in blue are commonly implemented using
off-chip components, typically surface acoustic wave (SAW) or bulk acoustic wave (BAW)
filters, and quartz crystal resonators (XTAL) are used. These devices can meet performance
specifications that typically cannot be met using the passive components available in a
standard CMOS process. For the filters, the ability to strongly discriminate nearby signals
demands very high Q’s. For the oscillator, the synthesized frequency must be set by an
accuracy within several parts per million, even as temperature varies. This oscillator must
also exhibit low phase noise, and thus also have high Q. Quartz crystals readily meet these
demands [2]. Despite the good performance of these devices, to reduce size and costs, it is
desirable to migrate these functions on chip using MEMS devices, if possible. In section 1.2,
we will take a closer look at how this might be feasible.

Although several receiver architectures are possible, in practice, almost all receivers are
made using the same heterodyning architecture of fig. 1.1, the defining feature of which
is using an intermediate frequency (IF) filter for channel selection [3]. One alternative is a
direct conversion architecture which mixes directly to baseband and thus requires RF channel
selection, which is filtering a very narrow channel that is centered at high frequencies. This
is desirable in principle, as we will show, but can require prohibitively high Q’s, e.g., ranging
between values of 104 and 107, depending on a channel’s fractional bandwidth. On the
other hand, filtering at IF, instead of at RF, solves this problem, as doing so allows one to
use more than one filter with each having easily realizable Q’s, e.g., 102 to 104. For the IF
filter, required Q is proportional to the chosen IF frequency and inversely proportional to the
channel bandwidth. Regardless of whether a heterodyning or a direct conversion architecture
is used, high Q is universally desired in filters. Higher Q always enables improved noise figure
as is shown mathematically in section 1.2. Because Q is so important, radio architectures
are essentially determined by available filter technology [4].

Requirements For a Radio Link

To allow an operational radio link, a number of necessary but not sufficient conditions
must be met related to signal power strength, noise levels, avoiding or suppressing interferers,
and available bandwidth. These requirements are highlighted below.

Operate on an Unoccupied Channel

For wireless communication to take place, a desired channel must not be occupied by
another user (interferer). To illustrate the environment in which a receiver operates, fig. 1.2
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(a) A spectrum of electromagnetic
waves received by an antenna.

(b) In the frequency domain, a channel of interest (green)
is surrounded by unwanted interferers, both in-band
(red) and out-of-band (blue).

Figure 1.2: Illustration of a typical RF environment in which an antenna is presented with
many incoming signals at different frequencies, of which only one is of interest.

presents a typical RF environment in which a receiver’s antenna is presented with many
incoming signals, each having a different carrier frequency. Figure 1.2b presents a frequency
domain plot illustrating a spectrum of received signals having different power spectral den-
sities, in which a desired open channel (Ch. 3) now has become occupied by a signal of
interest shown in green. Immediately surrounding the signal of interest are in-band inter-
ferers shown in red (Chs. 1, 2, 4, and 5), while out-of-band interferers are shown in blue.
The function of a radio receiver operating in such an environment is to select the desired
signal from among all others, even if it is relatively weak, as is shown, and mix it down to
baseband and demodulate it to extract its content. In this example, if Ch. 3 were occupied
by an interferer, no channels would be available for communication.

Especially in densely populated locations, available bandwidth among users can become
scarce. It may become impossible to provide service for all users. To facilitate efficient sharing
of the wireless spectrum, organizations such as the Federal Communications Commission
mandate that radio transcievers operate within purpose-specific frequency bands. Within
a band, users share bandwidth through communicating on individual channels, of which
about 5 to 100 might typically exist within a band. For example, LPD433 (low power
device 433 MHz), ranging from 433.075 MHz to 434.775 MHz, is a radio band dedicated
to industrial/scientific/medical (ISM) purposes. LPD433 is subdivided into 69 channels,
of 25 kHz bandwidth each, among which many users can operate. Such channel sizes at
this frequency represent a narrow 0.006% fractional bandwidth (FBW). Larger channel sizes
exist in other bands, e.g., Bluetooth 4.0 at 2.4 GHz uses 2 MHz channels with fractional
bandwiths of about 0.08%. Within a band, channel hopping and/or time divided access are
often used to accommodate more users. Channel selection in a heterodyne receiver occurs
through tuning the LO frequency so that fRF − fLO = fIF .
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Meet Signal to Noise Demands

For any radio link, the power of a transmitted signal must be large enough so that the
incident signal power that reaches an intended receiver’s antenna is greater than that of its
minimum detectable signal (MDS). Signal to noise requirements set the maximum distance
over which one can transmit information for a given transmitted signal power. The link
strength is further dependent on wavelength (λ), antenna efficiency, and environmental fac-
tors. Fundamentally, incident power density on an antenna depends inversely on the square
of the distance from the source in the radiative far field region, i.e., beyond several wave-
lengths. Absorption of RF power by air can further limit link distance, particularly at very
high frequencies, e.g., 60 GHz. Obstacles between transmitter and receiver, e.g., buildings,
also hinder signal transmission through absorption, reflection, and multi-path effects. Min-
imum detectable signal further depends on antenna design in the receiver. For example, a
guideline for efficient antenna design is that the size of an antenna should ideally be close
to the wavelength of operation, e.g., a quarter-wave monopole is a common antenna design
for mobile communications systems [5]. Directionality of an antenna’s radiation pattern also
affects a wireless link’s strength. Conjugate impedance matching is needed for maximum
power transfer.

The minimum amount of signal power a receiver can detect depends on the noise per-
formance and capability of the radio receiver itself. In particular, if the noise figure of a
receiver’s front end RF filter can be reduced, its MDS requirement becomes more relaxed,
thus enabling detection of weaker signals. Noise performance of subsequent components in
the receive signal path such as the low noise amplifier (LNA) and mixer must be optimized
as well, but the noise performance of these components is not more critical than that of the
front end filter due to the manner in which noise figure is calculated.

Suppress and Manage Interferers

In a typical RF environment, a signal of interest is present among undesirable nearby
signals (interferers) due to other users of the spectrum. A receiver remains able to extract a
desired carrier’s data as long as the interferers are not too powerful. In an example of blocker
analysis to quantify permitted signal strengths in interferers, a design specification for an
integrated GSM receiver by J. Rudell et al. provides limits for tolerable interference levels
in a receiver at various frequency offsets from the carrier [6]. Above certain tolerable levels,
disruptive interference occurs that prevents a signal from being detected. The maximum
permissible interferer tone powers are smallest for frequencies closest to the carrier. Beyond
the most obvious interference situation of an interferer sharing a desired carrier’s frequency,
two indirect interference mechanisms are of concern. First, amplifier gain compression can
occur due to a strong undesired signal that drives a receiver’s amplifier into its non linear
region, thus decreasing SNR for the signal of interest. A second type of potentially disruptive
interference is intermodulation distortion, which is the generation of additional signals at new
frequencies due to amplitude modulation of two or more strong interferers, which can occur



CHAPTER 1. INTRODUCTION 6

through a nonlinear amplifier. The most sinister form of intermodulation distortion is that
which occurs from the third order nonlinear component. To illustrate, consider two large
interferers at fc + ∆f and fc + 2∆f . These two signals can combine through a third order
nonlinearity to generate many sum and difference products, e.g., 2ω1 − ω2, thus including a
signal at fc, potentially disrupting communication. For example, in fig. 1.2b, if the signals
occupying channels 4 and 5 were very large, a significant intermodulation product could
arise in channel 3, thus increasing the bit error rate. In view of these considerations, it is
highly desirable to suppress nonlinearities and interferers in a receiver through maximizing
the third order intercept point of the RF filter and LNA. Reducing the bandwidth of the RF
filter that precedes the low noise amplifier in the signal path of a receiver’s front end is one
way to suppress such interferers. Such bandwidth reduction requires high Q.

Avoid Jammers

Deliberately and maliciously using a powerful radio signal to disrupt radio communica-
tions is called jamming. In the U.S., use of RF jammers to disrupt authorized RF commu-
nication is illegal [7]. Such jammers can disrupt critical communications such as emergency
calls to first responders. Nonetheless, some totalitarian governments jam radio broadcasts
to censor opposition and free expression. When a very strong jammer is present, little can
be done to retain a radio link except change operating frequency.

1.2 On-chip High-Q Filters and Oscillators for Radio

While any radio must meet each of the aforementioned basic operating requirements, a
designer also desires decreased cost, power consumption, and size. Integrating various radio
components onto a single chip is one way to attain such improvements. As was touched upon
in fig. 1.1 and section 1.1, radios typically require a number of off-chip components due to a
lack of an adequately performing on-chip counterparts. These items include (a) an accurate
frequency reference, e.g. a quartz crystal, for the local oscillator, and (b) RF and IF filters,
e.g., surface or bulk acoustic wave (SAW/BAW) filters. On-chip CMOS-based LC resonators
generally exhibit inadequate Q’s, e.g. less than 100, and poor frequency accuracy, e.g., worse
than 1%. However, highQMEMS components, possibly having many different frequencies on
a single chip, that can be co-fabricated over CMOS, or otherwise attached through wafer level
bonding, alternatively offer compelling performance and cost advantages. Multi-frequency
switchable and tunable MEMS resonators open the door for integrated band- and channel-
hopping to avoid jammers and interferers in a spectrum-constrained environment, with both
the small sizes and high Q’s desired for low power operation.

MEMS as a Quartz Alternative for Local Oscillators

Single chip wireless motes are of great interest particularly for wireless sensor networks,
for which ubiquitous deployment requires a very low mote unit cost. Reducing PCB size and
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the number of off-chip parts is thus essential. Unfortunately, quartz (crystalline SiO2) cannot
be deposited in thin-film form on a wafer– if it is to be eliminated from the mote, alternative
measures must be taken to ensure operation. As an example of one effort to explore quartz-
crystal-oscillator-free communication using the IEEE 802.15.4 protocol for wireless sensor
networks, the work of [8] developed a frequency error detection and correction algorithm to
synchronize a receiver to a transmitter with greatly relaxed frequency error requirements,
of ±1000 ppm, representing a 25× increase, between a transmitter and a receiver. The
relaxed requirement comes with added performance penalties related to packet error rates
and sensitivity. The work proposes using an LC resonator as a reference, but an on-chip,
high-Q MEMS resonator would offer better reliability if the marginal cost increase were
tolerable. As an added bonus, if an integrated CMOS/MEMS process were used, MEMS
based RF and IF filters would also be available for little to no added cost.

Commercially available MEMS oscillators already (as of 2015) achieve absolute frequency
accuracies better than ±10 ppm at 220 MHz or higher over a wide temperature range, e.g.,
[9] from SiTime. Such performance is attained through the aid of advanced temperature
sensing and a phase locked loop (PLL) based synthesizer [10]. To change channels, one can
tune the local’s oscillator’s frequency (LO=RF-IF) within the band of interest. For ultra-low-
power operation, a designer may decide to eliminate the PLL to reduce power consumption
by several milliwatts, in which case direct synthesis at close to RF is needed. Frequency
accuracy would drop for a PLL-less system.

Phase noise performance of MEMS oscillators has been shown to be very good. In fact,
when normalized by power consumption, MEMS based oscillators offer the best phase noise
figure of merit for oscillators. For example, the work of [11] uses a capacitive-gap transduced
wineglass resonator to meet Global System for Mobile Communications (GSM) phase noise
specs with a power consumption of only 78µW.

In 1993, Nguyen and Howe proved that monolithic MEMS over CMOS integration was
possible through demonstrating a micro mechanical comb drive resonator built directly over a
sustaining amplifier, using a fabrication process that combined a planar CMOS process with
surface micromachining [12]. Integrated system design approaches that combine relaxing
accuracy requirements for proper operation with efforts to bring high Q passives on chip
through using low cost MEMS should enable high-Q integrated local oscillators for radio.

The Importance of Resonator Q in Local Oscillators

An ideal spectrum for an oscillator would contain energy at only one frequency, resembling
a dirac delta function. Real oscillators exhibit phase noise. They have nonzero noise power
at small offsets from f0 in the frequency domain. A simple model for the phase noise of
an oscillator was first described by David Leeson in 1966 [13]. Based on this work, a semi-
empirical model for phase noise, L(∆ω), summarized by Hajimiri and Lee [14] is given by:

L(∆ω) = 10 log10

{
2FkBT
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[
1 +

(
ω0

2QL∆ω
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|∆ω|
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(1.1)
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Where F is an empirical parameter, kB is Boltzmann’s constant, T is temperature in
Kelvin, Ps is the average power dissipated in the resistive part of the tank, ω0 is the oscillation
frequency, and QL is the effective quality factor of the tank with all the loadings in place,
∆ω is the offset from the carrier, and ∆ω1/f3 is the frequency of the corner between the 1/f 3

and 1/f 2 regions.
Thus, phase noise is inversely proportional to Q2

L. Clearly, in addition to increasing signal
power of the oscillator, one should maximize resonator Q as much as possible. Another
reason to maximize Q is to minimize the required amplifier gain to sustain oscillation and
thus reduce power consumption.

On-Chip High Q MEMS Filters

Just like with oscillators, replacing the off-chip high-Q RF and IF filters of a radio receiver
with on-chip counterparts would reduce cost and size for radios. Additionally, maximizing
the Q’s of such filters would enable either one or both of the following: (a) narrower frac-
tional bandwidths for improved interferer rejection, or, (b) lower insertion losses for better
sensitivity.

High-Q Narrowband Filters for Improved Rejection of Interferers

In section 1.1, we explained why attenuating strong interferers relaxes linearity require-
ments on subsequent radio stages, such as the low noise amplifier (LNA) at the output of
the RF filter. Tolerating interferers is a requirement for proper operation. In this section,
we will examine the tradeoffs inherent to deciding on the best bandwidth of an RF filter to
use and show why high resonator Q enables small bandwidths.

Figure 1.3 depicts how reducing the fractional bandwidth of an RF filter affects the
strength and presence of interferers. In fig. 1.3a, a band select filter, here shown as having
a 1.0% fractional bandwidth (FBW), is depicted as rejecting out-of-band interferers in the
same RF environment as is shown in fig. 1.2. The filter shown passes all channels over
which the transceiver operates, even though only one channel is desired at any one time. If
strong enough, a nearby transmitter on an adjacent channel might disrupt communications
through down-mixed local oscillator phase noise or the interference mechanisms previously
mentioned. The majority of heterodyne receivers operate in this manner. On the other hand,
RF channel selection with a narrower filter, as is shown in fig. 1.3b seems more ideal. Here,
the depicted channel-select filter is shown to have a 0.2% fractional bandwidth, though true
RF channel selection might require much tighter filtering, e.g., 0.001%. Here, we assume
that insertion loss in the filter is the same as that shown in fig. 1.3a. Clearly, all in-band
interferers are suppressed and the LNA is presented with a spectrum which varies over a
much smaller dynamic range, as is desired.

If the post-RF-filter spectrum of fig. 1.3b is most desirable, one might ask, “Why don’t
heterodyne receivers use RF channel selection?” Indeed, for optimal performance, an RF
filter would ideally be very narrow, selecting only the signal of interest and rejecting all
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(a) A band-selecting RF filter attenuates out-
of-band interferers while permitting in-band in-
terferers.

(b) A channel-selecting RF filter attenuates in-
band interferers, but requires proportionately
higher Q.

Figure 1.3: A comparison between RF band selection and RF channel selection as presented
to the input of a receiver’s LNA.

others. Yet, very tight RF filtering is not always feasible as it can require prohibitively high
Q’s. For many designers, band selection at RF with channel selection at IF using LO tuning
is the most suitable receiver architecture considering present-day hardware constraints. In
addition to the Q requirement, with RF channel selection, one also would in almost all
likelihood need a way to change the filter’s frequency to channel hop to other frequencies
outside of the very narrow filter’s passband. This is usually, but not always, necessary. As
a counterexample, some very low bandwidth applications do use just a single channel over
their lifetime. For example, some one-way pagers utilize a single SAW narrowband filter in
their receiver.

RF Channel Selection Requires Switchability and/or Tunability

If one seeks to channel hop within a frequency band using an RF channel selecting front
end, one requires either a tunable narrowband RF filter or, alternatively, a bank of switchable
narrowband RF filters at different frequencies. The first of these alternatives would need
only one filter, which is desirable, but would require a frequency tuning method capable of
tuning over the entire band. The switchable filter bank is perhaps a more realistic approach,
but of course requires numerous individual switched filters. Through batch fabrication, some
filter technologies are amenable to this approach, allowing for multiple microscale devices on
the same substrate, while others are not.
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High-Q Resonators for Low Insertion Loss

Insertion loss (IL), defined as the reduction in transmitted signal level due to the insertion
of a device in a signal path, is an important figure of merit for filters, as one can show that
any insertion loss in the passband of a front end filter directly degrades overall noise figure,
and hence sensitivity, by the same amount. Thus, to preserve signal to noise ratio, insertion
loss must be minimized, e.g., to 3 dB or less, for an RF filter. Insertion loss, in terms of the
2-port scattering parameters transmission factor S21, is defined as follows:

IL (dB) = −20 log10 (S21) (1.2)

For the purpose of intuitive illustration, if one assumes that a filter, in its passband, is
represented by a single series resistance, Rfilter, linking the non grounded terminals of the
input and output ports having termination resistances of RT1 and RT2, rather than its more
complex, and more correct, full two-port network representation, S21 in the passband will
simply be given by:

S21 =
RT1 +RT2

Rfilter +RT1 +RT2

(1.3)

Since an S21 magnitude close to unity, i.e., 0 dB, is desired, low insertion loss is achieved
through reducing a filter’s resistance (damping) relative to input and output termination
resistance. Intuitively, since resonator motional resistance Rx is inversely proportional to Q,
higher Q always translates to less insertion loss holding all else constant. As a sidenote, one
might be tempted just to increase terminating resistors to arbitrarily high values to achieve
lower insertion loss; however, doing so overloads the Q’s of the resonators and decreases stop
band rejection.

To highlight the importance of using high-Q resonators in a filter, fig. 1.4 presents a
simulated comparison of 0.2% bandwidth filters, of 2nd, 3rd, and 4th order, made from
lower Q (2.1k) and higher Q (8.8k), constituent resonators. Here, order n refers to the
number of constituent resonators in the filter. One can clearly see that lower insertion loss is
achieved using high-Q resonators, and that the most marked improvement in insertion loss
is for the four resonator filter.

It is also instructive to examine why the Q needed for a given insertion loss increases
linearly as fractional bandwidth decreases because it explains why narrowband filter’s require
higher Q’s than do wideband filters.

High-Q Resonators for Narrow Fractional Bandwidths and Steep Rolloff

The insertion loss of a multipole bandpass filter is a function of both fractional bandwidth
and Q, but also strongly depends on the number of (complex conjugate pairs of) poles in
the transfer function n, the pole locations in complex frequency space, and the terminating
impedances, which must have specific values to achieve minimum insertion loss in the pass-
band for a given filter. Larger values of n allow for steeper stop band rolloff and thus better
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Figure 1.4: Comparison of 0.2% bandwidth filters, of 2nd, 3rd, and 4th order, made from
lower Q (2.1k) and higher Q (8.8k), constituent resonators.

rejection of in-band interferers, as fig. 1.4 shows. The classic filter design text by Zverev [15]
defines a normalized resonator quality factor, q0, normalized by fractional bandwidth, that
determines the amount of insertion loss for various types of properly terminated bandpass
filters, e.g., Chebyshev, Bessel, etc., of varying orders, as follows:

q0 =
Q∆f3db

f0

= Q · FBW (1.4)

Zverev further provides lookup tables that state insertion loss values for various values
of q0. These tables additionally contain the normalized design parameters that allow one
to compute coupling strengths between resonators and the needed terminating impedances,
for each combination of filter type and order, n < 9. As a guideline, q0 > 10 will guarantee
insertion losses of 3.0 dB or less for n < 5. Larger n values require higher q0, and hence
Q, to achieve the same insertion loss of a filter having smaller n. Equation (1.4) shows, for
example, that if fractional bandwidth is halved, then required Q doubles to achieve the same
q0 and thus insertion loss.

Low Impedance Resonators for Low Termination Resistance

For most practical systems, the terminating resistances between an RF filter should
range between about 50 and 500 Ω, e.g., to maximize power transfer between the filter and
an antenna on one side and an LNA on the other in a receive chain. Matching networks may
be used if needed to transform the terminating impedances to values that the filter requires.
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In designing the filter, the motional resistances of the resonators comprising the filter should
be comparable to this range as well, though their optimal values will depend on the design.

One common misconception is that a filter or resonator should be “matched” to its source
and load resistance, i.e., be identical, for minimum insertion loss; however, insertion loss less
than 3.5 dB is not possible unless the filter impedance’s magnitude in the passband is smaller
than that of the terminating resistors. In fact, based on eq. (1.3), we see that Rfilter must
approach zero to approach zero insertion loss.

Temperature Stability of Filters

As temperature changes, a filter’s passband should remain stationary rather than shift
significantly. Filters with large fractional bandwidths have less stringent temperature re-
quirements than do narrowband filters. For example, a 100 ppm shift is much more detri-
mental to a 1,000-ppm-wide filter than to a 50,000-ppm-wide filter. Band-select filters with
a buffer region on either side can tolerate shifts due to temperature without using any form
of temperature compensation. A narrow channel-select filter, however, would certainly be
required to correct for such shifts, which are on the order of 20 ppm/K for resonators made
from materials such as silicon or AlN.

Minimized Capacitive Feedthrough for Strong Stopband Rejection

Lastly, for any filter, the port-to-port feedthrough capacitance must be minimized to
ensure strong stop band rejection. The transmission through a 2-port network has a ca-
pacitive feedthrough floor which is proportional to both operating frequency and parasitic
capacitance. More generally, any low impedance feedthrough path is harmful and should be
eliminated as much as possible. Ground shielding between input and output is one useful
method for suppressing feedthrough.

Additional Aspects of Filter Design

In this section, we have presented many of the basic performance requirements for band-
pass filters, which we aim to bring on-chip. A more detailed treatment of filter design will
be presented in chapter 7, focusing on novel capacitive-piezoelectric filters. We will include
aspects of filter design not yet discussed, filter synthesis techniques, and measurements.

1.3 Survey of Band- and Channel-Select Filter

Technologies at 100MHz-3GHz

Very high frequency (VHF) and ultra high frequency (UHF) filters are a key enabler
for wireless transceivers and communications technology in general. They block out inter-
fering signals to enable low power operation. There exist several mature technologies for
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implementing low-loss bandpass filters, including the broad classes of surface acoustic wave
(SAW) and bulk acoustic wave (BAW) resonators and filters, which both use piezoelectric
material. BAW devices include solidly mounted resonators (SMR) and more recently in-
troduced thin-film bulk acoustic resonators (FBAR). Newer filter technologies that target
having multiple frequencies available on the same chip include piezoelectric contour mode
and biased capacitive gap filters. To further improve performance, this thesis project seeks
to introduce a new class of devices: capacitive-piezoelectric filters.

What each of these technologies shares in common are needs for high Q, power handling,
frequency accuracy, strong stop band rejection, low insertion loss, low passband ripple, lin-
earity, low motional resistance, low cost, and temperature stability. In this section, we look
closely at each filter technology to examine its merits and drawbacks with regard to these
metrics. We also evaluate each filter technology’s suitability for implementing RF channel
selection.

SAW Filters

Using interdigitated transducer (IDT) electrodes, one can excite and detect surface acous-
tic waves on a piezoelectric substrate, as was first demonstrated in 1965 by White and Vollmer
[16]. SAW devices soon achieved commercial success serving as intermediate frequency (IF)
filters for early televisions [17]. Unfortunately, early SAW filters had excessive insertion
losses of 20 to 30 dB, but at IF, such losses were tolerable, as they did not significantly
degrade signal to noise ratio (SNR). At RF, however, low insertion loss is essential as any
loss directly reduces the SNR in superheterodyne receivers. Later, in 1982, a key innovation
for implementing SAW filters with reduced insertion losses came with the introduction of
the interdigitated interdigital transducer (IIDT) [17]. SAW filters then came to be used in
cell phones, pagers, and satellite receivers [18].

More recently, passive SAW RF ID tags have emerged and can even be used for tem-
perature sensing [19]. SAW resonators have also been commercialized to make oscillators
for remote control applications such as keyless entry, home and car security systems, and
medical alert devices [18]. SAW 2-port resonators, made on a quartz substrate, can achieve
loaded Q’s of 5,000 at 1 GHz with insertion losses of 15 dB using 50Ω terminations [18], and
thus motional resistances of 460 Ω and unloaded Q’s of 6,000.

SAW filters are commonly made on quartz, lithium niobate, or lithium tantalate piezo-
electric substrates. Quartz is often used to achieve high Q and excellent temperature stability
(using the AT-cut) [2]. Quartz resonators were first investigated almost a century ago by
Walter Cady [20]. Alternatively, LiNbO3 or LiTaO3 is used when very wide bandwidths are
needed due to its large SAW electromechanical coupling of about 6% [21], which directly
determines maximum fractional bandwidth. LiNbO3 and LiTaO3 exhibit lower Q’s than
quartz, but high Q is not as essential for large bandwidth filters.

SAW filters are sold commercially at frequencies ranging from 10’s of MHz to several
GHz with fractional bandwidths ranging from less than 1000 ppm to 10%. To examine a list
of a large variety SAW product offerings from a major manufacturer, refer to [22].
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Figure 1.5: Device schematic and frequency responses (wideband and narrowband) of a 470
MHz 4-pole SAW filter made of quartz [23].

To highlight the RF channelizing capability of SAW filter technology, the work of [23]
achieves an insertion loss of 5.0 dB with an extremely narrow fractional bandwidth of only
0.055%, with a four pole response at 470 MHz and 60 dB of out-of-band rejection. Smaller
insertion losses of 1.6 dB were achieved by filtering the same bandwidth at 280 MHz. A 200
Ω termination was used with inductive tuning. A device schematic, wideband response, and
narrowband response for the device is included in fig. 1.5. The device is a series cascade of
two two-pole filters. To scale the device in frequency beyond 1 GHz, narrower linewidths
below 0.5 µm are needed.

SAW devices have been widely commercially adopted and billions of them are produced
each year. Advantages include low cost and high performance. They are not amenable to
on-chip integration with circuitry, however. SAW filters require a piezoelectric substrate,
precluding them from integration with CMOS devices. Additionally, multi-frequency capa-
bility on the same substrate is limited, as cross talk, i.e., energy leakage, between devices
would occur.

MEMS-Based Quartz VHF and UHF Filters

The dominance of quartz as a resonator material for timing and frequency control has
been established for decades, but emerging MEMS technologies are often advantageous due
to their amenability to batch fabrication and extremely small size. Unfortunately, it is not
feasible using current fabrication technology to directly grow or deposit quartz on a wafer
to make quartz MEMS devices. It would be even more difficult to directly deposit a quartz
film having an optimal orientation such as the temperature insensitive AT-cut.

As a workaround towards combining the favorable aspects of AT-cut quartz–which include
high-Q and temperature insensitivity–with those of MEMS–which include CMOS integra-
tion, high frequencies, and small size–[24] reports a new technique for achieving VHF and
UHF AT-cut quartz devices on a wafer, thus allowing for CMOS-quartz integration. The
work utilizes an elaborate wafer bonding and thinning process using a quartz blank, a car-
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rier wafer, and a host substrate. The quartz is thinned from an initial thickness of 300 µm
down to less than 10µm after attachment to the handle wafer. Two wafer bonding steps are
required. Ultimately, the resulting f0 × Q product of 2.1 ×1013 Hz is the highest reported
to date for any AT-cut quartz resonator, indicating very good performance.

Despite the high Q’s achieved and the low motional resistances of about 100 Ω, the
challenges of fabricating integrated resonators using bonded and thinned quartz–including
using only a small 3” wafer, high expense, bonding stress variation, and quartz thickness
variation control–make it quite difficult to offer an economically advantageous product over
alternative resonator technologies.

BAW Filters

Bulk Acoustic Wave (BAW) thin-film piezoelectric resonators consist of two classes of
devices: Solidly Mounted Resonators (SMRs), which are attached to the substrate and make
use of Bragg reflectors for acoustic energy confinement [25], and thin-Film Bulk Acoustic
Resonators (FBARs), which are substrate-isolated structures making use of either a small
air gap between resonator and substrate or bulk etching of the substrate [26]. While the
technologies have similar capabilities and performance, FBAR technology is preferred due to
its marginally better acoustic confinement in the piezoelectric film and its simpler fabrication
process, which does not require a reflector film stack [27]. Thus, we will limit our discussion
of BAW filters to only those made from FBARs, though many of the points to be made are
applicable to SMR filters as well.

For BAW devices, it is preferable to deposit the active material without wafer bonding
to a crystal substrate. Sputter deposition is preferred. Aluminum nitride (AlN) is the piezo-
electric material of choice due to its strong electromechanical coupling, which requires (a)
a strong piezoelectric coefficient for electromechanical transduction and (b) a low electrical
permittivity to minimize feedthrough capacitance.

FBAR Filters

AlN thin-Film Bulk Acoustic Resonators (FBARs) exhibit very low motional resistances
of about 1Ω, strong electromechanical coupling Cx/C0 of about 6%, resonance frequencies
ranging from hundreds of MHz to several GHz, and Q’s typically limited to about 2,500
[27]. They are exceptionally well-suited for wideband filters and can handle the large powers
needed to drive a cell phone’s antenna. For these devices, consisting of a (roughly) 1-µm-
thick suspended AlN piezoelectric film sandwiched between top and bottom electrodes made
of molybdenum, resonance frequency is inversely proportional to thickness.

Several BAW resonators can be arranged in a ladder topology to implement a high-order
(multi-pole) band-select filter [29]. Avago Technologies has commercialized this technology
through their production of duplexer filters, consisting of two such band-select filters, for
wireless handsets. Billions of such devices have been sold in recent years, finding use in
almost all modern smart phones. A typical frequency response for such a duplexer, as given
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Figure 1.6: Receive (Rx) and transmit (Tx) frequency characteristics, device image, and
functional block diagram, for a commercially available FBAR duplexer [28].

by its datasheet [28], is presented in fig. 1.6. This device interfaces between an antenna and
a wireless transceiver’s receive (Rx) and transmit (Tx) modulation electronics. Notably, the
filters depicted have fractional bandwidths (FBW) of about 3% with insertion losses of 1.5
to 2.0 dB.

FBAR filters are effective for implementing RF band selection, however, their Q’s are
not as high as would be needed to implement RF channel selection with low insertion loss.
As discussed in section 1.2, smaller fractional bandwidths require higher Q’s to attain a
given low insertion loss. Additionally, FBAR devices do not have CAD definable resonance
frequencies, and are thus not amenable to cofabrication of many frequencies on the same
die as is desired for RF channel selection. Lastly, since the fractional bandwidth for a
ladder filter is defined by the spacing of series and parallel resonance frequencies, i.e., the
electromechanical coupling Cx/C0 or “k2

t ” of the device, bandwidth cannot be significantly
reduced using a ladder topology to implement a channelizing filter unless parallel capacitance
is introduced to each resonator.

Due to the CMOS-friendly (low) temperatures needed to perform sputter depositions, i.e.,
300oC or less, FBARs can be succesfully integrated directly over CMOS [30]. FBAR’s have
also been used to synthesize novel radio components such as local oscillators with extremely
low power consumption, e.g., 22µW [31], or which are tunable over a large 7,000 ppm range
[32].

Contour Mode AlN Filters

“Contour mode” micromechanical piezoelectric resonators (CMR’s), unlike BAW res-
onators, are those which vibrate in lateral mode shapes and thus vibrate at frequencies
determined by lateral geometry [33]. Multiple frequencies are thus possible on the same chip
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Figure 1.7: A VHF channelizing filter made from AlN contour mode resonators [37].

using CMR’s. CMR’s have other desirable capabilities, too. First, their resonance frequen-
cies can span a very wide range: for example, filters have been made both at low frequencies,
such as 13 MHz [34], and at super high frequencies (SHF), exceeding 3 GHz [35] using highly
similar fabrication processes which typically use only 3 to 5 lithography steps. They are thus
suitable for implementing oscillators and filters at both IF and RF. Secondly, they are fab-
ricated at low enough temperatures to be integrated directly over CMOS. Lastly, due to the
large number of mode shapes and geometries possible, the technology also allows for a more
diverse range of resonator coupling techniques for filters, such as series capacitive coupling
and mechanical coupling. Lastly, electrodes can be placed to allow for out of phase detection
and excitation, allowing one to integrate single-ended to differential conversion into a filter
with CMR’s, eliminating the need for a balun [36].

To illustrate the RF channelizing capability of AlN contour mode resonators, fig. 1.7
presents the filter of [37], a 3rd order coupled-resonator piezoelectric filter utilizing capacitive
coupling, offering insertion loss of 4.2 dB with a fractional bandwidth of 0.34%. Here, the
insertion loss is due to the Q’s of the comprising resonators of 2,100, offering a q0 of 7.1. A
second similar filter with a larger FBW of 0.53% had an improved insertion loss of 2.3 dB
due to its increased q0 of 11.1. These filters exhibit very strong stopband rejection of 60 dB.

AlN contour-mode technology has reduced electromechanical coupling strength compared
to BAW devices– k2

eff is about 6% with BAW resonators and is 2% or less for CMR resonators
due to the transverse nature of the transduction. Additionally, available power handling
is reduced compared to with most BAW devices due to reduced area. These potential
issues may not cause problems in targeted narrow band applications, however, the somewhat
limited Q’s of about 2,000 can cause significant insertion loss degradation for fractional
bandwidths smaller than 0.5%. AlN CMR based filters thus adequately fulfill the needs of
fractional bandwidths ranging from about 0.3% to 1.0%. At increased fractional bandwidths
beyond about half of the electromechanical coupling, the shunt capacitances of the input
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ports of the devices will degrade insertion losses unless an inductor matching network is
used to resonate out the capacitance, as is done in [34] to achieve a much larger bandwidth
of 4.0%.

Biased Capacitive-Gap Transduced Micromechanical Filters

Biased capacitive-gap transduced micromechanical resonators, or simply “capacitively”
transduced resonators, are advantageous due to their demonstrated ultra-high Q’s, their
CAD-definable resonance frequencies, their electrical stiffness based tuning capability, their
on-off switchability, their compact form-factors, and their amenability to on-chip integration
when low-temperature-deposited materials are used. Interestingly, they have also been shown
to perform integrated RF filtering and mixing in a single device [38].

The current challenge of using capacitively transduced resonator technology for RF
channelizing filtering is simultaneously achieving sufficient electromechanical coupling, low
enough motional resistance, good frequency accuracy (perhaps with some method for tun-
ing frequency), good temperature stability, high fabrication yield, sufficient power handling,
very small capacitive gaps (d0’s), and sufficient resistance to electrostatic pull-in at large
bias voltages (Vp’s).

Ultra-High Q Resonance

Micromechanical capacitive resonators, such as those reported in [39], [40], [41], or [42],
made from doped polycrystalline silicon or diamond, can achieve very high quality factors
(Q’s) ranging from 10k to 100k+ at frequencies ranging from several kHz to several GHz.
Such high Q’s are attributable to several favorable factors, including minimized anchor losses,
minimal surface losses, vacuum operation, and the use of low-loss acoustic materials. Since
the only material requirement of a capacitively transduced resonator is that it be electri-
cally conductive or otherwise chargeable, the available materials library for capacitive-gap
transduced resonators is indeed much larger than that for piezoelectric devices.

The high Q’s of micromechanical resonators made from non-piezoelectric materials have
provided ample opportunities for experimental investigation, and elimination, of various
resonator energy dissipation mechanisms. Quarter wavelength supports between anchors
and resonators, which minimize displacement at anchor locations, have been shown to enable
higher Q’s [43]. Low anchor loss has enabled extremely high Q’s, exceeding 360,000 in silicon
at 60MHz, when cooled using liquid helium at 5K through the elimination of phonon-phonon-
based Akhiezer damping [44]. Vacuum operation has been shown to increase the mechanical
Q’s of resonators through the elimination of gas damping, for example, as is needed to
improve the phase noise of an optomechanical oscillator [45].
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A Path Towards Stronger Electromechanical Coupling, k2
eff = Cx

C0

While the Q’s achieved by capacitive devices are admirable, their electromechanical cou-
pling coefficients are often too small to permit their use in real-world applications when
using very stiff structures at very high frequencies beyond 100 MHz. For example, using
capacitive gaps of 75nm, the work of [39] achieves a record-high Q of 40,000 at 3.0 GHz
but its demonstrated coupling is weak. For this device, k2

eff = Cx

C0
is below 10−5. Thus, to

measure and even detect the resonance, a mixing measurement had to be used, the procedure
for which was first described in [46]. Attaining sufficient motional-to-electrical capacitance
ratios in capacitive transducer(s) is a critical task for VHF and UHF capacitive resonators
and filters.

On the bright side, through the use of more aggressively scaled gaps and larger bias
voltages, k2

eff ’s can be dramatically improved. For example, in the recent work of [47],

aggressive gaps of 39 nm and bias voltages of 14V are used to achieve Cx

C0
levels of 0.1%

at 223 MHz, representing a significant coupling improvement over previous efforts, such as
[48], which required inductors to cancel unwanted capacitive reactance. Due to the strongly
nonlinear V 2

p and 1/d3
0 dependencies of electromechanical coupling in capacitive resonators,

if fabrication allows, optimizing these two parameters may even lead to better coupling than
piezoelectric counterparts.

A Path Towards Lower Motional Resistances

The motional resistances (Rx’s) of capacitively transduced resonators are typically large
due to limits on achievable gap sizes and bias voltages. Typical Rx values for capacitively
transduced MEMS resonators range from 1kΩ to several MΩ. Common methods for reducing
Rx include capacitive gap reduction, bias voltage maximization, increasing transduction
area, and using array composite resonators [49]. Gap capacitance optimization is a highly
effective way to increase coupling and reduce Rx. For example, in the work of [50], an Rx

in the 100’s of Ω’s is achieved on a wineglass resonator through the use of atomic layer
deposition (ALD) gap reduction. It should be noted that although parasitic trace resistance
to the resonator prevented an accurate measurement of Q and Rx, the estimated values are
nonetheless impressive. In the work of [51], capacitive gap sizes are reduced to record-low
values, resulting in a reduction of Rx from 40.3kΩ to 1.26kΩ by shrinking gaps from 100nm
to ≈10nm while maintaining a Q of 66k.

Another way to improve Rx is through the use of solid-gap transduction, where a di-
electric gap is used instead of an air gap. Better yet, the work of [52] takes solid gap
transduction a step-further, utilizing internal solid-gap transduction to create a very long
serpentine transducer within the device. Such a method was used to demonstrate a motional
resistance of 475Ω at 2.75 GHz with a Q of 7,200. The technique could readily be adapted
to achieve even lower Rx, i.e., 50 Ω or less, through gap minimization and/or the use of
higher-κ materials. This device in particular would also benefit from better isolation of the
drive and sense transducers to achieve better stopband rejection.
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Frequency Tuning

Capacitive-gap transduced micromechanical resonators possess the valuable capability to
tune resonance frequency in a manner which does not depend on electromechanical coupling,
thus allowing for potentially very wide tuning. Through the phenomenon of “electrical
stiffness”, which is a manifestation of the nonlinear voltage to force transfer function as a
function of gap size, a “negative stiffness” acts to decrease resonance frequency as a function
of tuning voltage. To highlight the effectiveness of this tuning method, the work of [53]
achieves a -5.0% relative frequency shift using a tuning voltage of only 3.2V on a 32.768 kHz
resonator. At higher frequencies for which coupling is weaker relative to mechanical stiffness,
larger voltages are required, but they can nonetheless still have a strong effect on resonance
frequency.

On/Off Switchability

The bias voltage dependent transduction strength of a biased capacitive gap transducer
allows one to easily switch resonators and filters on and off through the introduction and
removal of a polarizing voltage, Vp. In a parallel filter bank application, one can imagine
numerous filters at different frequencies, each individually addressable through a control
voltage which draws no current and thus consumes no quiescent power. The work of [54]
demonstrates this concept through using multiple self-switched filters having settling times
below 1 µs and with no added series switch insertion loss.

Channelizer Filters

Although several biased capacitive-gap transduced micromechanical filters 1 have been
reported in the literature, examples of devices at very high frequencies are limited due to
the aforementioned challenge of attaining sufficient electromechanical coupling. The first
such VHF filter reported is the work of [48], which utilizes a differential disk array circuit
consisting of 60 mechanically linked radial contour mode disks. Since it lacked sufficient elec-
tromechanical coupling and required large terminating impedances, inductors were needed
to resonate out shunt input and output capacitance. Even though differential operation was
used to suppress feedthrough by 20 dB, only 30 dB of stop band rejection was achieved. On
a single ended device, deembedding was needed to see evidence of the filter characteristic,
indicating that improved performance was needed.

Figure 1.8 presents the work of Akgul and Nguyen, which offers an improved, similar
device through the use of 39 nm gaps and a Vp of 14V. Through the greatly improved
electromechanical coupling of 0.1%, representing a 7× improvement, a much better frequency
characteristic was achieved without the use of inductors, with better stop band rejection,
better insertion loss, and with lower terminating resistance of 590 Ω. This device utilized

1Here, we refer to a filter as a system consisting of two or more coupled resonators, for which the transfer
function has multiple left-hand-plane complex-conjugate pole pairs.
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(a) Scanning electron micrograph of the dif-
ferential second order capacitively transducer
VHF channelizing filter

(b) Frequency response for the capacitive-gap
transduced filter showing low insertion loss
and strong rejection with a narrow fractional
bandwidth.

Figure 1.8: A capacitive-gap transduced 0.09% FBW high rejection channel select microme-
chanical disk filter, from [47].

tuning transducers to correct the passband of the device, which is particularly necessary for
small percent bandwidth filters, which have individual resonator manufacturing variations
on the order of several hundred ppm which much be corrected.

Although the device achieves unprecedented performance on-chip, it remains to be seen
whether capacitive gap transduced filters can be scaled well to higher frequencies far beyond
223 MHz with high yields. Though high performance is possible in principle, a need for reli-
able manufacturability presents difficulties due to non-idealities related to stress, lithography-
based variations, defects, cleanliness, etching, and sacrificial release.

For further review, albeit at lower frequencies, the works of Bannon (9 MHz) [55] and
Wang (340 kHz) [56] provide many insights into the design of capacitively transduced mi-
cromechanical filters utilizing beam and comb driven resonators respectively, which could
find application as IF filters for heterodyne receivers. Such insights include the concept of
low velocity coupling for reduced coupling stiffness, design procedures and constraints for
filters, high-order filter operation, and manufacturing techniques.

Remarks

In this section, we have reviewed a variety of filter technologies, each having key strengths.
SAW filters can achieve very good performance for a wide variety of applications, including
both band-selection and channel-selection over a wide variety of frequencies, but they cannot
be cofabricated on the chip with other such devices or integrated with transistors. BAW
(FBAR) filters have come to be used in band select filters for cell phones and can be integrated
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over transistors, but do not possess high enough Q’s to achieve narrowband filtering with low
insertion loss and cannot be easily fabricated to have multiple frequencies on chip. To allow
for multiple frequencies on-chip, AlN contour mode resonators have emerged, offering strong
electromechanical coupling, but lower Q’s than are desired for truly narrowband applications
or for very low insertion loss. Capacitively transduced devices, on the other hand, offer
useful advantages over contour mode resonators, including ultra-high-Q, switchability, and
tunability, yet they typically suffer from worse electromechanical coupling at high frequencies.

Indeed, what is needed is a resonator technology which combines the strengths of each
of these technologies: wide tunability, on/off switchability, high Q, and strong electrome-
chanical coupling–all while maintaining temperature stability, allowing for sufficient power
handling, demonstrating sufficient frequency accuracy, and with high manufacturing yields
and low cost.

1.4 Outline of Thesis

In this introductory chapter, we have examined how filters play a key role in radio com-
munications. Bringing better filters with strong performance on-chip will allow for improved
radios with lower power consumption, lower cost, and smaller size. We aim to introduce
new filter technology for radios. In Chapter 2, we will examine in detail all the fundamental
operating principles for contour-mode MEMS resonators necessary to understand how our
MEMS resonators and filters operate.

Chapter 3 presents the capacitive-piezoelectric radial contour mode disk resonator. Be-
yond presenting operating principles and a complete model for the device, we include ex-
perimental verification of performance optimization techniques which enabled a Q as high
as 8,757 at 300 MHz, electromechanical coupling as high as 1.05%, and single disk minimal
motional resistance as low as 785 Ω.

Chapter 4 presents disk array resonators which allow for improved motional resistance,
power handling, and manufacturing precision for resonance frequency.

Chapter 5 discusses voltage actuation of the top electrode of a capacitive-piezoelectrical
transducer. New capabilities including on/off switchability, electromechanical coupling con-
trol, and frequency tuning are presented.

Chapter 6 presents a detailed treatment of the fabrication processes used to make the
devices of this dissertation.

Chapter 7 discusses capacitive-piezoelectric narrowband filters, including operating prin-
ciples, automated design techniques, experimental results, and initial demonstrations of
switchable and tunable filters using the techniques of Chapter 5.

Chapter 8 concludes this thesis and presents future directions for this research.
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Chapter 2

MEMS Resonator Fundamentals

This chapter explains fundamental operating and design principles for micromechanical
resonators. High-Q micromechanical resonators enable frequency synthesis and filtering ca-
pabilities for wireless communications which greatly outperform LC-tank counterparts, since
inductors have low Q’s, and are vastly smaller than microwave resonators, since acoustic
wavespeeds are more than four orders of magnitude slower than the speed of light. The con-
cepts presented here include lumped element modeling of vibrations, modal analysis, mode
shapes, effective mass and stiffness for a mechanical resonator, capacitive and piezoelectric
electromechanical transduction, electromechanical circuit modeling, electromechanical cou-
pling, advantages of using multiple transducers, and wave propagation through extensional
coupling beams. A solid understanding of these concepts provides insight into the design
choices which are presented in later chapters.

2.1 Lumped Element Modeling of Vibrations

The vibratory motion of a solid body, which is the result of a superposition of stress
waves traveling within the structure, can be modeled as that of a single degree of freedom
(SDF) mass-spring-damper system in many common situations, thus allowing the system
behavior to be modeled using discrete elements. Figure 2.1 shows how high-Q microme-
chanical resonators can be modeled as simple mass spring damper systems. Figure 2.1a
presents modal simulations for two different types of micromechanical resonators. On the
left, a comb-drive resonator with folded beam supports is shown which vibrates laterally at
10’s of kHz, depending on design parameters [57]. On the right, a radial contour mode disk
resonator is shown, which vibrates with radial symmetry at frequencies of 100’s of MHz,
again, depending on design parameters [58]. In these illustrations, arrows are shown which
denote the directions for applied force F modal velocity u̇. Color denotes normalized modal
displacement, ranging from 0 (blue) to 1 (red/orange). Figure 2.1b presents the equivalent
resonator lumped element model for either resonator. Although the first structure consists of
a relatively rigid portion (mass) and a flexible spring portion (spring), the mass and elasticity
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(a) Vibrational mode shapes for two examples of mi-
cromechanical resonators. Left: comb-drive resonator
with folded-beam supports. Right: radial contour mode
disk resonator.

(b) Equivalent resonator lumped
element model.

Figure 2.1: A high-Q micromechanical resonator can be modeled as a simple mass spring
damper system with a very small damping factor.

(stiffness) are actually distributed throughout the entire structure. For the disk resonator,
a distinct spring and mass are even more elusive, since they are more evenly distributed.
The calculation methods for the ‘effective’ mass and stiffness of a resonator, mr and kr, are
presented in section 2.4 and section 2.5, respectively.

Lumped element (as opposed to distributed) models are useful due to their simplicity,
such as when one would like to accurately predict the motion of a mechanical resonator in
response to an applied electronic excitation while avoiding the complexity of multi-physics
finite element analysis (FEA) techniques. Reducing the complexity of a distributed resonator
to a lumped element resonator also allows the use of linear circuit analysis techniques to
describe the behavior of a larger system of which a mechanical resonator is just a part. For
example, when the mechanical lumped element parameters are known for a micromechanical
resonator, it’s possible for a resonator, along with its electromechanical transducer(s) and
parasitic electrical elements, to be analyzed together using circuit theory so that the electrical
impedance of an overall system can be predicted.

Lumped Component Analogues in the Electrical and Mechanical
Domains

A lumped element is a discrete, i.e., non-distributed, element that can exchange energy
with other such elements. The net power flow exchanged between two lumped elements can
be written as the product of a pair of “conjugate power flow” variables called an ‘effort’ and a
‘flow’ [59]. Associated with the flow is a generalized ‘displacement’, where the displacement
is the definite integral of the flow with respect to time.

Using these concepts, the mechanical components m, k, and b can be represented as equiv-
alent electrical elements due to a duality between corresponding elements in the mechanical
and electrical domains. As voltage and current represent the effort and flow variables in the
electrical domain, force and velocity represent the effort and flow variables in the mechanical
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Table 2.1: Generalized Lumped Element Parameters and Representations in the Electrical
and Mechanical Domains

Generalized Parameter Electrical Representation Mech. Representation

Effort, e(t) Voltage v, V [V] Force F [N]
Flow, f(t) Current i, I [C/s] Velocity u̇ [m/s]

Displcmt., q(t) =
∫ t

0
f(τ)dτ Charge Qd [C] Displcmt. u [m]

Gen. Res., Rg = e(t)/f(t) Resistance r, R [Vs/C] Damping b [Ns/m]
Gen. Cap., Cg = q(t)/e(t) Capacitance c, C [C/V] 1/Stiffness 1/k [m/N]

Gen. Ind., Lg = e(t)/ḟ(t) Inductance l, L [Vs2/C] Mass m [Ns2/m]

domain. The analogy can be extended further to include mechanical and electrical repre-
sentations for generalized impedances, including resistance, capacitance, and inductance, as
summarized in table 2.1.

There are five types of generalized one-port devices: flow sources, effort sources, resis-
tances, capacitors, and inductances–one for each row of table 2.1, except for displacement.
A port is a pair of terminals on a circuit element that must carry the same current through
the element, entering the element at one of the terminals and leaving the element at the
other. Using generalized lumped elements, one can represent mechanical dashpots, springs,
and masses as their respective passive one-port electrical analogues, i.e., resistors, capacitors,
and inductors, as follows:

rx = b

cx = 1/k

lx = m

Here the subscript x denotes a motional variable. A lower case (as opposed to upper
case) r, c, or l denotes that the component is a mechanical representation of a resistor, ca-
pacitor, or inductor that hasn’t been transformed to a fully electrical representation through
including the electromechanical transduction factor, η, which is introduced in section 2.6.
The corresponding upper case electrical representations are introduced in a latter section.

Principles of Vibratory Motion

In order to predict the vibratory modes of a system, it is first necessary to determine the
number of coordinates that specify its state. The number of degrees of freedom for a system,
consisting of one or more connected solid bodies, is the minimum number of coordinates
required to fully specify the state of the system.
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Figure 2.2: A spring-mass system. An undamped resonator

Single-, Multi-, and Infinite-Degree of Freedom (DOF) Systems

To illustrate the concept of degrees of freedom, consider the following examples:

1. For a single particle confined to motion in one dimension (1D), DOF = 1.

2. For a two body system with each body confined to motion in 1D, DOF = 2.

3. For a single point mass free to move in three dimensions, DOF = 3.

4. For a rigid body free to move in three dimensions, DOF = 5: three are necessary to
specify the location of the origin, and two are needed to specify orientation.

5. For any elastic body, the number of DOFs is technically three times the number of
atoms in the body! Thus, an elastic body practically has an infinite number of DOFs
and is considered to be a continuous system.

6. A continuous system that is meshed for finite element analysis (FEA) is approximated
as a multi-DOF system. For an appropriately fine mesh, modal analysis of the MDF
system obtains the same fundamental eigenfrequencies and mode shapes as an infinite
DOF system.

Single Degree of Freedom Mass-Spring System

For a rigid (ideal) mass is connected to a massless, linear (ideal) spring, there is a special
frequency at which simple harmonic motion occurs. The restoring force due to the spring is
directly proportional to displacement, the spring force causes the mass to accelerate towards
equilibrium. When the spring force is zero, the inertia of the mass causes it to continue
moving past equilibrium. Thus, cyclical motion continues indefinitely in the absence of
damping.

In the absence of an external force, the equation of motion for this system is

Fnet = m
d2u

dt2
= −ku = 0 (2.1)

Solving for the displacement, u,

u(t) = A cos (ω0t− φ) (2.2)



CHAPTER 2. MEMS RESONATOR FUNDAMENTALS 27

Where ω0 =
√
k/m is the angular natural frequency of the oscillatory motion and A and

φ are constants dependent on initial conditions. If the system has nonzero energy, A will be
greater than zero and the system will move harmonically.

Equivalently, for a modal frequency to be valid, it must satisfy the following equation:

ku− ω2mu = F = 0 (2.3)

As will be shown in the following section, a more general form of eq. (2.3) exists for
multi-DOF (MDF) systems.

Modal Analysis for multi-DOF Systems

Systems with multiple degrees of freedom can be used to make filters with multi-pole
transfer functions. For a general system with n > 1 DOF, a system of equations is needed
to describe the state of the system. In general, the net forces on particles are dependent on
the positions of other particles in the system. Thus, such a system is generally described
using a stiffness matrix of size n× n:

K =


k11 k12 · · · k1n

k21 k22 · · · k2n
...

...
. . .

...
kn1 kn2 · · · knn

 (2.4)

To perform modal analysis, one assumes harmonic motion occurs, thus acceleration is
equal to position times the negative square of angular frequency. The single DOF modal
analysis equation eq. (2.3) is modified to accommodate matrices for stiffness K and mass
M, while ~u is a coordinate vector:

K~u = ω2M~u (2.5)

Rearranging the terms,

M−1K~u = ω2~u (2.6)

Which is reminiscent of the standard form of an eigensystem A~x = λ~x, for which the
eigenvalues (λs) are found by setting the determinant of the matrix A−λI equal to zero (here,
I is the identity matrix) and solving for the roots. Similarly, to find the modal frequencies
of an MDF mass-spring system, the following characteristic equation is solved:

det
(
M−1K− ω2I

)
= 0 (2.7)

This equation yields up to n distinct modal frequencies, where n is the number of degrees
of freedom. If one or more roots of the characteristic equation occurs more than once, the
system has degenerate orthogonal mode shapes at the same modal frequency.
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Figure 2.3: Two identical resonators coupled by a spring with stiffness kc.

Once the eigenvalues (modal frequencies) are known, the eigenvectors (mode shapes) are
found by finding the null space of the characteristic equation for each eigenvalue (modal
frequency). (

M−1K− ω2
i I
)
~uωi

= 0 (2.8)

To solve for the mode shape vector, ~uωi
, associated with the ith modal frequency, ωi,

solve eq. (2.8) for ~uωi
.

Two DOF System Example: Two Identical Spring-Coupled Resonators

Consider the system shown in fig. 2.3, which depicts two identical resonators coupled by
a spring with stiffness kc.

The system of equations describing the forces on the masses is:[
k + kc −k
−k k + kc

]
K

[
u1

u2

]
~u

− ω2

[
m 0
0 m

]
M

[
u1

u2

]
~u

=

[
F1

F2

]
~F

=

[
0
0

]
(2.9)

The eigenvalues (modal frequencies) and eigenvectors (mode shapes) for this system are:

ω1 =

√
k

m
, ω2 =

√
k + 2kc
m

(2.10)

uω1 =

[
1
1

]
, uω2 =

[
1
−1

]
(2.11)

One observes that there are two modes for this system: an in-phase mode at the natural
frequency of an uncoupled resonator (where the coupler does not deform) and an out-of-phase
mode at a higher frequency. The frequency ratio is given by

√
1 + 2kc/k. This example

explains intuitively why filter bandwidth is proportional to extensional-mode coupling beam
width (for small bandwidths) for mechanically coupled micromechanical resonators, as is
discussed in section 7.2.
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Figure 2.4: A continuous system has nearly an infinite number of DOFs. Atoms making up
the material are free to displace in three dimensions.

Modal Analysis for Continuous (Infinite Degree of Freedom) Systems

Practically speaking, there is no such thing as an ideal rigid body, a point mass, or a
massless spring. All solid bodies exhibit some elastisticity, and all can be analyzed using
modal analysis, despite their continuous composition. Figure 2.4 depicts an illustration of
the fundamental internal structure of a solid– the constituent atoms can each be considered
to have multiple degrees of freedom. While the notion of describing a system with an infinite
numbers of DOF’s might seem daunting at first, there are fortunately frequencies (modal
frequencies) at which the vibratory motion of any continuous system simplifies to behave
like that of a single degree of freedom system.

There are two methods for performing modal analysis on continuous systems. The first
method is to use the finite element method (FEM) to divide up the domain over a finite
mesh and treat it as an n-degree of freedom system, where n is a finite number. As mesh
quality, i.e., the number of nodes, increases, the calculated solution converges toward the
true solution. Due to the intense computation involved, finite element modal analysis is most
efficiently performed using software packages like COMSOL, ANSYS, or COVENTOR. The
second, often preferable method for highly symmetric geometries, is an analytical solution
(eigenfunction) which satisfies the partial differential wave equations over the domain of the
resonator, subject to boundary conditions. If the mode shapes do not change with time,
then separation of variables is equivalent to modal analysis [60].

In section 3.3, an analytical eigenfunction and eigenfrequency are provided for a disk
resonator. The result is later shown to match the modal frequency of the measured device
to within about 1%, and also matches the eigenfrequency predicted using finite element
analysis.
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2.2 Single Degree of Freedom Description of

Mechanical Resonance

Determining all the lumped element component values for a distributed resonator requires
performing an integration over the mode shape of interest and taking into account material
parameters, geometry, modal frequency, and internal and external damping factors. As
summarized in the three expressions below, these three variables depend on effective mass
mr, angular resonance frequency ω0, and resonator Q-factorQ, all of which can be determined
or estimated using techniques outlined in sections that follow.

m = mr

k = kr = ω2
0m

b =
√
mk/Q

In order to calculate mr, it is first necessary to understand the concept of a vibrational
mode shape.

2.3 Vibrational Mode Shapes

At a specified modal frequency, ω0, the normalized mode shape for a resonator, ~Φ, is a
vector function of reference position ~X in R3 having a maximum magnitude of 1 at locations
of maximum displacement. If a mode shape is known and the displacement of any single
point on the resonator is known at resonance, then the displacement is by definition known
for every other point on the resonator. The displacement from the original position, ~u( ~X),

at any original position ~X, is less than or equal to the maximum displacement magnitude
umax, which only occurs over a limited region. The normalized mode shape is thus defined
as:

~Φ( ~X) =
~u( ~X)

umax

Over the domain of the resonator, the position of any particle at time t is equal to its

original position plus its displacement, ~(u).

~x( ~X, t) = ~X + ~u( ~X, t)

For a steady-state modal resonance, a sinusoidal time dependence is assumed at the
modal frequency. An example mode shape, the 1st-radial-contour-mode, for a lateral disk
resonator is shown in fig. 2.5 in red. This mode shape ideally exhibits no dependence in the
z-direction and possesses azimuthal symmetry. Maximum displacement occurs at the outer
radial boundary.
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Figure 2.5: An example of a two-dimensional vibrational mode shape for a disk resonator.
Each red vector represents displacement from a corresponding reference location shown in
blue.

The procedure of determining mode shapes, i.e., eigenfunctions, and corresponding modal
frequencies, i.e., eigenfrequencies, for a 1D, 2D, or 3D structure is known as modal analysis.
Modal analysis can be performed on an arbitrary structure using the finite element method,
through solving partial differential equations governing wave motion over the domain of the
resonator, or by simple inspection when rigid bodies and compliant (nearly massless) springs
are used. Once the mode shape and modal frequency are known, it is possible for one to
calculate the effective dynamic mass for a resonator. The mode shape is used to calculate
modal velocity, which in turn is used to calculate kinetic energy for a body as well as effective
mass.

Modal Velocity of a Mechanical Resonator

Through knowing the modal frequency and the mode shape of the structure, one knows
not only the displacement of every point in the body, but also the velocity over the domain. If
this is not immediately evident, first consider that modal displacement is generally expressed
as

~u( ~X, t) = ~u( ~X) sin (ω0t+ φ0)

Where ~X is the reference position, t is time, and ω0 is the radian modal frequency. Taking
the derivative, one finds that the zero-to-peak amplitude of velocity is equal to circular
frequency (ω0) times the magnitude of modal displacement. Scalar magnitudes for velocity
and displacement are denoted as quantities without arrows, while arrows denote vector
quantities.
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~̇u( ~X, t) = ω0~u( ~X) cos (ω0t+ φ0)

The velocity amplitude at any point on the resonator is then equal to

~̇u( ~X) = ω0~u( ~X)

The modal velocity for a vibrating body is useful for calculating its kinetic energy, which
is needed to calculate effective mass for a mode shape.

Kinetic Energy of a Mechanical Resonator

The modal kinetic energy of a vibrating body is found by summing up tiny differential
pieces of ’mass times one half modal velocity squared’ over the domain. Differential mass
is given by the density at a location ρ( ~X) times a differential volume dxdydz. The scalar

modal velocity, ω0u( ~X) cos (ω0t+ φ0), is a function of position. The full expression for time
dependent kinetic energy is thus

KE(t) =
1

2

[
1

2
+

1

2
cos (2ω0t+ 2φ0)

] ∫∫∫
V

ρ( ~X)ω2
0u( ~X)2 dx dy dz (2.12)

Maximum kinetic energy for the body is achieved when modal velocity is maximum,
which occurs when modal displacement is zero.

KEmax =
1

2

∫∫∫
V

ρ( ~X)ω2
0u( ~X)2 dx dy dz (2.13)

2.4 Effective Mass of a Mechanical Resonator

Since different locations on a resonator move at different speeds, it is useful to define a
quantity called effective mass, mr. Effective mass is defined under the assumption that the
entire resonator moves at a single reference velocity, u̇ref , defined as the modal velocity at

a reference position ~Xref , so as to achieve the same kinetic energy as the actual resonator.
By the definition of kinetic energy,

KEmax =
1

2
mr( ~Xref )u̇2

ref (2.14)

Rearranging terms and simplifying,

mr =
2KEmax
u̇2
ref

=
2 · 1

2

∫∫∫
V
ρ( ~X)ω2

0u( ~X)2dxdydz

ω2
0u

2
ref

(2.15)

mr =
1

u2
ref

∫∫∫
V

ρ( ~X)u( ~X)2dxdydz (2.16)
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Although the choice of u̇ref = ω0uref is arbitrary, the traditional choice for uref is the
resonator’s maximum displacement, umax. However, one might choose a reference position
not at a location of max displacement, for example when one wants to estimate the effect of
low-velocity mechanical coupling between resonators [61]. When mr is not explicitly specified

as having a reference location of the form mr( ~Xref ), it should be assumed that uref = umax.
The choice of uref affects not only the effective mass, but also effective stiffness, kr, and

the electromechanical transduction factor, η. The same choice of uref must be used when
calculating mr and η.

Finally, the equivalent mass calculation can simplify to that of an integration over fewer
than three variables when the mode shape has no dependence on one or two dimensional
variables, for example as occurs with a purely lateral resonator with constant thickness. The
location dependence of density ρ is usually constant too, resulting in the following simplified
expression for effective mass, where t is the vertical thickness of the resonator.

mr =
ρt

u2
max

∫∫
u( ~X)2dxdy = ρt

∫∫
Φ2( ~X)dxdy (2.17)

2.5 Potential Energy and Effective Stiffness of a

Mechanical Resonator

Energy conservation requires that the maximum kinetic energy of the vibrating system
KEmax equals the maximum potential energy of the system PEmax. In a manner analogous
to determining the effective mass, an effective stiffness can be defined that assumes the entire
resonator displaces the same amount in response to an applied force at the reference location.
Intuitively, locations of small modal displacements are effectively stiffer with heavier effective
masses than those of large modal displacements. Equating kinetic and potential energies, it
is possible to derive an expression for a resonator’s effective stiffness, kr.

KEmax =
1

2
mru̇

2
ref =

1

2
kru

2
ref = PEmax (2.18)

Without the need to calculate and integrate strain energy density over the domain of the
resonator, the effective stiffness kr is found by multiplying effective mass by ω2

0.

kr = ω2
0mr (2.19)

In summary, rx, cx and lx are now known. From this point, electrical circuit analy-
sis can be performed on one-port (two-terminal) mechanical components in tandem with
electrical components, provided there exists one or more electromechanical transducers to
translate between energy domains. In the following section, an explanation for representing
an electromechanical transducer as a two-port transformer is provided.
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Figure 2.6: A general two port model for a transducer, where e’s and f ’s represent efforts
and flows in two different energy domains, #1 and #2.

2.6 Electromechanical Transduction

Electromechanical transduction explains how electrical signals generate, and are gener-
ated by, changes in spacing between adjacent planes of atoms in a material. A transducer is
a term for any device that converts a signal in one energy domain to another. A transducer
can function either as a sensor or an actuator. A sensor accepts a parameter in one energy
form, e.g., pressure, and reports the value in another form, e.g., voltage. An actuator accepts
energy, e.g., electrical, and creates action or movement, e.g., the motion of a diaphragm of
a loudspeaker. Often, a transducer performs both functions simultaneously, e.g., in an os-
cillator’s one-port quartz resonator. Whether an application calls for sensing, actuation, or
both, a transducer is an essential element in any MEMS device. For RF MEMS applica-
tions, electromechanical transducers are most often implemented through either piezoelectric
or DC-biased capacitive gap transduction.

Figure 2.6 presents a general two-port circuit model for a transducer, indicating that at
each port there is an effort (e), e.g., a voltage or a force, and a flow (f), e.g., a current or a
velocity. The product of effort and flow at a port is equal to the power entering that port.
For any transducer, the power entering one port equals the power leaving the other port:

Pnet = e1(t)f1(t) + e2(t)f2(t) = 0 (2.20)

Since no power is dissipated in a transducer, there are two sets of two-port parameters
that satisfy eq. (2.20). A transducer can function either by having a fixed scale factor between
e1 and e2 or by having a fixed scale factor between e1 and f2. The former type of transducer,
referred to as a transformer, is more relevant to our discussion of RF MEMS devices than
is the latter type of transducer, known as a gyrator. Gyrators are useful, for example, in
modeling the behavior of a λ/4-length mechanical coupler for a filter (see section 2.10). One
can also model an inductor using a gyrator, through cross-linking efforts to flows between
two energy domains, i.e., current is proportional to magnetomotive force, while voltage is
proportional to the time derivative of magnetic flux [59].
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Figure 2.7: A circuit symbol diagram for a transformer representing an electromechanical
transducer.

Electromechanical Transformers

Figure 2.7 depicts a typical model for an RF MEMS electromechanical transducer: a
two port ideal transformer having the two port parameters of eq. (2.21). Here, electrical
variables current and voltage act on one port of the transformer, while mechanical variables
force and velocity act on the other port. The factor η is referred to as the transformer
factor or transduction factor for the transformer. Additionally, η is sometimes called a turns
ratio, but since an electromechanical transducer does not have a turns ratio like an electrical
transformer, use of the term may be avoided.[

f
u̇

]
=

[
η 0
0 −1/η

] [
v
i

]
(2.21)

Through examining eq. (2.21), one can see that η has equivalent units of either [N/V] or
[C/m]. Although η has these units, when using a circuit simulator, it is acceptable to express
η as a unitless factor, as it is for a standard transformer, so that mechanical variables can
be expressed in the standard units of their electrical counterparts.

Performing a dimensional analysis, one sees that the units relating the input and output
variables are consistent and that power is conserved. No power is ever dissipated in the ideal
transformer. Thus, if either side acts as a power source, the other side acts as a power sink
for the same amount. As an example, consider an actuator for which input electrical power
is given by Pin = viniin. The mechanical side of the transformer will act as a power source
for which Pout = −foutu̇out. Through eq. (2.21), one can readily show that Pin = Pout.

Equivalent Physical Interpretations of η

As summarized in table 2.2, η has three distinct yet equivalent physical meanings which
are tied to the electromechanical transformations of the three types of conjugate power
variables: efforts, flows and displacements. Dimensional analysis checks are also included to
verify equivalent units for η for each case.

Understanding all three equivalent explanations for η is useful for determining the most
straightforward manner to calculate η for each type of transduction.
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Table 2.2: Equivalent physical interpretations of the electromechanical transformer factor, η

Transformed
Parameter

Physical Meaning Dimensional Analysis

Effort, e(t)
Modal force per

unit voltage
{η} = [N]/[Nm/C] = [C/m]

Flow, f(t)
Electrical current per
unit modal velocity

{η} = [C/s]/[m/s] = [C/m]

Displacement, q(t)
Displaced charge per unit

modal displacement
{η} = [C/m]

(a) Deformation of a disk resonator due to a
non-modal force. Here, the shape of the trans-
duction electrode determines the disk’s defor-
mation. Modal displacement is not assumed.

(b) Deformation of a disk resonator due to a
modal force. Modal deformation is assumed
due to an excitation at the modal frequency
f0. Modal force is used to calculate η.

Figure 2.8: Comparison of non-modal force and modal force. Modal vibration is assumed to
calculate η for an electromechanical resonator.

Modal Force: Calculating η For a Vibrational Mode

Fundamental to understanding how to calculate η for a resonator is an awareness of the
difference between non-modal and modal forces (and displacements). A modal force occurs
at the modal frequency and assumes modal displacement; a non-modal force does neither.
To illustrate, fig. 2.8 presents a comparison of a disk resonator under influence of (a) a
non-modal force and (b) a modal force.

Figure 2.8a shows that applying a non-modal force through an arbitrary transducer
geometry generally generates a static structural displacement field that may not match a
desired vibrational mode shape, e.g., here, a radial contour mode. Likewise, again with a
general transducer geometry, an impulsive excitation (containing energy at all frequencies)
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from the transducer electrode will incite wave motion in the resonator such that displacement
at any reference location as a function of time, i.e., the impulse response, will generally have
some frequency content outside of, and not solely at, the desired modal frequency. An
arbitrary electrode geometry thus can excite multiple modes.

Now, considering only excitations at the modal frequency, c.f. fig. 2.8b, numerous exci-
tation cycles are generally, but not always, required for the wave motion originating from
the transducer electrode(s) at the modal frequency to result in a displacement profile that
resembles the mode shape. When an excitation’s frequency matches the desired modal fre-
quency, and when a resonator’s Q is large, the desired mode shape will grow over the start
up time, eventually dwarfing transient displacements at other frequencies. Once in the sinu-
soidal steady state, the assumption of a pure mode shape becomes valid and is thus used to
calculate the electromechanical transformer factor η for the mode of interest. The resultant
voltage vx, current ix, or displaced charge Qd from the modal displacement or modal velocity
profile can then be used to calculate η, according to the following equivalent expressions:

η =
Qd

uref
=

ix
u̇ref

=
Fmodal
vx

(2.22)

Depicted in fig. 2.8b using blue arrows, modal force is an areal sum of the stress that
is generated, or acts, over a transduction region. One can alternatively, for the purpose
of lumped element modeling, consider modal force as existing at a single reference point,
~Xref . Through modal vibration, a resonator acts as a single degree of freedom system. The
modal force having magnitude Fmodal causes a displacement magnitude uref at the reference
location. At resonance, deformation of the whole structure is known if the displacement
of the reference point is known. At resonance, the familiar Hooke relation for resonator
dynamic stiffness kr = 1/cx applies, but also must account for displacement amplification
(multiplication by Q) and a 90o phase shift, both due to resonance:

Fmodal =
jkruref
Q

(2.23)

η for a Capacitively Transduced Resonator

The expression for η for a polarized capacitive-gap transduced resonator is a function of
how the stored energy of a capacitive transducer changes due to gap modulation through a
resonator’s modal displacement.

Starting from fundamental principles, the energy stored on a capacitor is equal to the work
W required to displace a total amount of charge Qd across a capacitor having capacitance
C:

W =

∫ ∆V

0

Qd dV =

∫ ∆V

0

CV dV =
1

2
C∆V 2 (2.24)
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If the capacitor voltage ∆V is held constant and the capacitive gap changes due to modal
displacement uref , the stored energy of the capacitor changes. For a system where the gap is
expressed as a function of resonator displacement at the reference location, uref , by taking
the derivative of the stored energy with respect to uref , the attractive force on a capacitive
actuator becomes apparent:

F =
dW

duref
=

1

2

dC

duref
∆V 2 (2.25)

When ∆V is set as the sum of a polarizing voltage Vp and an ac voltage vx sinωt, force
terms arise at DC, ω, and 2ω:

F (t) =
1

2

dC

duref

[
V 2
p + 2Vpvx sinωt+

1

2
vx (1− cos 2ωt)

]
(2.26)

Thus, considering only the term at ω,

Fmodal =
dC

duref
Vpvx (2.27)

η for a capacitively transduced resonator can then be expressed as a ratio of efforts:

η =
Fmodal
vx

= Vp
dC

duref
(2.28)

The ratio of displacements definition for η, in terms of induced charge, is:

η =
dC

duref
=

dQd

duref
(2.29)

The ratio of flows definition, useful for calculating output current due to modal velocity,
is:

η =

dQd

dt
duref

dt

=
ix
u̇ref

(2.30)

For a capacitive resonator, electromechanical transduction manifests itself solely on res-
onator surfaces that form transducing capacitive gaps with interfacing electrodes. On the
other hand, for a piezoelectric resonator, transduction occurs throughout the body of the res-
onator, not just on surfaces. For this reason, piezoelectric transduction often is stronger than
capacitive transduction, particularly for stiff structures at higher frequencies. The method
for calculating η for a piezoelectric resonator is explained in the following section.
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η for a Piezoelectrically Transduced Resonator

For a piezoelectric resonator, η is most easily calculated through integrating charge den-
sity over electrode area given a unit amount of modal displacement. Since displacement at
every point on the resonator is fully specified due to the mode shape, strain is also specified,
and in turn, induced area charge density is specified via the direct piezoelectric effect. The
strain at any point on the resonator is equal to the spatial derivative of displacement.

εx =
∂ux
∂x

(2.31)

εy =
∂uy
∂y

(2.32)

For a c-axis aligned piezoelectric material such as sputtered AlN, perpendicular lateral
strains εx and εx sum together to create a z-axis (c-axis) strain εz through the poisson effect
that gives rise to an induced charge density. The e31 coefficient captures this, as it is the area
charge density developed for a unit amount of net lateral strain. η can thus be expressed
as follows, where Qd represents induced (displaced) electrode charge, Dz is the z-directed
electric displacement field, A is the region over which transduction electrodes exist for the
resonator, and ∇xy· represents the mathematical divergence operator in the xy-plane:

η =
Qd

uref
=

∫∫
A

Dz dxdy

uref
=

e31

uref

∫∫
A

(
∂ux
∂x

+
∂uy
∂y

)
dxdy =

e31

uref

∫∫
A

(∇ · ~u) dxdy (2.33)

In cylindrical coordinates, this equates to:

η =
e31

uref

∫∫
A

(
ur
r

+
∂ur
∂r

+
1

r

∂uθ
∂θ

)
dxdy (2.34)

The procedure for calculating η involves integrating the divergence of the normalized
mode shape over the electroded area and multiplying by the piezoelectric coefficient e31 =
0.7Cm−2. Note that regions of negative and positive divergence should have electrodes of
opposite polarities to avoid net charge cancellation. Also, if εx and εy are equal and opposite
at a location, εz will be zero at that location.

η for a Capacitive-Piezoelectrically Transduced Resonator

The same method for calculating η for a piezoelectric resonator with contacting electrodes
is used to calculate that for a capacitive-piezoelectric resonator. To further improve accuracy,
one may wish to introduce a correction factor for η to account for deviations due to fringing
fields due to electrode separation, but such a factor can usually be neglected, especially for
small gaps. The current simulation method seems satisfactory, accurately predicting the
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Figure 2.9: Equivalent single-transducer resonator circuits.

Figure 2.10: Equivalent two-transducer resonator circuits.

transduction for capacitive piezoelectric resonators to within a smaller margin of error than
that which exists for other quantities, such as e31.

A different factor, α, is used to account for the reduced coupling due to the introduced
capacitive gaps, as will be discussed in a latter section.

Beyond knowing how electromechanical transducers operate and how η can be computed
for different types of transduction, it is also useful to examine how the effects of electrome-
chanical transducers can be absorbed into mechanical lumped elements in order to create
simpler, fully electrical, equivalent circuits.

Equivalent Electrical Components via Transducer Absorption

As shown in fig. 2.9 and fig. 2.10, it is possible to combine one or two transducers with
mechanical resonator lumped elements rx, cx, and lx to translate to the equivalent electrical
parameters Rx, Cx, and Lx, for each of which an uppercase letter denotes that the effect of
the transducer has been integrated into the value. Here, the subscript x denotes a motional
variable. Note that the circuit of fig. 2.10 is only valid when the two transducers have equal
transformer coefficients.

2.7 Butterworth-Van Dyke (BVD) Equivalent Circuit

Model

The Butterworth-Van Dyke (BVD) circuit is the classical lumped element circuit model
for an electrically transduced mechanical resonator. The BVD model was first used to
describe the electrical behavior of quartz crystal resonators. Later, the model was used
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Figure 2.11: Butterworth-Van Dyke (BVD) circuit.

to model AlN resonators, such as Surface Acoustic Wave (SAW) devices and thin Film
Bulk Acoustic Resonators (FBARs). It can be used for one-port capacitively transduced
resonators. The model is also applicable for capacitive-piezoelectric devices, albeit with
some modifications to the component values.

In fig. 2.11 below, the BVD circuit is shown, the upper branch of which is the acoustic
path, consisting of the familiar Lx, Cx, and Rx which represent mass, stiffness, and damping
in the resonator, respectively, and which take into account the electromechanical transduction
factor, η. The lower branch is the electrical path, a capacitance between the input and output
electrodes across the piezoelectric (dielectric) material.

The interplay of the shunt capacitance and the series LCR gives rise to two resonance
frequencies. The first is a series resonance fs exhibiting a minimal impedance. The second
is a parallel resonance fp exhibiting a maximal impedance.

Series and Parallel Resonance Frequencies of the BVD Circuit

The impedance in terms of complex frequency s for the equivalent circuit is given by:

Z(s) =
Rx + 1

sCx
+ sLx

1 + sRxC0 + C0

Cx
+ s2LxC0

(2.35)

Substituting jω for s, assuming sinusoidal steady state operation, one obtains

Z(jω) =
Rx + 1

jωCx
+ jωLx

1 + C0

Cx
− ω2LxC0 + jωRxC0

(2.36)

Series resonance occurs when the impedance magnitude of the numerator is minimized:

1

jωCx
+ jωLx = 0 (2.37)

ωs =

√
1

LxCx
(2.38)

fs =
1

2π

√
1

LxCx
(2.39)
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Parallel resonance occurs when the impedance magnitude of the denominator is mini-
mized:

1 +
C0

Cx
− ω2LxC0 = 0 (2.40)

ωp =

√
1 + Cx

C0

LxCx
= ωs

√
1 +

Cx
C0

(2.41)

fp = fs

√
1 +

Cx
C0

(2.42)

An oscillator (frequency generator) circuit can be created using the crystal as a frequency
control element by utilizing either the series or parallel resonance frequency of the crystal,
depending on whether the sustaining amplifier selects a maximum admittance or a maximum
impedance. For example, a resonator with a very low series resonance impedance such as an
FBAR, an oscillator circuit must utilize the parallel resonance so that the series resonance
Q-factor is not heavily loaded by the input impedances of the amplifier circuitry.

The series and parallel resonance frequencies can be used to calculate an important BVD
circuit model parameter, the electromechanical coupling coefficient, k2

eff .

2.8 Electromechanical Coupling Coefficient,

k2
eff = Cx/(Cx + C0)

The electromechanical coupling coefficient (EMCC, expressed as keff ) for a BVD res-
onator is defined as follows: the square of the EMCC, k2, is the ratio of mechanical energy
stored in the volume of the resonator body and capable of conversion to the total electrical
energy supplied to the body [62]. Due to the reciprocal nature of electromechanical trans-
duction, the definition is also valid when the words electrical and mechanical are transposed.
To determine the EMCC for a particular mode, one can assume that a sinusoidal voltage
of amplitude V is applied across the terminals of the resonator at the modal frequency, as
shown in fig. 2.12.

The mechanical and electrical energies of the body Um and Ue can be expressed as:

Um =
1

2
CxV

2 =
1

2
cxη

2V 2 =
1

2

1

kr
F 2
modal =

1

2
kru

2
ref (2.43)

Ue =
1

2
C0V

2 (2.44)

Thus,

k2
eff =

Um
Ue + Um

=
1
2
CxV

2

1
2
C0V 2 + 1

2
CxV 2

=
Cx

C0 + Cx
≈ Cx
C0

(2.45)
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Figure 2.12: Butterworth-Van Dyke (BVD) circuit.

Since fp can be expressed as a function of fs and Cx/C0 as defined in eq. (2.42), the ratio
of capacitances and thus the EMCC can also be expressed as a function of the parallel and
series resonance frequencies. The EMCC can therefore be experimentally determined via
measurement of a resonator’s frequency characteristic as follows:

k2
eff

1− k2
eff

=
Cx

C0+Cx

1− Cx

C0+Cx

=
Cx
C0

=
f 2
p − f 2

s

f 2
s

(2.46)

The Cx/C0 of a transducer port is an important parameter which sets an upper limit on
the achievable bandwidth for filters–the maximum fractional bandwidth an electromechanical
bandpass filter can transmit without added insertion loss is approximately equal to k2

eff/2.
Matching inductors can be used to form one or more L-networks to broaden the bandwidth
beyond this limit by resonating out the shunt capacitance, if needed.

2.9 Multi-Transducer Resonant Systems

For many resonant systems, it is useful to employ multiple electromechanical transducers
each serving a different purpose. For example, three common transducer functions for RF
MEMS include drive, sense, and tune. Since available area for placing transducer electrodes
is limited for a given structure, it might seem desirable to use a single transducer to si-
multaneously excite a mechanical structure, sense its motion, and tune its frequency via a
control voltage. Although possible in principle for a limited set of applications, it is often not
desirable or possible in practice to combine transducer functions. Additionally, separating
transducers can provide new benefits.

Frequency Tuning Without Affecting Motional Impedance

For a stable oscillator or filter system, motional impedance Rx should stay constant when
resonance frequency is tuned. Single transducer frequency tuning requires placing either a
control bias voltage or an external capacitance in the input/output (I/O) signal path. For a
capacitively-transduced resonator, frequency tuning works by changing the polarizing voltage
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Figure 2.13: A schematic of a simplified fully differential filter.

Vp of the transducer and thus changing its electrical stiffness, while for a piezoelectrically-
transduced resonator, a series (or parallel) capacitance added to a transducer tunes either
its series (or parallel) resonance frequency. In either case, these tuning elements affect the
I/O transduction strength and motional impedance Rx of a resonator. On the other hand,
dedicated tuning transducers, i.e., those not in the I/O path, offer independent control
knobs for resonance frequency that avoid affecting Rx, albeit at the expense of some I/O
transduction strength. For example, this method is used to obtain an accurate 32.768 kHz
clock frequency for the resonator of [53].

Two-Port Capacitive Feedthrough Reduction Via I/O Separation

A two-port resonant system can be constructed using either one or two I/O transducers.
A single transducer two-port resonator has one terminal of each of its ports tied to the same
node, e.g., ground, while the remaining two terminals of the two ports connect to the two
terminals of the transducer. This device has relatively strong transduction but relatively
poor capacitive isolation between input and output.

A two transducer two-port resonant system utilizes a dedicated transducer at each port.
This system has the advantage of potentially very good capacitive feedthrough isolation
between input and output. For a bandpass filter, minimizing capacitance between input and
output is essential for realizing high levels of stop band rejection. If the distance between
the transducers is maximized and appropriate ground shielding is placed between the two
transducers, this unwanted capacitance can be fully minimized.

Differential Operation for Further Capacitive Feedthrough Reduction

In addition to using separate I/O transducers for a filter, differential operation enables sig-
nificant feedthrough cancellation. A diagram illustrating how differential signals are helpful
for improving stopband rejection is included in fig. 2.13. Here, the feedthrough capacitances
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(a) Extensional. (b) Flexural. (c) Torsional.

Figure 2.14: Three types of mechanical coupling beams.

Cpp and Cnn act to transmit their electrical input signals directly to their respective outputs.
Differential signaling is useful to the degree that the cross feedthrough capacitances are equal
to each other–the signals transmitted through the cross feedthrough capacitances Cnp and
Cpn destructively interfere with the direct feedthrough signals thus reducing net feedthrough
at each output.

For inputted differential signals, effective feedthrough capacitance becomes:

CFT,diff = Cpp − Cpn = Cnn − Cnp (2.47)

For example, if Cpn = 0.9Cpp, then feedthrough capacitance is reduced by 90% (or 20
dB) through differential operation. Differential operation was used in the VHF capacitively-
transduced filters of [48] and [47] to improve stopband rejection by about 30 dB. Comparable
gains could be expected for piezoelectric filters using this technique at the cost of increased
system complexity.

2.10 Coupling Beams

Mechanical coupling elements to connect larger vibrating bodies together can include
extensional, flexural and torsional beams, as are illustrated in fig. 2.14. Mechanical couplers
transmit forces and velocities between their connection points and thus are useful for en-
forcing various boundary conditions on vibrating systems. The following analysis assumes
that the lengths of the beams are on the same order as the extensional, flexural, or torsional
wavelengths in the material, thus necessitating the use of transmission line theory. Our
analysis focuses on extensional coupling beams, for which propagation velocity and force are
in the same direction. Extensional coupling beams will later be shown as being useful for
coupling radial contour mode disk resonators together to create disk arrays.

2-Port Models for Extensional Coupling Beams

Extensional coupling beams, for which wavelength is decoupled from beam height and
beam width and for which displacements run parallel to wave propagation direction, are sim-
pler to model than torsional or flexural coupling beams. Contour mode resonators can easily
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Figure 2.15: Two-Port impedance T-network representation for an extensional coupling
beam.

be coupled together using extensional couplers, since displacement at coupler attachment
points is purely in the radial direction.

To model a coupler, a transmission line model can be used. The behavior of the trans-
mission line, assumed to be lossless, can be described using a 2-port model, which can be
most conveniently be expressed as an ABCD matrix. The ABCD 2-port parameters for an
extensional coupler are given by [63]:[

F1

ẋ1

]
=

[
A B
C D

] [
F2

ẋ2

]
=

[
cosαlc

j sinαlc
Z0

jZ0 sinαlc cosαlc

] [
F2

ẋ2

]
(2.48)

Where lc is the length of the coupler and α is the wave number, given by

α =
2π

λ
=

2πf

va
=

2πf√
E/ρ

(2.49)

In eq. (2.49), λ is the extensional wavelength in the coupling beam, f is the frequency of
operation, va is the acoustic velocity, and E and ρ are the Young’s modulus and density of
the material, respectively. In eq. (2.48), Z0 is the characteristic mobility, defined in eq. (2.50)

Z0 =
1

hcwc
√
Eρ

(2.50)

In eq. (2.50), hc and wc represent the height and width of the coupling beam’s cross
section respectively, assuming a rectangular cross section. Using a conversion from ABCD
parameters to an impedance network, the coupling beam can be modeled by a T-network of
symmetric impedances [64], as is shown in fig. 2.15 since B = (AD − 1)/C.

Zseries =
A− 1

C
=
D − 1

C
(2.51)

Zshunt =
1

C
(2.52)
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Figure 2.16: Normalized series and shunt impedance magnitudes for the T-network exten-
sional coupling beam model as a function of beam length.

One finds that for the extensional coupling beam model of fig. 2.15, the impedances
Zseries and Zshunt are given by:

Zseries =
cos (αlc)− 1

jZ0 sin (αlc)
=
j tan

(
αlc
2

)
Z0

=
j tan

(
πlc
λa

)
Z0

=

j tan

(
πlcf√
E/ρ

)
Z0

(2.53)

Zshunt =
1

jZ0 sinαlc
=

1

jZ0 sin
(

2πlc
λa

) =
1

jZ0 sin

(
2πlcf√
E/ρ

) (2.54)

Writing out these expressions in terms of fundamental variables,

Zseries = jhcwc
√
Eρ tan

(
πlcf√
E/ρ

)
(2.55)

Zshunt = −jhcwc
√
Eρ csc

(
2πlcf√
E/ρ

)
(2.56)

To illustrate how the relative magnitudes of the series and shunt impedances of fig. 2.15
change with respect to beam length, fig. 2.16 presents plots of the normalized series and
shunt reactances of the T-model for the coupling beam with respect to wave number. The
ratio of the impedances is also plotted to show the important ratio values of 0, -1, and -2,
respectively, that correspond to special lengths of couplers.

Using equation-defined one-port impedance elements allows for general coupling beam
modeling that works over a broad range of frequencies and beam lengths. Using an equation-
based ABCD matrix model for a coupling beam is an equally valid approach, in principle,
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though it was found that simulations run in Advanced Design System 2009 (ADS2009) using
the T-network model worked with less difficulty.

Special lengths of mechanical couplers

At a frequency of interest, just like with any transmission line, one can create simplified
equivalent two-port circuit models for coupling beams that have special lengths relative to the
acoustic wavelength. Due to the periodicity of fig. 2.16, any special beam length condition
that is satisfied for a given beam length will also be satisfied when one or more acoustic
wavelengths is added its length.

lbeam = nλ, n ∈ N

If the length of a coupling beam is either neglible, i.e., lbeam << λ/10, or is a positive
multiple of one wavelength, then there are no significant phase or magnitude differences
between the sinusoidal forces and velocities acting on opposite boundaries of the coupling
beam. The ABCD matrix of eq. (2.48) simplifies to that of eq. (2.57):[

F1

ẋ1

]
≈
[
1 0
0 1

] [
F2

ẋ2

]
(2.57)

The resulting equivalent two-port circuit model for a very short coupling beam is included
in fig. 2.17. The two port network becomes a short-circuited through connection.

Figure 2.17: Equivalent two-port circuit model for a coupling beam of length lbeam = nλ, n ∈
N

Couplers that are a whole number of wavelengths long have equal displacements and
forces present at either side and are useful for making differential mechanical circuits having
resonators that vibrate out of phase.

lbeam = λ
4

+ nλ, n ∈ N

If the length of a coupling beam is one quarter-wavelength, the coupling beam can be used
for coupling matched resonators, i.e., those having identical resonant frequencies, together
to make a narrowband filter. Conveniently, the characteristic mobility Z0, and thus width
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Figure 2.18: Equivalent two-port circuit model for a coupling beam of length lbeam = λ
4

+
nλ, n ∈ N

of the coupling beam wc, determines the coupler’s stiffness. Furthermore, using λ/4-length
coupling beams avoids unwanted shifts in modal frequencies in multi-resonator filters while
still allowing resonator-to-resonator coupling to achieve mode splitting.

The ABCD matrix for the λ/4 coupler simplifies to that of eq. (2.58):[
F1

ẋ1

]
=

[
0 j

Z0

jZ0 0

] [
F2

ẋ2

]
=

[
0

(
sCλ/4

)−1

sCλ/4 0

] [
F2

ẋ2

]
(2.58)

Interestingly, this two-port network has the same two-port parameters as a gyrator, one
of the two types of transducers (the other being a transformer) discussed in ****. As shown
in fig. 2.18, the λ/4-length coupler can be modeled as a T-network of capacitors. Here, the
value of Cλ/4 is given by eq. (2.59):

Cλ/4 =
Z0

ω
=

1

2πfhcwc
√
Eρ

(2.59)

Just like for any gyrator, looking into one port of a λ/4-length coupler has the interesting
property of presenting an inverted version of impedance of the load on the other side, which
has implications for the input impedances and transfer functions for multi-resonator filters,
as will be discussed in a latter section. The input impedance of the combined two-port
network shown in fig. 2.19 of a λ/4-length coupler and a load impedance, ZL, is given by:

Zin = − 1

s2C2
λ/4ZL

(2.60)

This relation simplifies the input impedance calculation of cascaded λ/4-coupled res-
onators.

lbeam = λ
2

+ nλ, n ∈ N

If the length of the mechanical coupler lbeam = λ
2
, the forces and velocities at the op-

posite ends of the coupler are equal in magnitude and opposite in phase. Half-wavelength
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Figure 2.19: Equivalent impedance seen at the opposite side of a λ/4 coupling beam.

couplers are useful for building arrays of fundamental resonators vibrating in phase as a
single composite resonator. The ABCD matrix for the λ/2-length coupler simplifies to that
of eq. (2.61): [

F1

ẋ1

]
=

[
−1 0
0 −1

] [
F2

ẋ2

]
(2.61)

It’s possible to again use the T-network capacitor model as shown in fig. 2.20, however,
the capacitor values must become vanishingly small. As lbeam → λ

2
, Cλ/2 → 0.

Figure 2.20: Equivalent two-port circuit model for a coupling beam of length lbeam < λ
2

+
nλ, n ∈ N

For simulation purposes, the value chosen for Cλ/2 is valid as long is it is several orders
of magnitude smaller than the capacitances of the resonators that are being coupled.

lbeam = 3λ
4

+ nλ, n ∈ N

Lastly, if the length of a coupling beam is three quarters of one wavelength, the coupling
beam essentially behaves the same as a λ/4-length coupler, but the polarities on all of the
capacitances change. In other words, the capacitors of fig. 2.18 are changed according to the
following substitution:
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C3λ/4 = −Cλ/4 (2.62)

The input impedance result of eq. (2.60) is unchanged when substituting lbeam = 3λ/4
for lbeam = λ/4.
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Chapter 3

AlN Contour Mode Disk Resonators
with Unattached Electrodes

To reduce the power consumption and improve the sensitivity of ultra low power wire-
less sensor networks, an RF MEMS resonator technology possessing very high Q, strong
electromechanical coupling Cx/C0 and low motional resistance Rx is of great interest for fre-
quency synthesizer and RF filter components. It is also highly desirable to allow for multiple
operating frequencies on the same chip. The resonance frequencies of “contour mode” res-
onators are set by lateral dimensions– thus they have CAD-definable resonance frequencies.
A MEMS technology possessing all of these favorable properties may enable transformative
improvements in low power integration for wireless transceivers.

In this chapter, we report our work to improve the performance of contour mode res-
onators made from AlN by spacing the electrodes from the device. First, we introduce
capacitive-piezoelectric transduction as a means to improve the Q’s of piezoelectric contour
mode resonators. In particular, we focus on the optimization and modeling of radial con-
tour mode disks utilizing capacitive-piezoelectric transduction. With an optimizing single
disk resonator, multiple single disk devices may then be electrically connected in parallel
and mechanically coupled to vibrate synchronously. Such disk arrays offer reduced motional
resistance, increased power handling, and improved manufacturing precision for frequency.

3.1 Introduction to Capacitive-Piezoelectric

Transduction

Capacitive-piezoelectric electromechanical transduction is a hybrid of two transduction
mechanisms. To provide background on how it works, it is useful to review the two trans-
duction mechanisms for micromechanical resonators on which it is based.
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Figure 3.1: A conceptual diagram of capacitive transduction. An oscillating voltage drop
across a capacitor has an associated time harmonic surface force on the transducing surface
of a resonator.

Two Common Methods for MEMS Transduction

Electromechanical transduction of MEMS resonators provides a means for both exciting
and detecting mechanical motion (or deformation) electrically. Capacitive and piezoelec-
tric transduction methods, two common ways to provide electromechanical coupling, are
compared to describe the advantages and shortcomings of each technology.

Capacitive Transduction

Included in fig. 3.1 is an illustration of a micro-mechanical resonator utilizing biased
capacitive-gap transduction, here referred to simply as capacitive transduction, where a DC
polarizing voltage, Vp, is superimposed with an AC input voltage, ṽin, to generate an AC
modal force F̃ having the same frequency as the excitation ṽin and having the following
magnitude:

F̃ = Vpṽin
dC

duref
(3.1)

In eq. (3.1), dC
duref

represents the spatial derivative of transducer capacitance C with

respect to modal displacement of a reference point uref . Note that vin and uref are drawn
as being in phase, which is applicable to frequencies far below resonance. At resonance, vin
is instead in phase with modal velocity u̇ref .

Capacitively transduced micromechanical resonators can achieve very high quality factors
(Q’s) ranging from 10k to 100k+ at frequencies ranging from several kHz to several GHz.
Such high Q’s are attributable to several factors as discussed in Chapter 1. In particular,
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Figure 3.2: A conceptual diagram of piezoelectric transduction. Electric field due to volt-
age across an electrode pair surrounding a piezoelectric material has an associated strain
throughout the body of the material.

we highlight two key factors for attaining high Q: (a) the separation of electrodes from the
device and (b) the use of high-Q materials.

Though high Q’s are achieved by capacitive devices, their electromechanical coupling
coefficients, k2

eff ’s are usually too small at very high frequencies to permit their use in
practical applications. The motional impedances (Rx’s) of capacitively transduced resonators
are generally larger than desired. Typical Rx values for capacitively transduced MEMS
resonators range from 1kΩ to several MΩ.

Although efforts to improve Cx

C0
fand Rx have had various degrees of success, coupling can

most easily be greatly improved through the use of piezoelectric transduction and material,
but at the cost of reduced Q’s.

Piezoelectric Transduction

Included in fig. 3.2 is an illustration of a piezoelectric transducer. A piezoelectric trans-
ducer consists of an electrode pair that electrically interacts with a structure made of piezo-
electric material, such as quartz (crystalline SiO2), ZnO, LiNbO3, Pb[ZrxTi1−x]O3, or AlN.
Piezoelectricity is a material property existing for some crystal structures that essentially
manifests itself as a constant of proportionality between strain and electric field. For a lat-
erally vibrating resonator, the transverse (x,y) strain generated by a vertically oriented AC
excitation voltage, ṽin, across a piezoelectric film of thickness t and having a piezoelectric
coefficient of e31 has the following magnitude:

˜εx,y =
ṽine31

t
(3.2)

Most piezoelectric resonators have their electrodes directly attached to the piezoelectric
material for maximum coupling and ease of fabrication. It is notable that the piezoelectric’s
attached electrodes are generally made from metal materials which are inherently lossier than
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Figure 3.3: Comparative performance summary of capacitively- and piezoelectrically- trans-
duced micromechanical resonators at 100 MHz to 3 GHz. High Q and low Rx are desired.

the piezoelectric material itself. Metals typically generate excessive losses via thermo-elastic
damping (TED) and Akhiezer damping, and thus exhibit low Q’s. Thus, an electroded
structure can have a lower Q-factor than its electrodeless counterpart, due to energy sharing
alone, with a metal structure. Other theory suggests that friction at the interface between
the metal and piezoelectric films results is to blame for significant energy loss and leads to
degraded Q-factors. Regardless of the true culprit, electrodeless AlN resonators have been
shown to achieve higher Q’s than electroded AlN resonators [65]. The Q’s of piezoelectric
VHF and UHF resonators are typically limited to several thousand.

Comparitive Summary

To compare the performance of capacitively- and piezoelectrically- transduced microme-
chanical resonators, fig. 3.3 summarizes the strengths and weaknesses of each technology
over frequencies ranging from 100 MHz to 3 GHz and includes SEMs of representative de-
vices. Since both high Q and strong electromechanical coupling (high Cx/C0 and low Rx)
are desired, designers are not fully satisfied with either technology.

Piezoelectric Resonators with Non-Contacting Electrodes

By separating the electrodes from a piezoelectric device, one can combine the strengths of
both capacitive and piezoelectric technologies. Figure 3.4 succinctly illustrates “capacitively-
piezoelectric” transduction, whereby detaching the transduction electrodes of a piezoelectric
resonator and spacing them in close proximity allows for higher Q’s while maintaining low Rx.
At any non-zero spacing distance, the effect of higher Q is attained, due to the elimination of
both electrode interface losses and acoustic damping of the electrodes. Additionally, the elec-
trodes of a capacitive piezo resonator can be thickened to reduce series resistance compared to
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Figure 3.4: A conceptual diagram of capacitive-piezoelectric transduction.

an attached electrode counterpart without any performance penalties, further increasing Q.
What’s more, electromechanical coupling can in fact be higher for such devices if the gaps are
small enough, due to the absence of any unwanted vibration in non-transducing electrodes.
For non-negligible gap sizes, however, there is a reduction in electromechanical coupling. For
applications such as narrowband filtering, the ability to tradeoff electromechanical coupling
for higher Q is desirable. In any case, capacitive-piezoelectric technology should allow for
higher Q · k2

eff figures of merit than comparable attached electrode counterparts.

Previous Work

The first known demonstration of a piezoelectric resonator with detached, closely spaced
electrodes was made by R. Besson in 1977 [66] in Besançon, France. In the paper, 5 MHz
electrodeless hemispherical quartz resonators, called “B.V.A.” resonators, were demonstrated
having Q’s of 3 million and aging stabilities of ≈8 ppb per day. As predicted, the detached
electrodes were shown to offer exceptional performance in quartz.

More recently at UC Berkeley, Hung and Nguyen fabricated electrodeless piezoelectric
resonators, called “capacitive-piezoelectric” resonators due to the introduced capacitive gaps,
with much higher frequencies on-chip using AlN as the piezoelectric material. For example,
in 2010, a 1.2 GHz ring resonator with a Q of 3.1k and a motional resistnace of 889Ω was
demonstrated [67]. Calculations give a k2

eff value of 0.3% for this resonator [68]. A second
device by Hung was demonstrated with a much higher Q of 12,000 using a wine-glass mode
shape, albeit at a lower frequency of 50 MHz [69]. Nonetheless, this high Q value proved
the efficacy of capacitive-piezoelectric transduction for achieving high-Q. Lastly, in 2013,
Yen and Nguyen demonstrated the first capacitive-piezo Lamb Wave Resonator (LWR) at 1
GHz with an improved UHF Q of 5,000 [70], further cementing the idea that capacitive-piezo
transduction offers strong benefits by exceeding the Q’s of FBARs.



CHAPTER 3. ALN CONTOUR MODE DISK RESONATORS WITH UNATTACHED
ELECTRODES 57

Figure 3.5: (a) Illustration of a capacitive-piezoelectric radial contour mode unit disk res-
onator and its essential parts. (b) Typical dimensions for a 300 MHz device. (c) Device cross
section. (d) First radial contour mode shape.

3.2 Capacitive-Piezoelectric Radial Contour Mode

Disk Resonators

First introduced in [71], the radial contour mode AlN capacitive piezoelectric disk res-
onator has a central role in this thesis project. Capacitive-piezo disk resonators possess
several desirable properties: high Q, disk radius dependent resonance frequency, spurious
mode suppression, amenability to size scaling through arraying, and additional capabilities
enabled by voltage controlled electrode actuation as will be discussed in Ch. 4.

Figure 3.5 presents the structure and operating principles for a capacitive-piezo disk
resonator via (a) a perspective view illustration of a radial contour mode disk resonator and
its essential parts; (b) a list of typical dimensions for a 300 MHz disk; (c) a device cross
section; and (d) the disk’s mode shape of radial displacement. At the core of the device
is a centrally-supported piezoelectric disk made from aluminum nitride. The capacitive-
piezoelectric transducer utilizes capacitive gaps gb and gt below and atop the piezoelectric
resonator, as shown in the cross section of fig. 3.5(c). Through detaching the conductive
electrodes from the resonator and spacing them in very close proximity, one avoids undue
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vibration in the electrodes and frictional energy dissipation at the AlN-electrode interface,
resulting in potentially higher Q than in an attached electrode device. The piezoelectric
effect provides coupling between vertical electric field and lateral mechanical strain. Thus,
when a voltage is applied, the device displaces radially. The top electrode layer connects
to the bottom interconnect layer through a supporting structure around the disk which is
enabled through the use of a conformal deposition of the top electrode material. Here, CVD
doped polysilicon is used, but a CVD metal film might be utilized in future renditions for
improved electrical conductivity and lower deposition temperature. During operation, an
electric field due to an ac voltage applied across top and bottom electrodes induces strain in
the piezoelectric disk, which, for an electrical signal at the resonator’s natural frequency of
vibration, excites the device into resonance.

3.3 Radial Contour Mode Eigenfrequency and Mode

Shape

As an alternative to using finite element analysis, to compute the modal frequency for a
radial mode disk resonator, one can more simply calculate solutions of a frequency equation
as described in [72]. To calculate the first radial contour modal frequency, one seeks to find
the smallest value of f satisfying eq. (3.3). Higher order radial contour modes correspond to
larger values of f that also satisfy eq. (3.3).

J0

(
ζ

ξ
(f)

)
=
ζ

ξ
(f)

J0( ζ
ξ
(f))

J1( ζ
ξ
(f))

= 1− ν (3.3)

Here, J0(x) is a modified bessel quotient of the 0th order, as defined in [72]. Jn(x)
represents a Bessel function of the first kind of order n. The function ζ

ξ
(f) is defined as:

ζ

ξ
(f) = 2πfR

√
ρ(1− ν2)

E
(3.4)

By solving the equation using Young’s modulus E = 345 GPa, Poisson’s ratio ν = 0.22,
mass density ρ = 3, 260 kg/m2, and disk radius R = 11.18µm, the first natural frequency of
the resonator is calculated to be 299.97 MHz. For AlN disk resonators of different radii, the
modal frequency of interest as a function of radius R is given by:

f0(R) =
11.18µm

R · (300.0 MHz)
(3.5)

Here, just like for all contour mode resonators, the resonance frequency does not depend
on the AlN’s thickness, but rather depends purely on lateral dimensions, thus eliminating
film thickness nonuniformity over a wafer as a source of manufactured frequency error.
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Figure 3.6: A capacitive piezoelectric disk resonator and its cross section, with capacitive
gaps gt and gb highlighted.

(a) Electromechanical circuit for a capacitive-
piezo resonator

(b) Equivalent Butterworth Van Dyke (BVD)
circuit

Figure 3.7: Equivalent models for a capacitive-piezo resonator.

The mode shape for the radial contour mode has no tangential component, and consists
purely of radial displacement, uR(r). Up to a constant of proportionality, A, the mode shape
as a function of position (r, θ) in polar coordinates is given by:

~u(r, θ) = ur(r)r̂ = AJ1

(
2πfr

√
ρ(1− ν2)

E

)
r̂ (3.6)

Where r̂ is a unit vector in the radial direction.

3.4 Disk Resonator Circuit Model

A capacitive piezo resonator, such as the device illustrated in fig. 3.6 alongside its cross
section, may be modeled using a two terminal equivalent circuit.

Figure 4.8 presents two equivalent circuit models for a capacitive-piezo resonator. These
are general capacitive-piezo circuit models which are not exclusively applicable to disk res-
onators. First, in fig. 3.7a, sandwiched between the two gap capacitors, Cgt and Cgb, is an
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electromechanical representation of an AlN resonator, consisting of resonator capacitance
C0,ng (ng denotes “no gaps”); an electromechanical transformer with transduction factor η;
and mass, inverse stiffness, and damping elements lx, cx, and rx, respectively. The circuit
of fig. 3.7a is behaviorally equivalent to the simpler circuit of fig. 3.7b having Butterworth
Van Dyke (BVD) circuit component values, C0, Lx, Cx, and Rx. To account for the changes
introduced by capacitive gaps, two factors α and β are introduced to modify the component
values; α is the factor by which capacitive voltage division affects coupling into the resonator
while β is a resonance frequency shift factor.

Electromechanical Model Component Values

We first present expressions for the components of fig. 3.7a. The electrical capacitance
C0,ng between the top and bottom surfaces of the piezoelectric is given by:

C0,ng =
Aeε0εr,AlN

tAlN
(3.7)

Ae in eq. (3.7) represents the parallel plate area of one of the electrodes forming a trans-
ducer around the resonator. It may be desirable for Ae to act as an effective area, slightly
greater than the nominal area, to account for fringing fields. The electrical permittivity of
the AlN film is the product of the free space permittivity ε0 = 8.85 × 10−12F/m and the
z-directed relative permittivity of AlN, εr,AlN = 9. Piezoelectric film thickness is represented
by tAlN .

As fig. 3.7a shows, in series with the core piezoelectric resonator are two capacitors,
denoted as Cgt and Cgb, atop and below the resonator, respectively. These capacitances
depend on the top and bottom gap sizes, gt and gb, and combine to form a single equivalent
series capacitor Cg:

Cgt =
Aeε0
gt

; Cgb =
Aeε0
gb

; Cg =
Aeε0
gt + gb

(3.8)

The values for the three core mechanical components of the circuit model, lx, cx, and rx,
are determined by resonator geometry. Effective mass is calculated as a volume integration
of density ρ normalized by the square of the magnitude of the normalized mode shape vector,
which is expressed as Φ(r) = ur(r)/ur(R) for a radial contour mode disk. Here, ur(r), as
defined in eq. (3.6), represents radial displacement magnitude as a function of radial distance
from the disk’s center, r. Displacement is maximum at the resonator’s boundary for this
mode shape, thus ur(R) is the max displacement used for normalization. For a disk resonator
of radius R with a circularly symmetric mode shape, this volume integration may be most
simply expressed as1:

1For non-circular or non-radially symmetric mode shapes, a more general expression for effective mass
as a function of position ~X is:

lx = mr =

∫∫∫
ρ

‖~Φ( ~X)‖2
dxdy dz (3.9)
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lx = mr = 2πρtAlN

∫ R

0

r

Φ(r)2
dr; Φ(r) =

ur(r)

ur(R)
(3.10)

A resonator’s compliance cx = 1/kr may be defined in terms of angular resonance fre-
quency ω0 = 2πf0:

cx =
1

kr
=

1

ω2
0mr

(3.11)

The following expression is used for the damping rx, where Q is the quality factor of the
resonator, typically an empirically determined value:

rx =
ω0mr

Q
=

√
krmr

Q
(3.12)

Electromechanical transformer factor, η

The expression for the piezoelectric electromechanical transformer factor, η, assumes
modal vibration. Here, η takes on three equivalent meanings. First, η is the modal force
developed per unit input voltage across the piezoelectric resonator. Modal force is defined as
the product of the modal stiffness kr and maximum modal displacement magnitude, ur(R).
Secondly, η is the ratio of electrical current to unit modal velocity in the transducer. Finally,
η is also equal to the ratio of displaced charge per unit modal displacement. Each of these
equivalent meanings carries units of [C/m]. To develop an expression for η for a contour mode
piezoelectric resonator, it is most straightforward to integrate the charge density developed
over electrode area given a unit amount of modal displacement, which is proportional to the
divergence of the mode shape. Since displacement at every point on the resonator is fully
specified due to the mode shape, strain is also specified, and in turn, induced charge density
is specified via the direct piezoelectric effect. The lateral strain at any point on the resonator
in a given lateral direction is equal to the spatial derivative of displacement u.

εx =
∂ux
∂x

; εy =
∂uy
∂y

(3.13)

It has been shown that for a class 6mm crystal dielectric piezoelectric material such as
AlN, perpendicular lateral strains εx and εy sum together, in a laterally isotropic manner,
to create a z-axis oriented induced charge density [73]. The e31 coefficient, e31 = 0.7 Cm−2,
captures this, as it represents the areal charge density developed for a unit amount of net
lateral strain. η can thus be expressed as follows, using a polar coordinate system, where Qd

represents induced (displaced) electrode charge, Dz(r, θ) is the z-directed electric displace-
ment field, Ae is the region over which transduction electrodes exist for the resonator, and
∇· represents the mathematical divergence operator in the xy-plane:

η =
Qd

ur(R)
=

∫∫
Ae

Dz(r, θ)dA

ur(R)
= e31

∫∫
Ae

∇ · ~u(r, θ)

ur(R)
dA (3.14)
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Figure 3.8: Left: Simulated 1st radial contour mode shape ~u(r, θ) of an 11.2-µm-radius AlN
disk at an eigenfrequency of 300 MHz. Right: Divergence of the mode shape ∇ · ~u(r, θ), of
which an area integration over the domain of electrode coverage is performed to obtain η.

Since ∇ · ~Φ(r) has no θ dependence, the expression for η in cylindrical coordinates sim-
plifies to:

η = e31

∫∫
Ae

(
Φ(r)

r
+
∂Φ(r)

∂r

)
rdrdθ (3.15)

As the divergence is positive everywhere within the first radial contour mode shape, it is
not necessary to use multiple electrodes of opposite polarities to avoid net charge cancellation.

Using the mode shape of eq. (3.6), one may plot the lateral divergence of the modal
displacement ∇ · ~u, which gauges the amount of local strain in the x and y directions. The
divergence of the modal displacement describes how much localized transduction strength per
unit area is available as a function of position on the resonator. The radial contour mode
shape is plotted in fig. 3.8 alongside a color map plot of the divergence. The divergence
of the modal displacement as a function of position, the e31 piezoelectric constant, and the
electrode coverage directly determine the electromechanical transformer factor η of eq. (3.14).
As fig. 3.8 shows, the center of the disk resonator is the most important transduction region
per unit area for the first radial contour mode. To maximize η, and hence maximize Cx/C0

and minimize Rx, electrode coverage should extend over as much of the resonator as possible.
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BVD Model Component Values

To derive the capacitive-piezoelectric resonator’s equivalent Butterworth Van-Dyke (BVD)
circuit shown in fig. 3.7b, the impedance of a BVD circuit is equated to that of a gapless BVD
circuit with an added series capacitance Cg (see eq. (3.8)). Through solving five equations
for four unknowns 2, the BVD lumped components C0, Cx, Rx, and Lx are found in terms of
Cg, Rx,ng, C0,ng, Cx,ng, and Lx,ng, where the subscript ng is appended to denote component
values for a resonator with no gaps. As fig. 3.7b implies, the effect of Cg on the rest of the
circuit can be accounted for through the use of two parameters, α and β:

α =
VAlN
Vin

=
Cg

Cg + C0,ng

=
tAlN

tAlN + εr,AlN(gb + gt)
(3.16)

β =

√
Cg + C0,ng + cxη2

Cg + C0,ng

=

√
1 +

Cx,ng
Cg + C0,ng

(3.17)

In terms of α, β, η, rx, cx, and lx, the equivalent BVD parameters are as follows:

C0 = αC0,ng (3.18)

Rx =
Rx,ng

α2
=

rx
α2η2

(3.19)

Lx =
Lx,ng
α2

=
lx
α2η2

(3.20)

Cx =
α2Cx,ng
β2

=
α2η2cx
β2

(3.21)

It is desirable to reduce motional resistance Rx and to maximize the electromechanical
coupling factor Cx/C0. To do so, α and η must be maximized.

Capacitive-Piezo Voltage Coupling Efficiency, α

In eq. (5.3), α is a factor ranging from 0 to 1 that gauges how effectively a voltage present
across the electrodes is coupled into the piezoelectric resonator due to capacitive division.
Figure 3.9 presents a plot of α vs. total gap size, i.e. gb+gt, for a 1.6-µm-thick AlN resonator.
As a useful reference point, α ≈ 0.43 for a resonator using a chosen AlN thickness tAlN of
1,600 nm with 120 nm top and bottom gap sizes.

Notably, AlN is a suitable material among piezoelectrics for capacitive-piezoelectric trans-
duction, since its α factor is relatively large compared to that of other materials due to its
relatively small relative permittivity εr of 9.1. For example, lead zirconate titanate (PZT)
has a dielectric constant on the order of 1,000. For such a strong piezoelectric, α would equal
only .016 even for an aggressive gtotal of 100 nm, thus degrading motional resistance by a
factor of 3900× compared to an attached electrode device.

2Equate the impedances of the circuits of fig. 3.7a and fig. 3.7b as a function of s and cross multiply.
Obtain 5 equations by equating coefficients of sn,−1 ≤ n ≤ 3, on the left- and right-hand sides. Solve for
C0, Cx, Rx, and Lx as a function of Cg, Rx,ng, Cx,ng, Lx,ng, and C0,ng.



CHAPTER 3. ALN CONTOUR MODE DISK RESONATORS WITH UNATTACHED
ELECTRODES 64

(a) α vs. total gap size (b) Normalized Rx vs total gap size

Figure 3.9: α and Rx/Rx,ng vs. gtotal = gb + gt, for a 1,600-nm thick AlN resonator

Capacitive-Piezo Resonance Frequency Tuning Factor, β

In the motional capacitor of fig. 3.7b, β of eq. (5.4) and eq. (3.21) is the factor by
which series resonance frequency fs, i.e., the frequency of minimum impedance, is tuned in a

capacitive piezo resonator. β ranges from 1 to
√

1 + Cx,ng

C0,ng
as a function of gap size. Solving

the BVD circuit for the frequency of minimum impedance, fs of a capacitive-piezo resonator
is found as:

fs =
1

2π

√
1

LxCx
=

1

2π

√
β2

Lx,ngCx,ng
= fs,ngβ (3.22)

Thus with a gap, fs takes on an intermediate value between fs,ng and fp,ng. Series
resonance frequency is positively correlated with gap size in a capacitive-piezo resonator,
and has been shown to be tunable via voltage controlled electrode pull down by at least
1,500 ppm [74]. Parallel resonance frequency fp, the frequency of maximum impedance, is
found as:

fp = fs

√
1 +

Cx
C0

= fs,ng

√
1 +

Cx,ng
C0,ng

= fp,ng (3.23)

As eq. (3.23) shows, the parallel resonance frequency does not change as a function of
capacitive gap size.

Electromechanical Coupling

The electromechanical coupling, k2
eff = Cx

C0+Cx
≈ Cx

C0
of this circuit, a performance metric

gauging both maximum fractional resonator tuning range and fractional filter bandwidth,
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derives from the relationship between fp and fs as follows:

fp = fs

√
1 +

Cx
C0

→ Cx
C0 + Cx

=
f 2
p − f 2

s

f 2
p

= k2
eff (3.24)

To first order, introducing capacitive gaps degrades k2
eff in the following manner:

k2
eff = k2

eff,ngα (3.25)

3.5 MATLAB Computation of Resonator Parameters

Computer techniques were used to simulate the performance of capacitive piezo disk res-
onators. A capacitive piezoelectric radial contour mode capacitive piezo resonator simulator
was implemented in MATLAB to do the following: (1) aid in the design of more complex
systems such as arrays and filters; (2) verify the capacitive-piezo circuit model by matching
to experimental data; (3) estimate dependencies of resonator performance metrics on de-
sign parameters; and (4) allow for quick computations. Starting from the following design
parameters, it is possible to compute all the parameters of our circuit model.

� Material: AlN [E=345GPa, ρ=3260 kg/m3, ν=0.22, e31=0.7 C/m2]

� Rdisk = 11.18µm

� Q = 8000

� tAlN = 1.6µm

� gbottom = gtop = 150 nm

� Electrode coverage between rmin = 3.0µm and rmax = 10.9µm

The MATLAB simulator is used to calculate and predict such resonator quantities as
rx, cx, lx, η, Rx, Cx, Lx, C0, Cg, α, β, k2

eff , fs, and fp. Additionally, it can be used
to plot simulated S21, admittance, and impedance as a function of frequency; the mode
shape; the divergence of the mode shape; the effect of gap reduction on resonance frequency,
i.e., frequency tuning; and electrode pull-down as a function of voltage. The simulator
accommodates arbitrary electrode coverage schemes.

The first steps in simulating this resonator are to compute the modal frequency and find
the mode shape as a function of position. To do this for a radial mode disk resonator, one
can implement a script to perform the necessary numerical calculations as described in [72],
[75], and section 3.3. Note that Onoe uses the variables p, σ, and a to represent angular
frequency, Poisson’s ratio, and disk radius respectively, for which this thesis instead uses ω,
ν, and R, respectively.
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Figure 3.10: Disk resonator mesh for performing numerical integrations, [Nr×Nθ] = [30×60].

Radial Contour Mode Eigenfrequency Calculation

To find the modal frequencies, one must numerically solve eq. (3.3) for valid values of
natural frequency f , where disk radius R, density ρ, Young’s modulus E, and Poisson’s ratio
ν are specified. To calculate the first radial contour modal frequency, one seeks to find the
first (smallest) value of f satisfying eq. (3.3). Higher order radial contour modes correspond
to larger values of f that also satisfy eq. (3.3). Running the simulation, using E = 345 GPa,
ν = 0.22, ρ = 3, 260 kg/m2, and R = 11.18µm, the first natural frequency of the resonator
is calculated to be 299.97 MHz.

1st Radial Contour Mode Shape Function Definition

Next, the mode shape as a function of position is found. The mode shape is given by
eq. (3.6) and is plotted in fig. 3.8. To obtain a normalized mode shape which ranges in
magnitude from 0 to 1, A is calibrated so that ur(R) equals 1.

Meshing of the Domain for Numerical Integrations

It is useful to set up a mesh over the domain to aid numerical integrations. To do this,
the domain is broken up into a finite number of area elements, each of which is associated
with four nodes defining the corners of the element. A connectivity matrix attaches to each
element its associated four node numbers, while a second data structure keeps track of nodal
coordinates for each node number. For each element, the centroid (CR, Ctheta) and area can
be quickly calculated from the nodal coordinates. An example mesh is included in fig. 3.10,
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where the domain is broken up into 1,800 elements. Included to the right of the mesh
illustration in the same figure is a zoomed-in diagram of a single finite element to show its
four nodes and to emphasize that element area, modal displacement and divergence are to
be computed. An area integral approach is used, even though the radial contour mode has
azimuthal symmetry, to also enable the simulation of compound radial modes such as the
“wineglass” mode.

As shown in fig. 3.10, each element of the mesh consists of four sets of nodal coordinates,
useful for calculating an element’s centroid and differential area. Additionally, for each
element, modal displacement ~u (as defined in eq. (3.6)) and divergence of ~u (as defined in
eq. (3.26), assuming purely radial displacement) are calculated.

∇ · ~ur(r, θ) =
ur
r

+
∂ur
∂r

(3.26)

The derivative of eq. (3.26) is calculated numerically using a small value (e.g. 1nm) for
δr.

∂ur
∂r

∣∣∣∣
(r,θ)

= lim
δr→0

ur(r + δr, θ)− ur(r, θ)
δr

(3.27)

Effective Mass Calculation

Effective mass is calculated by evaluating an equivalent area integral expression of eq. (3.10),
where differential mass is normalized by displacement squared. The simulator uses the mesh
defined in section 3.5 for sums over area. A sum is generated through iterating through all
elements and dividing differential area by normalized displacement squared. The sum is then
multiplied by film thickness and density to get mr=lx.

Electromechanical Transformer Coefficient Calculation

Calculating η requires integrating the divergence of the mode shape over the electroded
area of the resonator. The divergence is a measure of how much the mode shape is spreading
out at a location– stronger divergence leads to stronger transduction per unit area. A color
plot of divergence (a scalar) as a function of position is included in fig. 3.11a. Since non-
electroded area does not contribute to transduction, electroded area is distinguished from
non-electroded area in the plot through the use of small x’s. The uncoupled center of the
disk is shown using small dots; this region is not summed over in computing η. For the radial
contour mode disk, divergence is positive everywhere and strongest in the center. Thus, not
capturing electrode area at the center area of the disk significantly reduces coupling.

Similarly to how effective mass is calculated, a sum is generated through iterating through
all elements. Divergence of the mode shape times differential area is summed, but only for
the electroded region(s). The sum is multiplied by e31 and normalized by umax to get
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(a) Colored divergence of the mode shape plot
for a radial contour mode disk resonator as a
function of x and y.

(b) Divergence of the mode shape vs. radius r
for θ = 0.

Figure 3.11: Plots of the divergence of the mode shape for a radial contour mode disk
resonator. The strongest transduction occurs at the disk’s center.

η. This simulation method offers the ability to predict η for different electrode coverage
configurations, e.g., for 3.0µm ≤ r ≤ 10.9µm.

Resonator Impedance and Admittance

Once the resonator parameters are known, impedance and admittance plots such as those
included in fig. 3.12 can be generated. Such plots are useful for oscillator design, for example
in determining the frequency of oscillation for an amplifier circuit with a complex input
impedance.

Simulated S21 Response

To simulate the transmission in a two-port S21 of the device, at each frequency the
following transformation is applied:

S21(f) = 20 log10

[
2Z0

2Z0 + Zr(f)

]
(3.28)

The resulting transmission plot is very similar to the admittance plot when impedances
are large compared to 2Z0. However, for motional resistances smaller than 10·2Z0, significant
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(a) Impedance vs. Frequency. (b) Admittance vs. Frequency

Figure 3.12: Simulated plots of impedance and admittance vs. frequency for the 11.2 µm-
radius AlN capacitive-piezo disk resonator. Magnitude is shown in blue, phase in green.

Q loading of the series resonance occurs. This creates (a) a widening of the magnitude peak
as it approaches 0 dB and (b) a reduced slope in the phase transition.

3.6 Two-Port Characterization Method for

Capacitive-Piezoelectric Resonators

The goal of our resonator characterization method is to accurately extract parameter
values from measured data, including unloaded Q, unloaded motional resistance Rx, and
electromechanical coupling k2

eff = Cx/C0.

Measurement Setup

A Desert Cryogenics Lakeshore probe station is used to provide a vacuum environment
(of ≈ 10−5 Torr) in which to characterize resonators. Reducing air damping is helpful for
maximizing Q’s of resonators with extremely small amounts of damping and particularly for
ones operating at lower frequencies. However, vacuum operation is not as essential for our
stiffer capacitive-piezo devices at UHF which have moderate amounts of intrinsic damping.
At 300 MHz, vacuum increases Q’s by about 10%.

Ground-Signal-Ground (GSG) probes are used to provide a 50Ω characteristic impedance
transmission line all the way to the device under test. To move the measurement plane to
the ends of the probes, i.e., eliminate any attenuation losses and phase shifts that the cables
introduce, a full two port calibration is performed using a CS-5 calibration substrate. An
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Agilent E5071B network analyzer is used to collect data. To collect and archive measurement
data and perform analysis, MATLAB interfaces with the network analyzer via a GPIB link.
Images of the GSG probes, the probe station, and network analyzer are included in fig. 3.13.

Rationale for Using Two Ports

To characterize capacitive piezoelectric resonators with impedances significantly larger
than 100 Ω, a two-port transmission (S21) measurement is performed, rather than a one-port
S11 measurement. The reason for this is that a small parasitic capacitance can introduce
significant error into a one port measurement when the device under test (DUT) has an
impedance significantly larger than the port’s characteristic impedance Z0, whereas a two-
port measurement still captures the proper impedance even when the same parasitic capac-
itance is shunted to ground. On the other hand, a one-port measurement is preferred for
characterization of smaller impedances.

Parameter Extraction

Assuming that the resonator is represented by a two port network consisting of an
impedance Zr connecting ports 1 and 2, the measured transmission scattering parameter
characteristic is dependant on the measured (loaded) resonator impedance Z ′r as follows:

S21(f) =
2Z0

2Z0 + Z ′r(f)
(3.29)

At series resonance (fs), one can assume that the reactive impedances from Cx and Lx
cancel out, leaving only the loaded motional resistance RxL. The decibel expression for S21

at resonance is thus:

S21,dB

∣∣
f=fs

= 20 log10

∣∣∣∣ 2Z0

2Z0 +RxL

∣∣∣∣ (3.30)

Loaded motional resistance can be calculated from the transmission peak height:

RxL = 2Z0

(
10
−
(
S21,dB

∣∣
f=fs

)
/20
− 1

)
(3.31)

Here, measured motional resistance RxL is loaded by the input and output terminating
impedances which degrade resonator Q. The loaded Q-factor QL is measured by dividing
resonance frequency fs by the 3dB bandwidth of the series resonance off of the frequency
characteristic ∆f3dB.

QL = fs/∆f3dB (3.32)
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(a) Desert Cryogenics Lakeshore probe station.

(b) View of a MEMS die with probes in place as seen through probe
station’s view port. The GSG probes, shown disengaged in this image,
are used to characterize the capacitive-piezo resonators in this project.
Low frequency probes are sometimes used for biasing.

Figure 3.13: Images of resonator characterization setup.
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Figure 3.14: A two-port S21 magnitude measurement is used to extract Q, Rx, C0, and k2
eff

for a capacitive piezo resonator.

Unloaded Q and Rx

The loading effect from the 50 Ω measurement ports is accounted for in the extraction
of resonator Q and Rx.

Q = QL(1 + 2Z0/RxL) (3.33)

Rx =
RxLQL

Q
=

RxL

1 + 2Z0/RxL

(3.34)

For example, if a resonator with a Q of 10,000 and an Rx of 1000 Ω were measured
using S21, the network analyzer would give a loaded Q measurement of 9090 and one would
measure a loaded motional resistance of 1,100 Ω based on the peak height. Using this
correction method, the proper values are extracted.

k2
eff Extraction

Electromechanical coupling k2
eff = Cx/C0 = (f 2

p − f 2
s )/f 2

p is measured according to the
spacing of the series and parallel resonance frequencies, fs and fp, which are the frequencies
at which maximum and minimum transmission occur in the measured S21 plot, respectively.

C0 Extraction

The feedthrough capacitance C0 is estimated using the off-resonance feedthrough level
of S21. For high frequencies and small capacitances, the following simple expression for the
capacitance holds3:

3The expression for S21 is 2Z0

2Z0+1/(jωC0)
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Figure 3.15: Frequency characteristic of a 300 MHz capacitive piezoelectric unit disk res-
onator with a 1.2 µm diameter stem and a Q of 8,757.

C0 =
10S21,dB/20

2Z0(2πf)
(3.35)

3.7 Capacitive-Piezo Disk Resonator Performance

Optimization

Several batches of capacitive-piezoelectric resonators were fabricated to overcome fabri-
cation obstacles, experiment with new designs, and improve Q, k2

eff , Rx, frequency accuracy,
and yield. In each iteration, lessons were learned that enabled improvements in subsequent
runs. This section presents design and fabrication process optimizations that were imple-
mented alongside the best results achieved to date.

Anchor Loss Minimized 300 MHz AlN Capacitive-Piezo Disk
Resonator with Q=8.8k

Figure 3.15 presents an illustration of a 300 MHz 11.2-µm-radius capacitive piezo disk
resonator alongside a frequency characteristic for one such device, with a 1.2 µm wide an-
chor, which exhibits a record high Q factor of 8,757 at 300 MHz for AlN. In this device,
conservatively-sized ≈200 nm gaps above and below the resonator are used to ensure proper
operation and to aid proper clearing of the gaps. The AlN is 1.6 µm thick. Molybdenum
and polysilicon are used for the bottom and top electrode materials, respectively. Here, the
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(a) Frequency characteristics for capacitive piezo disk
resonators having various stem sizes.

(b) Illustrations of the disk resonator and
its center-supporting anchor stem.

(c) Unloaded Q Measurements and associated stem diame-
ters (S.D.’s) for the measurements of fig. 3.16a.

Figure 3.16: Measurement results demonstrating improved Q’s through stem diameter and
anchor loss minimization on 300 MHz capacitive-piezo disk resonators.

demonstrated electromechanical coupling is weak. This is not only because of the relatively
large gaps used, but due to relatively poor c-axis crystallinity in the sputtered AlN film as
gauged by the X-ray diffraction measured rocking curve full-width half-max (FWHM) value
exceeding 2.0o on this particular run.

Figure 3.16 presents the measurement data of the highest Q measured on a 300 MHz
AlN disk resonator, alongside additional measurements of adjacent disk resonators having
incrementally larger stem diameters [71]. This experiment shows that anchor size plays a
key role in maximizing Q. The data also suggest that as stem diameter is shrunk below a
certain value, below about 1.5 µm, Q improvements from reducing the stem size begin to
diminish, at which point Qanchor is likely greater than ≈50,000 and thus not a dominant
limiter of overall Q as compared to other active dissipation mechanisms, which could include
Akheizer (phonon-phonon) damping and thermoelastic damping (TED) [76].

That achievable stem sizes are smaller than the smallest needed to achieve Q >8,000 at
300 MHz bodes well for the design of higher frequency disks with similarly high Q, for which
proportionately smaller anchors are needed to properly scale down the device. However, the
fabrication challenge of making smaller anchors in the presence of 1 to 3 µm of topography
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makes scaling down to frequencies beyond 1 GHz difficult when using the first radial contour
mode resonance. Modifying the fabrication process to eliminate the need for thick photoresist
should enable further stem size scaling. One way to accomplish this would be to add a thick
oxide deposition step after AlN etching followed by CMP to attain a flat surface.

Figure 3.16a shows also that resonance frequency depends on stem diameter, which here
refers to the diameter of a circular opening at the center of the AlN disk. To understand
why, consider that the mode shape of the device has a node at its center, so the effective
mass contribution of the center stem is insignificant. However, since the stem is made of
polysilicon, which has a lower Young’s modulus of 150 MPa than the 345 MPa of AlN, and
is partially hollow [77] for large stem diameters, reducing stem size increases the rigidity of
the center of the resonator, causing a fractional stiffness increase δ. Resultant resonance
frequency shifts from stem size modification may be quantified in the following manner:

∆f0 =
1

2π

√
[kr(1 + δ)]

[mr(1 + (≈ 0))]
− f0 ≈ f0

δ

2
(3.36)

Here, a fractional increase δ to stiffness kr causes f0 to increase while effective mass mr

stays relatively unchanged. Decreasing stem size from 2.2 µm to 1.2 µm increased effective
stiffness by 2.8%, hence effected a frequency shift ∆f0 of +1.4%.

Remark

The significance of this high Q measurement is that it represents over a 4× increase in Q
compared to typical AlN contour mode resonators with attached electrodes at UHF, which
typically achieve Q’s of 2,000 or less [33] [78] [79], validating the efficacy of the electrodeless
approach.

Cx/C0 Optimization Through Gap Minimization, Film Quality
Improvement, and Increased Electrode Coverage

The demonstrated electromechanical coupling of the device of fig. 3.15 is weaker than is
attainable with smaller gaps and better AlN film quality. The c-axis crystalline orientation
of the sputtered AlN film on the wafer, as gauged by the full-width half-max (FWHM) value
of an X-ray diffractometer’s rocking curve measurement, strongly affects the piezoelectric
coefficient of the film. The FWHM of the AlN film used to make the devices of fig. 3.15
is 2.3o, but smaller values are more desirable. After fabricating the first wafer, it became
evident that better FWHM’s, measured as low as 1.2o, were achievable through heating the
wafer during AlN deposition and by depositing five to ten dummy films after any target
or shielding changes to properly condition the sputtering tool before use. Reducing the
FWHM of the AlN subsequently yielded an estimated 2.3× improvement in e31, determined
via curve-fitting.
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Figure 3.17: Measurements of a weakly coupled 300 MHz unit disk resonator (Disk A) and
a strongly coupled one (Disk B).

To illustrate the methodology used to back calculate e31, fig. 3.17 presents a comparison
between frequency characteristics obtained from Disk A, a single disk from the same fabri-
cation run that produced the device of fig. 3.15 (Run A) and, Disk B, one from a subsequent
improved run (Run B) using AlN with a FWHM of 1.62o and reduced nominal total gap
spacing gt + gb of 240 nm, down from 400 nm. Hence, Disk B exhibits vastly stronger elec-
tromechanical coupling, as evidenced by the reduced insertion loss (distance between peak
height and 0 dB) at series resonance and increased separation of fs and fp.

Superimposed upon the measured frequency characteristics of fig. 3.17 are simulation
curves for Disks A and B. Here, the model presented in section 3.4 is used with the simulation
input parameters presented in table 3.1 and AlN material parameters for ρ, E, ν and εr of
3260 kg/m3, 345 GPa, 0.22, and 9.0, respectively, to generate the simulated plots.

Rel,min and Rel,max of table 3.1 refer to the minimum and maximum radii of electrode
coverage to determine η. To obtain a better fit, the effective electrode coverage boundaries
were expanded by 0.5 µm beyond the physical electrode boundaries to account for fringing
electric field lines. Disk B has 1 µm of added radial electrode coverage at the disk’s center
over Disk A to further increase η and Cx/C0, and hence reduce Rx. All told, as table 3.1
shows, Disk B has an Rx that is 15× lower than that of Disk A. Table 3.1 also presents
measured and simulated parameters for Disks A and B, demonstrating good matching for
both devices, to provide a complete circuit model for the device and confirm the efficacy of
the modeling methods.
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Table 3.1: Comparison of Simulated and Measured Model Parameters for Capacitive Piezo-
electric Disk Resonator Devices A and B of fig. 3.17.

Sim. Input
Parameter

Nominal
(Disk A)

Corrected
(Disk A)

Nominal
(Disk B)

Corrected
(Disk B)

Rdisk 11.18 µm 11.065 µm 11.18 µm 11.175 µm
Rel,min 3.5 µm 3.0 µm 2.5 µm 2.0 µm
Rel,max 10.4 µm 10.9 µm 10.9 µm 11.175 µm
e31 0.7 C/m 0.3 C/m 0.7 C/m 0.7 C/m

gt + gb 400 nm 400 nm 238 nm 200 nm
tAlN 1.65 µm 1.65 µm 1.75 µm 1.75 µm

Model
Parameter

Measured
(Disk A)

Simulated
(Disk A)

Measured
(Disk B)

Simulated
(Disk B)

Empirical Q 6,429 6,429 4,730 4,730
Rx 15,586 Ω 15,423 Ω 1,017 Ω 1,223 Ω

(f 2
p -f 2

s )/f 2
p 0.12% 0.10% 1.05% 1.07%

C0 4.9 fF 5.08 fF 9.0 fF 8.43 fF
η [C/m] – 1.73e-5 – 4.73e-5
Cx – 5.27 aF – 90.66 aF
Lx – 52.1 mH – 3.07 mH

rx [kg/s] – 4.527e-7 – 6.66e-7
cx [s2/kg] – 1.784e-7 – 1.682e-7
lx [kg] – 1.545e-12 – 1.670e-12
α – 0.31 – 0.493
β-1 – 1133 ppm – 5577 ppm

2nd Radial Contour Mode of Device B

Figure 3.18 presents a measured wideband frequency characteristic for Device B to high-
light the disk resonator’s clean wideband frequency response. Due to the radial symmetry
of the device, only one other mode mechanical mode is excited in the range from 0 to 1000
MHz, at 780 MHz, corresponding to the second radial contour resonance at a frequency 2.6×
higher than that of the fundamental mode resonance. The second mode of Device B exhibits
a Q of 2,900 and a Cx/C0 of 0.15%.

Electrode Coverage Maximization

Assuming film quality is optimized and the gaps are as small as possible, it is still possible
to improve electromechanical coupling through the use of an alternative electrode anchoring
method that allows for maximum electrode coverage. Figure 3.19 presents a comparison
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Figure 3.18: Wideband frequency response for Device B up to 1 GHz containing the first
and second radial contour modes.

of two designs for capacitive piezo disk resonators: one utilizes a previously demonstrated
bottom electrode support while the other sports an improved top electrode support. Plots
are included of the divergence of the mode shape, for which electroded regions are denoted by
x’s and non-electroded regions are denoted by ·’s, and for which dark red indicates maximum
divergence. As fig. 3.19a shows, since the center stem visible in the cross section must be
electrically isolated from the top electrode, there is a ring shaped opening separating them
by design. Thus, the top electrode, and hence transduction area 4, only covers the disk at
positions greater than 3.0 µm from the center. A top-supported design, which uses the anchor
lithography step to etch a small circular opening, allows for full top electrode coverage, thus
maximizing transduction strength. This is particularly valuable because the center of the
disk offers the strongest contribution to transduction per unit area. As shown in the figure,
the 29% increase in Cx/C0 allows for a large reduction in motional resistance, Rx.

To test this design improvement, Figure 3.20 presents a frequency response for a strongly
coupled disk resonator with a k2

eff of 0.94%, confirming the efficacy of a top-electrode support
structure somewhat in that the coupling is quite good; however, this coupling is puzzingly
slightly lower than, although similar to, that of device B of table 3.1. At least two expla-
nations can possibly account for this discrepancy. First, it is possible that a different stress
configuration in the electrode due to the top supported design resulted in an increase in
total average gap spacing resulting in a reduction in coupling. A more likely alternative, as
indicated by the need for a 200 nm simulated gap on Disk B instead of the nominal 238 nm
value, is that the donut design performed better than expected due to a reduced gap due to
a different stress profile on the 300 nm thick film. Secondly, fringing fields in the “donut”

4as determined by top-to-bottom electrode overlap
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(a) Bottom electrode connected center stem
support design. There is an uncoupled re-
gion at the disk’s center (r≤3.0µm).

(b) Top electrode connected center stem sup-
port design. Top electrode coverage extends
over the entire disk area.

Figure 3.19: Simulated improved electromechanical coupling for a top supported capacitive
piezo resonator.

design are perhaps coupling into the center of the resonator more than previously thought,
particularly for a small enough hole in the electrode. An electrostatic capacitance simulation
could confirm this hypothesis. Additionally, needing to expand the electrode boundaries in
table 3.1 for both donut designs to match experiment supports this hypothesis.

Regardless of whether the full electrode coverage offers the highest coupling in practice– it
certainly shouldn’t reduce coupling with equal gaps– the top-supported full-coverage design
is needed for higher frequency disk designs for which the margin between the center stem
and the beginning of the top electrode would cover a very large portion of the disk, and for
which the donut design becomes impractical due to lithographic constraints.

Minimization of Capacitive-Piezo Disk Resonator Rx

As the needed termination resistance for a filter scales proportionately with theRx seen by
its input and output transducers, minimizing the Rx of a single disk resonator is essential for
enabling filters with reasonably low termination resistances between 50 and 500 Ω. Similarly,
for an oscillator, the required amplifier gain scales with Rx, thus Rx should be minimized
to reduce power consumption. Fortunately, efforts to increase Cx/C0 typically will also
reduce Rx, as both variables depend on the electromechanical transformer factor η and the
capacitive piezo voltage reduction coefficient α, which are both maximized by design.
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Figure 3.20: Frequency characteristic for a resonator with a large k2
eff = Cx/C0 value utilizing

the top support anchor design of fig. 3.19b.

Although Rx and Cx/C0 are strongly related, Rx can still be scaled down while holding
Cx/C0 constant by increasing the area of the resonator. However, this is not possible on a
unit disk resonator, but it can be done through the use of coupled disk arrays, for which
Rx scales inversely to the number of disks in the array, just like resistors in parallel. Array
resonators are discussed in chapter 4. Nonetheless, for arrays to have low Rx, it is desirable
to optimize the Rx of a solitary disk resonator.

Smallest Measured Single Disk Rx

Figure 3.21 presents the frequency characteristic for the resonator exhibiting the lowest
measured single disk Rx of 785 Ω, assuming two 50 Ω loading impedances. For this device,
resistance has been lowered somewhat through the use of an electrostatic bias of 34V which
reduced the gap size, and hence reduced Rx from its no bias value of 938 Ω. If this same disk
were to instead have an unloaded Q of 8,757 like the device of fig. 3.15, the Rx of the single
disk would be 410 Ω. Thus, filters making use of 50-500 Ω terminating resistances should be
readily achievable after further development.

Estimation of Trace Resistance Rp Loading of Q

Although the loading effect of the network analyzer ports has been accounted for in
the calculation of Rx and Q, the loading of additional parasitic series resistance so far has
not. To estimate the parasitic resistance Rp, it’s possible to look at how loaded Q (Q′)
and loaded Rx (R′x) change with bias voltage. If one assumes that unloaded resonator Q
should remain constant as R′x changes due to Vbias, then one can more accurately estimate
the total loading resistance, Rl = 2Z0 + Rp. Table 3.2 presents a data set consisting of
loaded Q and Rx values as a function of Vbias along with two sets of unloaded values: one
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Figure 3.21: Frequency response for a single resonator with the lowest measured Rx of 785
Ω.

Table 3.2: Loaded and Unloaded Q and Rx values as a function of Vbias .

Vbias Q′ R′x Q100 Rx,100 Q200 Rx,200

20V 4,236 1,034 Ω 4,690 934 Ω 5,252 834 Ω
25V 4,235 1,000 Ω 4,706 900 Ω 5,294 800 Ω
30V 4,197 947 Ω 4,692 847 Ω 5,321 747 Ω
34V 4,054 885 Ω 4,570 785 Ω 5,238 685 Ω

set for assuming Rp = 0Ω and one set assuming Rp = 100Ω. Thus, Rl is set at 100 Ω and
200 Ω, respectively. Looking at the data, the proper value of Rp is about 30 Ω, lying within
the 0-100 Ω range presented. If unloaded Q were to increase dramatically with R′x, then Rp

would be overestimated. Similarly, a decreasing Q that is not due to electrode contact would
imply Rp is underestimated. A finer measurement with more data points would likely yield
an even more accurate estimate of Rp.

If parasitic resistance is significant, then efforts should be taken to increase the conductiv-
ity of the electrodes to avoid unwanted dissipation. Fortunately, capacitive-piezo transducers
have the advantage of allowing for arbitrarily thick electrodes. Thus, in future renditions,
parasitic resistive loading could be further minimized.

Remarks

In this section on optimizing a unit capacitive-piezo disk resonator, we have reported
efforts to improve the performance of the unit disk resonator with regard to Q, k2

eff , and
Rx for a design frequency of 300 MHz. To review, a Q of 8,757 was achieved due to very
good cleanliness and a very narrow anchor diameter of 1.2 µm. A k2

eff mark of 1.05% was
achieved. As will be detailed in Chapter 5, the technology allows up to a 2.2% theoretical
maximum with negligible gap sizes (when α approaches 1). An Rx of 785 Ω was achieved



CHAPTER 3. ALN CONTOUR MODE DISK RESONATORS WITH UNATTACHED
ELECTRODES 82

Figure 3.22: Measured fractional frequency shift in resonance frequency vs. chuck tempera-
ture for a 300 MHz capacitive-piezo disk resonator.

with a Q of 4,570– with a higher Q of 8,757, a single disk with a resistance of 410 Ω is
perhaps within reach.

3.8 Temperature Coefficient of Frequency

Fractional shifts in resonance frequency due to temperature are problematic for oscillator
applications which typically demand very high frequency accuracy, e.g., of ±50 ppm over
a typical operating range. Narrowband filters also require minimal frequency shifts due to
temperature. If the resonance frequency has a predictable dependence on temperature, the
unwanted variations can be eliminated through passive or active compensation techniques.
For example, a judicious amount of silicon dioxide in the film stack can zero out the linear
temperature coefficient of the resonator [80]. Alternatively, one may choose to sense the
temperature and apply a control signal based on a lookup table to compensate the resonator.

To measure the temperature coefficient of frequency of our device, the chuck heater
was powered on in the vacuum cryogenic probe station. As the sample’s temperature rose,
chuck temperatures were sensed and recorded on 16 occassions via GPIB. The corresponding
resonance frequencies were obtained at the same time using the network analyzer. Figure 3.22
presents a plot of the data points for fractional frequency shift vs temperature in K along with
a linear trend line. The regression indicates that the device has a temperature coefficient of
frequency of -14.8 ppm/K, with an R2 value of 0.9959. This measurement can provide insight
into how much compensation should be used on future devices to obtain a flat temperature
dependency. For even better accuracy, it will be necessary to address the second order
dependence, too.
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Chapter 4

Capacitive-Piezo Disk Array
Resonators

High Q and strong electromechanical coupling represent only two of the necessary con-
ditions for use in a high performance oscillator or filter. A resonator must also have the
proper motional resistance to meet system demands. Rx, hence, must be scalable in size
while maintaining constant resonance frequency.

In this section, we report various aspects of the design and experimental performance
of radial contour mode disk resonator arrays utilizing capacitive piezoelectric transduction,
pursuant towards realizing an RF MEMS technology with high Q, strong Cx/C0, and low
Rx. Various elements of array design are examined and we report measurements of array
resonators utilizing both one and two transducers. Benefits of improved power handling, im-
proved manufacturing precision of resonance frequency, and improved capacitive feedthrough
suppression are highlighted to encourage deploying capacitive piezoelectric disk array res-
onators for frequency control applications.

4.1 Area Scaling of Piezoelectric Microresonators

The manner in which the Rx of a piezoelectric or capacitive-piezoelectric resonator may
be scaled to meet a system’s demand depends on resonator geometry. To reduce Rx in a
bulk acoustic wave resonator, for which the modal frequency is dependent only on thickness,
one may increase transduction area through increasing both lateral dimensions–the shape
of the resonator does not influence the primary resonance mode [26]. For contour mode
resonators, which are advantageous in allowing for multiple frequencies on the same chip,
resonance frequencies depend on certain lateral dimensions, so area may be scaled only in
a manner that does not affect these critical dimensions. For example, for a resonator with
interdigitated electrodes, the number of electrodes may be increased or the electrodes may
be lengthened to change Rx. However, for a contour mode resonator for which resonant
frequency depends on all lateral dimensions, such as for a circular geometry with a fixed
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Figure 4.1: Illustration of a 300 MHz radial contour mode disk array comprised of nine unit
resonators wired in parallel, mechanically coupled via extensional mode coupling beams of
length λ/2.

radius, it becomes necessary to mechanically couple multiple single disks together, forming
an array which reduces Rx by a discrete factor equal to the number of constituent unit
resonators. An illustration of one embodiment of such an array is presented in fig. 4.1, in
which coupling beams enforce synchronous vibration and the electrodes of the unit resonators
are wired in parallel.

4.2 Disk Array Structure and Operation

The device of fig. 3.5 may be used as a fundamental element in a properly connected
ensemble of many resonators. For example, fig. 4.1 presents an illustration of one embodiment
of a mechanically coupled array of nine unit disk resonators. To enforce in-phase vibration
of the constituent resonators of the array, extensional mode coupling beams of length λ/2
are used, forming mechanical connections between adjacent disks in a manner similar to the
capacitively-transduced disk arrays of [48]. The rationale of the chosen λ/2 length is to form
a standing wave pattern in the beam, with a node at the center of the beam and antinodes
at the attachment points to the resonators on either side, as shown in the array mode shape
illustration of fig. 4.2. The coupling beams ideally do not load the operating frequency of the
resonator because they present a near-zero acoustic impedance to the disk at the attachment
points at the design frequency. The top electrodes of each disk are electrically connected
together through the routing of the interconnect, as are the bottom electrodes. Thus, the
disk resonators are electrically connected in parallel. The length of each coupling beam is
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Figure 4.2: Modal displacement illustration for a radial contour mode array in a positive
half cycle of vibration.

given by1:

λ/2 =
va
2f

=
1

2f

√
E

ρ
(4.1)

Where f is the operating frequency, va is the acoustic velocity in the material (10,260 m/s
in AlN), E represents Young’s modulus, and ρ represents density. For a 300 MHz resonator,
coupling beams in AlN are designed to be 17.1 µm long.

4.3 Distributed Anchoring as a Solution for Area

Scaling of Capacitive Piezo Resonators While

Avoiding Electrode Contact

Even though arraying is the only feasible method for scaling the Rx of disk resonators,
arraying also provides one of the only viable paths towards realizing capacitive-piezoelectric
transducers with extremely small gaps and large surface areas. For capacitive piezoelectric
resonators, avoiding contact between the device and its electrodes is key for realizing high Q
and the proper mode shape. Unfortunately, if significant bending moments due to residual
stress exist in the structure or its electrodes, electrode contact can occur, particularly for
structures with large distances between anchoring points and/or small capacitive gaps. For
example, the capacitive-piezo lamb wave resonator demonstrated in [70] utilized large 250
nm capacitive gaps above and below the resonator due to the resonator’s large size and the
AlN film’s propensity for bending after release. Preferably, a designer would not have to
sacrifice gap spacing to increase the size of the device. The use of an array of smaller radial
contour mode unit disk resonators reduces stress concerns inherent to large capacitive-piezo

1A more in depth discussion of coupling beams is included in section 2.10
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transducers since the resonators and their electrodes are each locally anchored, preventing
large displacements. The use of thick poly-Si further ensures minimal stress related bending
in the top electrode. Distributed anchoring within the body of the AlN array is very useful,
since vertical displacements due to vertical bending moments in a film follow a square law.

4.4 Single Transducer Disk Arrays

A single transducer disk array, such as the device depicted in fig. 4.1, is most effective
when used as a component in a larger system such as a multi-pole filter or a single-pole
resonator with two transducers. Before examining more advanced disk array systems, we
focus on arrays with a single transducer to examine and improve their performance. In
this section, we report SEM’s of fabricated arrays, describe the circuit model for a disk
array employing a single transducer, and report measurements of such devices to confirm
high Q operation, Rx scaling, and a large number of disks. We also examine manufacturing
precision.

Capacitive-piezo disk resonators from two fabrication sequences, Runs A and B, are
presented in this section. Several single disk devices from Run A are also published in [71].
The two fabrication sequences differ in three primary ways: first, the interconnect material
was changed from 150 nm thick molybdenum (Mo) in Run A to 2 µm thick polysilicon (poly-
Si) in Run B; secondly, gap sizes were reduced in Run B to achieve better coupling; and
third, the crystalline alignment of the AlN was improved in Run B, also to achieve better
coupling.

Disk Array SEM’s and Fabrication Remarks

Figure 4.3 presents SEMs of nanofabricated capacitive piezoelectric disk arrays from Runs
A and B. Run A utilizes 150 nm thick molybdenum interconnect, while Run B uses 2 µm
thick poly-Si interconnect. Smaller gaps and improved AlN crystallinity contribute to better
electromechanical coupling in Run B’s devices.

As is evident in fig. 4.3b, the arrays from Run B are affected by several fabrication related
complications. The poly-Si film forming the top electrode is rough in texture and only half
as thick as the targeted 600 nm deposition thickness, while that of Run A is smooth and has
the proper thickness. The interconnect of Run B is over etched. Most problematically, there
are thin stringers, 10’s of nm wide, hanging below the edges of the AlN structure, which
attach to the bottom electrode in regions of overlap. After release, these formations could
not be removed using a post-etch residue remover (EKC-270TM), annealing, nor a strong O2

plasma. The stringers are suspected of lowering Q’s and affecting the operation of coupling
beams from Run B due to undesired shear coupling to the substrate at the bottoms of the
beams. The shown coupling beams are 0.8 µm wide as drawn in layout, while beams drawn
as narrow as 400 nm were successfully defined and etched using our process.
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(a) 300 MHz disk array from Run A, utilizing electrode routing which does not pass under the
coupling beams.

(b) 433 MHz disk array from Run B, utilizing electrode routing under the coupling beams.

Figure 4.3: SEM’s of capacitive piezoelectric disk arrays from Runs A and B. Left: Wide view
images. Right: Higher magnification images of edge of disks with view of gaps, electrodes,
and coupling beams.
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The two devices shown are distinct from each other not only in their fabrication process,
but also in their electrode routing and central stem sizes. The electrode routing for the
array of fig. 4.3a avoids placing electrodes under coupling beams for better reliability, while
the design shown in fig. 4.3b includes bottom electrode interconnect routed under coupling
beams to minimize parasitic resistance between electrodes, thus reducing Q loading. The
rigidity of the top electrode is also improved through the use of four anchoring points instead
of two. The layout defined stem dimensions in lithography layers 2, 3, and 4 were reduced in
Run B to reduce the footprint of the stem anchor to allow more electrode coverage. However,
for reliability, the stem lithography layout of layers 2, 3, and 4 of Run A should allow for
a radial margin of 500 nm between subsequent layers–significantly reducing this margin in
Run B led to some failed devices due to reduced lithographic resolution when using 3.5 µm
thick resist for layers 3 and 4.

BVD Circuit Model for Single Transducer Disk Arrays

When the single transducer array in fig. 4.1 is formed through the in-phase coupling of
multiple unit resonators, the BVD model for the unit resonator of fig. 3.7b may still be used
by modifying the BVD component values to account for the increased size of the device. If
nd refers to the number of disks comprising the array, and the subscript ,s denotes a single
disk’s component value, then the BVD model component values will be modified in forming
an array by the nd factor as follows:

Rx =

√
(kr,snd)(mr,snd)

Q(ηsnd)2
=
Rx,s

nd
(4.2)

Lx =
mr,snd
(ηsnd)2

=
Lx,s
nd

(4.3)

Cx =
(ηsnd)

2

kr,snd
= ndCx,s (4.4)

C0 = ndC0,s (4.5)

If a designer wishes to account for the effects of coupling beams, here assumed to be thin,
effective mass and stiffness may be increased by the same small amount, on the order of 5%,
depending proportionately on the widths of the beams. Such a modification does not affect
resonance frequency to first order approximation.

Measured Performance of Arrays

To demonstrate the parallel impedance scaling predicted by the single transducer array
BVD model, fig. 4.4 compares measured frequency characteristics for a single disk resonator
and a four disk array resonator. The four disk array exhibits the same vibrational mode
shape shown in fig. 4.2. The two resonators each have a Q of about 6.5k, stem diameters of
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Figure 4.4: Frequency characteristic of a 300 MHz single transducer 4-disk array (green)
alongside that for a single disk resonator (blue), both from Run A.

Table 4.1: Selected Measurements of Capacitive Piezoelectric Unit and Disk Array Res-
onators from Runs A and B.

Device
(Run/#)

nd fs Q Cx/C0 Rx

A1 4 289.33 MHz 6534 0.28% 1611 Ω
A2 9 301.56 MHz 4372 0.25% 665 Ω
A3 9 300.53 MHz 4872 0.18% 783 Ω
A4 16 301.64 MHz 2954 0.27% 433 Ω
A5 25 301.48 MHz 3713 0.09% 1191 Ω
A6 25 301.38 MHz 1563 0.28% 418 Ω

B1 4 308.83 MHz 1587 1.15% 555 Ω
B2 9 301.59 MHz 542 1.26% 725 Ω
B3 16 301.50 MHz 765 1.26% 225 Ω
B4 4 431.01 MHz 3228 0.73% 720 Ω
B5 1 585.87 MHz 4768 0.55% 2271 Ω
B6 16 589.95 MHz 1189 0.59% 662 Ω

1.8 µm, and come from the same die from Run A. The array has an Rx that is nominally
about 4× smaller than that of the unit resonator. In reality, the array’s Rx is 4.5× smaller, as
there is significant local and die-to-die variation in observed Cx/C0 among devices from Run
A due to one or more of the following: CMP determined gap size, corrosion of electrodes,
or location dependent AlN film quality. The feedthrough capacitance level of the array,
determined by C0, is increased over that of the single disk resonator again by about 4× (12
dB).
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Figure 4.5: Comparison of frequency characteristics for two 4×4 disk arrays: A4 and B3.

For more examples of disk array measurements, table 4.1 presents measurement data
of our best performing capacitive-piezo disk resonators from runs A and B with various
numbers of disks (nd) to highlight best to date observed Q’s, Rx’s, and Cx/C0’s for various
array sizes at design frequencies of 300, 433, and 600 MHz.

Device A1, reproduced from fig. 4.4, posts the best observed Q of 6,534 of any non-unit
resonator in this study. Devices A2 through A6 demonstrate that AlN arrays of 9, 16, or even
25 devices can function with Q’s of 3,000 or more with linearly reduced Rx’s, and increased
power handling due to the commensurate increase in size, compared to unit disk resonators.
Device A5, an array with 25 disk resonators, was damaged, as several of its top electrodes
became detached, so it had reduced coupling, yet still posted a good Q of 3,713 considering
the size of the array.

The arrays from Run B, in contrast, attain very strong electromechanical coupling ex-
ceeding 1.0%. For example, Device B3, an array of 16 disks, has a measured Cx/C0 of 1.26%
and posts the lowest measured Rx of any capacitive-piezoelectric AlN resonator to date at
225 Ω, despite a Q of only 765. Generally, Run A’s arrays boast high Q’s while Run B’s
arrays boast high k2

eff . Figure 4.6 presents a comparison of frequency characteristics for
4×4 arrays taken from Runs A and B. An array which combines the high Q, clean frequency
response of A4 with the strong coupling and low Rx of B3 is desired. For reference, the
layout illustrations for the two arrays, which differ primarily in their electrode routing, are
included in fig. 4.6a and fig. 4.6b. Here, red represents interconnect, orange represents AlN,
and green represents the top electrode. A fourth layer is present in some regions of green
and red overlap to connect the two layers, but is difficult to view among overlapping layers.
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(a) Layout overview for A4. (b) Layout overview for B3.

Figure 4.6: Layout views of 4×4 disk arrays: Devices A3 from Run A and B4 from Run B.

The non-ideal frequency characteristic and reduced Q of B3 of fig. 4.6 are probably due to
fabrication related changes, not layout modifications, although electrode routing under the
coupling beams may affect performance.

The observed Q’s of arrays at 300 MHz are lower than expected in Run B. For example,
twelve adjacent four-disk 300 MHz arrays not included in table 4.1 had Q’s ranging from 512
to 1,340. Interestingly, disk arrays at higher frequencies posted higher Q’s. For example,
device B4, a 4 disk array at 431 MHz, posted a Q of 3,228, indicating that smaller size disks
were less lossy, and further, that strain gradient bending of AlN is likely causing electrode
contact in 300 MHz arrays. As 300 MHz unit resonators were seemingly not affected, arrays
evidently have larger maximum vertical displacements due to stress related bending than
do unit resonators. Vertical displacements due to AlN film curvature must be minimized
through film quality improvement to achieve high aspect ratio gaps with large values of
Rdisk/gt. One clever design approach to work around this issue is to utilize additional stress
relieving “buffer” disks outside of the transducing region so that transducing resonators do
not bend significantly [47] [48].

At the higher end of the frequency spectrum investigated in this study, unit resonator
B5, with a design frequency of 600 MHz, posts a Q of 4,768 and Cx/C0 of 0.55%. An array
of sixteen disks at 600 MHz had a lower Q of 1189 but was useful for reducing Rx down to
662 Ω.
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(a) Frequency characteristics for twelve 2×2 disk capacitive-piezoelectric resonator arrays from Run
B, evenly divided among four distinct device magnifications shown in the legend. The four design
frequencies are spaced 1,000 ppm apart.

(b) Histogram of frequency shifts from target frequency in parts per million.

Figure 4.7: Manufacturing precision study for capacitive-piezoelectric 300 MHz four-disk
arrays.

Manufacturing Precision

To gauge the manufacturing precision of AlN 300 MHz disk array resonators, fig. 4.7
presents a plot of twelve overlaid 2×2 disk array resonator frequency responses from a single
die from Run B. Sets of three arrays each, sized using four distinct magnification factors
of 0.999, 1.000, 1.001, and 1.002, were manufactured to effect small 1,000 ppm shifts in
resonance frequency, as would be needed for fine frequency selection and synthesis. As
denoted in the legend, these four magnification factors are distinguishable by line color.
The four vertical lines in the plot represent 1,000 ppm spacings, corresponding to target
frequencies for the four different sizes about the mean measured resonance frequency. Based
on the average difference between measured and expected frequencies, the standard deviation
representing manufacturing precision of series resonance frequency for 2×2 disk arrays, σ4,
at 300 MHz is calculated to be 160 ppm. A histogram showing the counts for different
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frequency deviations is included below the frequency characteristics in fig. 4.7.
It has been experimentally shown in a previous study of capacitively-transduced disk

resonator arrays that device-to-device resonance frequency variation decreases as nd increases
[81]. The expected standard deviation describing the manufacturing precision for resonance
frequency of an array with nd disks, σnd

, in terms of the standard deviation for resonance
frequency of a single disk, σ1, is:

σnd
=

σ1√
nd

(4.6)

Increasing the number of unit resonators per array beyond nd=4 is expected to improve
manufacturing precision of capacitive-piezo disk arrays. Sources of manufacturing precision
variance in these devices could include one or more of the following: photoresist and photo
mask line edge roughness, photoresist contamination, or localized plasma loading in the
etcher.

Remarks

The benefits of using array resonators include Rx reduction, power handling improvement,
and improved manufacturing precision of frequency accuracy. However, table 4.1 indicates
that as array size increases, Q decreases. If high Q cannot be maintained as nd scales,
then the benefit of increasing nd is diminished. However, nd and Q need not be negatively
correlated, and we predict that the high Q’s achieved on unit disk resonators, e.g., 8,757 at
300 MHz, should be achievable in array form too. Expected Q as a function of array size
should remain constant when the energy dissipated per cycle per disk stays constant, which
one expects from an ideal array, notwithstanding possible increased average interconnect
loading from longer trace resistance to the transducer terminals. However, capacitive-piezo
transducers have the ability to completely eliminate interconnect loading: one can make
electrode films very thick without affecting coupling or the mode shape, a marked advantage
over attached-electrode piezoelectric resonators.

Besides interconnect loading, a second form of Q degradation in an array, a likely culprit
in our devices, is the presence of just one or more lower Q disks, possibly due to one or more
of the following: residual liquid in a gap, stiction, handling damage, electrode corrosion,
stem detachment, electrode-disk contact, contamination, or lithography defects. Without
attaining near perfect yield, which is difficult in a university setting, the probability of
having one or more lower Q disks in the array increases with nd. If observed problems were
eliminated, the observed Q’s of large arrays would be higher and have less variance.

4.5 Two-Transducer Disk Arrays

Single transducer disk arrays are most useful as a functional element in a larger system,
mainly since the large direct feedthrough path in a single transducer array presents an
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(a) Illustration of a two-transducer disk array for an oscillator.

(b) Electromechanical circuit model for a λ-coupled two-transducer capacitive-piezoelectric disk
array with n disks per transducer.

(c) Equivalent simplified circuit.

Figure 4.8: Illustration and equivalent circuit models for a capacitive-piezoelectric disk array
resonator with two transducers.
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unwanted large capacitance. Capacitive feedthrough between input and output terminals
in a resonator determines stop band rejection in a filter application and affects minimum
power consumption in an oscillator application [82], hence should be minimized. An effective
technique for reducing this unwanted capacitance is to use two separate transducers instead
of one, preferably with an electrically isolating ground plane separating them, with only
thin mechanical couplers linking the two separately transduced arrays together. Figure 4.8a
presents an illustration of one example of such a device, in a 2×2×2-disk configuration,
tailored for an oscillator application needing a 0o phase shift at resonance by the use of
coupling beams of acoustic length λ to link two single transducer arrays together. The
equivalent circuit for the device is shown in fig. 4.8b, with the two port network representing
the coupling element(s) outlined in the circuit’s center. As for all transmission lines, the
equivalent two-port network for a coupling beam of length λ is a thru connection, in which
corresponding terminals in the two ports are connected as is drawn. In this circuit drawing,
n refers to the number of disks in a single transducer to emphasize the scaling of the unit
resonator component values–lx, cx, rx, η, Cgt, C0,ng, and Cbt–for which subscripts denoting
single disk values have been omitted for brevity. The device can be shown to have the
simplified equivalent circuit of fig. 4.8c, where the equivalent component values are calculated
in the same manner as in section 3.4. At resonance, Lx and Cx effectively cancel each other
out, thus the phase shift between terminals 1 and 2 is nearly 0o, as Cf is very small.

To demonstrate, fig. 4.9 presents the frequency characteristic for a two-transducer array
to highlight greatly reduced feedthrough capacitance as estimated from the S21 magnitude
away from resonance. Despite having 18 disk resonators, the device exhibits a mere 1.7 fF
of estimated feedthrough capacitance based on the S21 magnitude floor of -70 dB at 300
MHz in a 50 Ω system. As a comparison, the 16-disk array fig. 4.5 has an estimated Cf
of 121 fF based on a much higher S21 floor of -33 dB. The Rx for this device is expected
to be (9+9)/(9×9)=2/9 times less that of a unit resonator. Due to a reduced Q however,
presumably due to disk-electrode contact and stringers, the Rx value observed is similar to
that of Disk B from section 3.7, albeit with reduced feedthrough and better power handling
capacity. What is remarkable about fig. 4.9 is how it shows that mechanically coupled AlN
filters, such as those first demonstrated in attached-electrode contour mode AlN at 100 MHz
in [79], can simultaneously achieve a strong resonant response with strong stopband rejection
at UHF, even with a single-ended design. Differential operation, as used to make AlN
contour mode filters in [36], would offer even lower effective feedthrough, due to destructive
interference between opposing capacitive feedthrough paths.

By changing the λ-coupler in fig. 4.8b to a λ/4-length coupler, which functions as an
impedance inverter and which may be modeled as a symmetric capacitive T-network [63], a
multi-pole filter may be implemented with steeper rolloff between the passband and stopband
than a single pole resonator. Furthermore, filter bandwidth is determined by the width of
the mechanical coupler(s), which paves the way for a highly customizable filter technology,
offering high Q alongside the potential for multiple frequencies and multiple bandwidths on
the same chip. Due to the higher Q’s afforded by capacitive-piezoelectric transduction, and
now low Rx afforded through AlN disk arrays, capacitive-piezoelectric narrowband filters



CHAPTER 4. CAPACITIVE-PIEZO DISK ARRAY RESONATORS 96

Figure 4.9: Frequency characteristic for a strongly coupled 300 MHz 2×3×3 array resonator
with greatly reduced feedthrough capacitance utilizing two transducers. The device was
fabricated in Run B.

with bandwidths in the range of 0.1%-0.5% and insertion losses less than 3 dB should be
possible, potentially with terminations of just 50 Ω.

4.6 Conclusions

In this chapter, we have highlighted the capabilities of capacitive-piezoelectric disk array
resonator technology. Although further improvements in fabrication techniques are needed
to simultaneously attain the high Q of Run A and the small gaps and strong coupling of
Run B, the performance marks attained so far are promising. The capacitive-piezo disk
array resonator thus seems well suited for competitive low power oscillator and narrowband
filter applications at frequencies ranging from about 100 to 1000 MHz or beyond, as no other
resonator, among SAW, FBAR, contour mode AlN, and capacitively transduced technologies,
simultaneously offers higher Q, stronger Cx/C0, and multi-frequency capability on the same
chip. Capacitive-piezo transducers also offer integrated on/off switching [71] and frequency
tuning [74] capabilities via gap actuation as will be discussed in the following chapter. To
apply these techniques and build upon previous work, future research efforts should aim
towards realizing switchable filters and tunable oscillators using capacitive-piezoelectric disk
array technology.
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Chapter 5

Top Electrode Actuation for
Switching, Frequency Tuning, and
Cx/C0 Control

In this chapter, we examine the capabilities offered by voltage-controlled top electrode
actuation of a capacitive-piezoelectric transducer. Although Q improvement alone is a com-
pelling reason to separate the transducing electrodes from the body of a piezoelectric res-
onator, each of the following system-level needs may also be met by actuating the top
electrode of a capacitive-piezoelectric transducer. First, effective frequency control of oscil-
lators and narrowband filters is needed to eliminate unwanted manufacturing or temperature
induced frequency shifts. Secondly, for a reconfigurable RF front end, intrinsic on/off switch-
ability for resonators would allow for the selection of an operating frequency among several
discrete choices without costly external series switches. Lastly, the ability to tune the cou-
pling or Q of a resonator can potentially allow for increased dynamic range in a receiver.

In this chapter, we highlight the following four capabilities of capacitive-piezoelectric
disk resonators which aim to enhance performance and provide new integrated functions for
piezoelectric oscillators and filters. First, we report an electrode collapse based switching
capability, for which a strong pull-down force quenches the modal vibration of a capacitive-
piezo resonator. Secondly, it is possible to tune a resonator’s Q to an intermediate value
using the aforementioned technique, thus allowing voltage control of the amount of damping.
Third, and perhaps most importantly, through tuning the gap, it is possible to tune the
resonance frequency of capacitive-piezoelectric resonators, thus providing a critically needed
method for compensating for unwanted frequency shifts. Lastly, it is possible to improve the
coupling of these resonators through voltage controlled gap reduction, which allows one to
operate with a smaller gap than initially manufactured.

By providing the necessary Q, Rx, Cx/C0, and now, an additional integrated mecha-
nism for providing frequency control, self-switching, and variable coupling, capacitive-piezo
resonators with actuated transducing electrodes provide an attractive means for making
MEMS oscillators and filters for radios meeting the needs of tomorrow’s ultra-low-power
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(a) Externally switched. (b) Self-switched.

Figure 5.1: Comparison of externally- and self-switched parallel resonant filter banks.

wireless sensor networks.

5.1 Integrated Switching for Capacitive-Piezoelectric

Disk Resonators

A parallel filter bank may be used in an RF front end to select among multiple oper-
ating frequencies in a spectrum constrained environment. Using a filter bank in a receiver
is one way to realize (a) multi-band reconfigurable radio, which switches between different
communications standards (bands), or (b) RF channel selection, which substitutes a tradi-
tional single low-Q band select filter with many switchable high-Q narrowband filters (or a
single tunable one) to attenuate in-band interferers, potentially allowing for reduced power
consumption.

Figure 5.1 presents two simplified architectures for implementing a switched bank of
filters. External switching, as shown in fig. 5.1a, provides low off state capacitance but
requires series switches in the signal path which add insertion loss, increase fabrication
cost, and occupy considerable chip area. On the other hand, a self-switched architecture is
preferred, assuming parasitics can be mitigated with inductors, as it dispenses with the need
for external switches.

Capacitively transduced MEMS resonators can be self-switched [54], enabling the archi-
tecture of fig. 5.1b, since the application of a polarizing DC voltage (Vp) determines whether
the capacitive resonator is on or off. Although traditional piezoelectric transducers with at-
tached electrodes cannot be self-switched, researchers seek integrated alternatives to external
switches for piezoelectric resonators. For example, the work of [83] seeks to integrate phase-
change-material-based switches with piezoelectric resonators. The switch can be turned on,
i.e., made crystalline and conductive, or turned off, i.e., made amorphous and insulating,
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Figure 5.2: (a) Perspective view illustration of the on/off switchable 300 MHz capacitive-
piezo resonator demonstrated in this work. (b) Key dimensions. (c) Radial contour mode
shape. (d) On state. (e) Off state.

through the mere application of voltage pulses. This approach so far permits only a minimal
number of cycles however, which may prove difficult to overcome. A preferred approach may
be to implement gap actuated switching using capacitive-piezoelectric transducers, to allow
for voltage-controlled self-switching, as will be shown, while allowing for higher Q’s at the
same time.
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Structure and Operation of Switchable Capacitive-Piezo
Resonators

Figure 5.2 presents a series of illustrations depicting the structure and operation of a
300 MHz on/off switchable capacitive-piezo radial contour mode disk resonator utilizing
a resonance quenching mechanism. As the perspective view illustration and schematic of
fig. 5.2(a) shows, the structure consists of a centrally supported piezoelectric disk, made of
AlN, disposed between circular top and bottom electrodes separated from the disk by small
capacitive gaps, gt and gb. A harmonic excitation vac acts on the capacitive-piezoelectric
transducer between terminals 1 and 2, which at the device’s natural frequency of vibration,
excites the device into resonance. Superimposed on vac is a bias voltage Vbias which serves
to control electrode actuation. Device dimensions are included in fig. 5.2(b), including the
disk resonator’s radius Rdisk; the top and bottom capacitive gap sizes gt and gb, respectively;
and the thickness of the aluminum nitride film, tAlN . In this work, 600 nm of polysilicon is
used for the top electrode, while the bottom electrode is made of 150 nm of molybdenum.
Silicon dioxide is used as a sacrificial layer. The lateral displacement shape for the 1st radial
contour mode is shown in fig. 5.2(c).

The cross sectional illustrations of fig. 5.2(d) and fig. 5.2(e) illustrate the device in its on
and off states. The key to on/off switching of this device is the structure of its capacitive-
piezoelectric transducer, which provides a suspended electrode atop the suspended AlN res-
onator that can be pulled electrostatically towards the substrate, pinning the combined
resonator-electrode structure to the substrate, thereby opening new conduits for energy loss
that compromise signal transmission. To shut the device off, one merely raises Vbias until it
exceeds the critical switching voltage (Vswitch) between the top and bottom electrodes until
the electrostatic force acting downward on the top electrode is large enough to pull the top
plate down, taking with it the AlN resonator structure so that both end up pinned to the
substrate. With top and bottom electrodes abutted against, but not attached, to the AlN
structure, frictional loss becomes quite large. In addition, direct contact of the resonator
with the substrate, without the Bragg reflectors used by solidly-mounted resonators (SMRs)
[25], also steals considerable energy. All told, the energy loss inflicted by voltage-induced
collapse is large enough to completely remove the resonant peak. Of course, the real magic
of such a device is the ability to turn on again. Upon removal of the switching voltage, the
top plate springs back up, resuming normal operation.

Measurement Setup (Single Transducer)

To test the operation of a single switchable capacitive-piezo disk resonator having just
two terminals, we use a network analyzer in conjunction with a voltage source to supply the
needed switching voltage. Figure 5.3 presents a schematic of the test setup used, where a DC
switching voltage Vbias is added to an RF input signal using a bias tee. On-state operation
of the switchable resonator entails measuring the magnitude of the two-port scattering pa-
rameter for transmission (S21) while the DC switch-control voltage Vbias is turned off. Here,
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Figure 5.3: Measurement setup used to test switchable capacitive-piezo resonators possessing
a single transducer.

a two-port transmission measurement is used for accurate impedance characterization due
to the large Rx of the device. To characterize the disk’s on/off switchability, S21 magnitude
measurements are made in between repeated transitions between the on and off states of
Vbias = 0 V and Vbias > Vswitch, respectively, to verify extinguished resonance and the return
of the resonant peak.

Switchability Demo Using a High Stiffness Electrode

To demonstrate the efficacy of the described switching method, fig. 5.4 presents three
superposed S21 measurements made before, while, and after applying the needed turn-off
voltage on a capacitive-piezo disk resonator. Also included in fig. 5.4 are illustrated device
cross sections corresponding to the three measurements and an SEM of the tested device.
The measurements made before and after turning the device off are overlapping, indicating
a proper return to the on state. This measurement was manually cycled 20 times with no
failure or initial frequency or Q changes over the duration of the experiment. Only when the
voltage was increased to 250 V, representing a 30% increase in force, did the device become
permanently damaged.

Due to its 600 nm thickness and fixed-fixed anchoring just beyond the boundaries of the
disk, the top electrode for the device of fig. 5.4 has a very high stiffness, hence is effective for
transitioning back to the on state. As Vbias is increased past the transition voltage Vswitch, the
device experiences instantaneous electrode collapse due to buckling, and a resultant dramatic
rise in the amount of damping. Here, the needed pull-down voltage of 220 V is high, but not
dissimilar from voltages normally needed to actuate RF MEMS switches. The good news is
smaller gaps, a thinner top electrode layer, or even an added top electrode suspension can
make Vswitch much smaller.
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(a) Device measurements in the On and Off states.

(b) Device cross sections in the On,
Off, and Back-On states.

(c) Scanning electron micrograph.

Figure 5.4: Demonstration of switching capability. The resonator is ON when no switching
voltage is applied. Next, a DC voltage of 220V is applied, causing the top electrode to col-
lapse, effectively turning the device OFF. When the switching bias is removed, the resonator
turns back ON, with no degradation in performance.
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Figure 5.5: Frequency characteristics at various values of Vbias for a switchable capacitive-
piezo disk resonator with a compliant top electrode. For voltages below 38 V, electrode
pulldown induced gap reduction causes a frequency shift. Contact between the actuated top
electrode and AlN resonator occurs at 38V, beyond which Q drops as downforce increases.

Switchability Demo Using a Low Stiffness Electrode

To reduce Vswitch, the top electrode’s stiffness may be made more compliant, through a
cubic dependency, by reducing the thickness of the top electrode. A second method to reduce
Vswitch is to reduce the gap size gt over which the top electrode actuates. To demonstrate
these effects, we present a second switchable disk resonator from a subsequent fabrication run.
This device utilizes the same layout design but is modified to have stronger electromechanical
coupling and to actuate using lower voltages. The top electrode’s thickness was reduced from
600 nm to 300 nm, the disk-to-top-electrode gap spacing (gt) was reduced from 250 nm to 120
nm, and the AlN’s piezoelectric e31 coefficient was also increased, as gauged by a reduction
of the full-width half maximum rocking curve measurement by an X-ray diffractometer, from
2.3o to 1.6o. The bottom electrode material was changed to n-doped polysilicon so as to use
the same material as the top electrode, while thickness was increased to 2.0 µm to attain a
reasonably low sheet resistance of 5 Ω/�.

Six measurements are presented in fig. 5.5, each of which corresponds to a different value
of Vbias. Starting out, varying Vbias between 0 and 37 V yields a series capacitance dependent
resonance frequency shift, the mechanism for which is described in section 5.2. Once Vbias
reaches 38 V, weak electrode contact occurs, which lowers Q by a marginal amount. As the
pulldown voltage is further increased, Q continues to drop. Beyond the final Vbias of 60 V,
at 61V, the device became unable to return to its initial state.

For this device, Q was reduced from a zero-bias value of 5,047 down to a minimum value
of 923 at 60 V. Preferably, Q should drop to below 100. This result shows that it’s possible
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to actuate using small voltages and that analog tuning of the amount of damping (Q) is
possible. However, a proper switch demands greater reduction in Q while still allowing a
return to the on state than this low stiffness actuator can generate. Either adhesion force
must be reduced or the restoring force must be raised.

Remarks on Reliability: Avoiding Stiction and Breakage

Attaining a modest number of switching cycles, the result of section 5.1 is promising for a
prototype device. Still, further development work remains to attain mean operating lifetimes
of billions of cycles, or more, as would be needed for most practical applications. Switch
reliability improvements are enabled through identifying and addressing potential failure
mechanisms. Some possible modes of failure for a switchable capacitive-piezo resonator
include electrode fracture, disk detachment from the anchor, and stiction.

Electrode fracture is a concern for designs subjected to excessive bending moments during
actuation. Fractures can be avoided during switching by only using designs for which stresses
during actuation do not approach the fracture strength of Si, which is 7,000 MPa [84],
anywhere on the structure. Galvanic corrosion, which was observed to occur during HF
release when using two or more dissimilar conductors, may also increase the likelihood of
electrode breakage by creating regions of more highly concentrated stress. Disallowing the
use of differing top and bottom electrode materials eliminates the possibility of galvanic
corrosion during release.

Disk detachment from the anchor must be avoided during electrode pulldown. Large
shear stresses can arise at the stem attachment location, which presents a potential problem
if the stem’s attachment to the disk is weak, as may have occurred for the device of section 5.1
due to a lithography problem during fabrication. Although making a small stem opening
in the AlN disk is desirable to maximize Q, the stem attachment area between poly-Si and
AlN on the top of the disk should be made substantially larger than the opening in the AlN
disk to strengthen the attachment without affecting Q, thus making the device more resilient
against stem detachment.

Total removal of liquid etch byproducts from the hydrofluoric acid release is needed to
avoid unwanted liquid surface tension based pull down. Devices of dies that were not cleaned
properly after release succumbed to stiction, which also degrades Q in the on-state. In our
experiments, devices were rinsed in water followed by methanol, dried using supercritical
CO2, and heated to over 200oC to avoid this problem.

Solid-to-solid adhesion forces (Van der Waals forces) can also cause stiction. Adhesion
forces are evident in the hysteresis of the IV curves of micromechanical relays and must not
exceed restoring forces when the switching voltage is removed [85]. However, micromechani-
cal relay devices performing electrical switching easily overcome these forces with switching
voltages of ≈8 V and readily demonstrate switching lifetime cycle counts in the range of
106 to 109. For such devices, the limiting failure mode is that the on-state resistance Ron

increases to unacceptable levels over time, which can occur, for example, due to oxidation
when using tungsten electrodes [86]. As an advantage, switchable capacitive-piezo resonators
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do not have a conductivity requirement at the point of contact; however, they do require
greater contact area and downforce to extinguish resonance. To reduce adhesion at the in-
terface between the AlN and the switching electrode, further study on the benefits of using
a low-adhesion electrode material, adding a thin non-stick coating to the AlN, or reducing
the contact area through the use of dimples is needed.

5.2 Integrated Capacitive Frequency Tuning For

Capacitive-Piezoelectric Disk Resonators

Voltage controlled frequency tuning of AlN micromechanical resonators allows one to
compensate unwanted resonance frequency shifts due to either temperature or manufacturing
variations, thus ensuring proper operation. Although numerous frequency tuning methods
for piezoelectric resonators have been previously demonstrated, none simultaneously achieves
integration of the tuning element and the resonator, negligible DC power consumption, and
continuous (non-discrete) tuning. Capacitive-piezoelectric transduction, on the other hand,
can realize all three while also allowing for higher Q’s than piezoelectric resonators with
attached electrodes.

Prior AlN Microresonator Tuning Work

Ovenized Tuning

Frequency tuning through microscale ovenization, even using optimized thermally isolat-
ing supports, consumes significant DC power. Such devices also require thermal codesign of
a heater and resonator. The work of [87] consumes up to 2.8 mW of DC power to achieve a
broad tuning range of ≈4,500 parts per million (ppm) on an AlN micromechanical resonator.
Although the tuning range is sufficient, the mW-level power consumption of ovenization is
undesirable for ultra-low power portable applications.

Switched Capacitor Tuning

As another approach, AlN FBAR oscillators can be tuned through adding capacitance
in parallel with the FBAR to reduce parallel resonance frequency, fp. The work of [32] uses
two parallel switched capacitor banks in a Pierce oscillator topology to tune fp according to
a digital control word to effect very wide frequency shifts, up to 7,250 ppm, while sustaining
oscillation, attributable to an AlN FBAR’s large Cx/C0 of ≈5%. Although switched capac-
itor tuning in CMOS is readily suitable for tuning a large FBAR with a low capacitance
tuning sensitivity, attofarad-level unit capacitance would be needed for VHF contour mode
resonators given their much smaller typical sizes.
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Varactor Tuning

Varactor based tuning, in contrast, offers a continuous range of voltage controlled tuning
capacitance, albeit with a smaller tuning ratio, Cmax/Cmin, than is achievable in CMOS
using switched-cap tuning. The work of [88] reports varactor based frequency tuning of AlN
as an improvement over ovenization citing the advantage of virtually zero power consump-
tion. Here, an off-the-shelf varactor is connected to one or more electrodes of a 13 MHz
resonator to effectively stiffen the device and increase its series resonance frequency fs. The
varactor-tuned resonators achieve ≈600 ppm of frequency tuning when one tuning electrode
is used (out of four) and ≈1,500 ppm when two tuning electrodes are used. Notably, these
tuned devices have rather large motional capacitances Cx’s and tuning capacitances Cmin’s
of several fF and several pF, respectively, due to their operating frequency. To increase
resonance frequencies towards VHF and UHF, such resonators, and hence their varactors
too, would typically need to be scaled down in size dramatically, and would thus need very
tight integration of tuning elements and resonators to mitigate parasitics, e.g., either by
flip-chip bonding or co-fabrication on the same die. Since contour mode resonators are ad-
vantageous primarily due to their layout-defined resonance frequencies, one can envision a
multi-frequency system utilizing corrective capacitive tuning on many such resonators, for
which numerous variable capacitors, varactors or otherwise, would be needed, consuming
considerable space or chip area. For increased compactness, reduced cost and improved ease
of design, it would be preferable if the variable capacitor were integrated into the resonator
itself and properly sized.

Structure and Operation of Frequency Tunable Capacitive
Piezoelectric Disk Resonators

Figure 5.6 depicts a 300 MHz radial contour mode capacitive-piezo disk resonator which
is specially designed for effective frequency tuning [74]. The distinguishing feature of this
device, which otherwise operates similarly to the one of fig. 5.2, is its compliant folded-beam
top electrode suspension, which allows for low actuation voltages while minimizing bending
of the top electrode plate.

Figure 5.7 presents the voltage-controlled top electrode pull-down phenomena used to
tune series resonance frequency via the cross sections of (a) an untuned and (b) a tuned
capacitive piezoelectric AlN radial contour mode disk resonator. Introducing top and bottom
gaps gt and gb, and hence series capacitances Cgt and Cgb, above and below the AlN resonator
imparts a gap dependent frequency shift to the resonator. Frequency tuning is effected via
the voltage controlled reduction of either gt, as is shown in fig. 5.7, or gb. The AlN disk,
shown in dark gray, is suspended between a pair of top and bottom polysilicon electrodes,
shown in light gray, by a central stem. The top electrode, which appears to be floating in
the illustrations, is supported by the compliant suspension utilizing folded beams of fig. 5.6.
To tune the device, an applied bias voltage Vtune generates an attractive force between the
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Figure 5.6: Illustration of a frequency tunable 300 MHz capacitive-piezo disk resonator. The
device’s top electrode suspension is made more compliant by using folded beam supports,
enabling vertical actuation with minimal bending of the electrode.

(a) An untuned capacitive piezo disk res-
onator for which Vtune = 0 and for which
top electrode vertical displacement is zero.

(b) A tuned resonator for which Vtune > 0.
Descent of the top electrode increases series
capacitance, Cgt, and decreases series reso-
nance frequency, fs.

Figure 5.7: Cross sections of an (a) untuned and a (b) tuned capacitive-piezoelectric AlN
radial-contour-mode disk resonator. Here, the top gap gt is reduced by Vtune.
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(a) An untuned top-electrode-supported bot-
tom gap actuated resonator for which
Vtune = 0 and for which downward displace-
ment is zero.

(b) A tuned resonator for which Vtune > 0
and for which nonzero resonator displace-
ment causes gap reduction.

Figure 5.8: Illustration of bottom gap tuning, with which the AlN disk moves with the
top electrode. Cross sections are included for an (a) untuned and a (b) tuned capacitive-
piezoelectric AlN radial-contour-mode disk resonator using a top electrode anchor. Here, the
bottom gap gb is reduced by Vtune.

electrodes that pulls down the top electrode, as is illustrated in fig. 5.7b. The reduced gap
increases series capacitance Cgt, thereby decreasing the series resonance frequency, fs.

Top Gap Tuning vs. Bottom Gap Tuning

The device shown in fig. 5.7 is an instance of a top gap tuned resonator, for which the top
electrode moves relative to the resonator. One can also make a bottom gap tuned resonator,
c.f. fig. 5.8, by anchoring the resonator to the top electrode rather than the substrate.
Thus, when the top electrode descends, the resonator moves with it, and the bottom gap
gb changes. A top electrode supported resonator allows for complete electrode coverage
in our fabrication sequence, thus offering better electromechanical coupling and increased
tuning range. Whether Cgb or Cgt is tuned, what ultimately matters for frequency tuning is
the variation in total equivalent series capacitance of the top and bottom gaps, Cg, which
depends on the total gap spacing gtotal.

Cg =
CgbCgt
Cgb + Cgt

=
ε0Ae
gt + gb

=
ε0Ae
gtotal

(5.1)

Top Electrode Suspension Design

The top electrode suspension is designed to do the following: (a) have a low enough
stiffness to enable reasonably low tuning voltages; (b) allow for vertical movement of the
top electrode while ensuring uniform displacement over the plane of the electrode; (c) have
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(a) A 3D rendering in COVENTOR
of the chosen top electrode suspension
design. Anchors are shown in blue.
Color indicates displacement uz due to
a downward force on the electrode.

(b) Top electrode gap (blue) and gap capacitance Cg
(green) vs. Vtune for the suspension of fig. 5.9a for a
1.6-µm-thick capacitive-piezo AlN disk resonator with
125 nm initial top and bottom gaps.

Figure 5.9: Top electrode suspension (a) illustration and (b) displacement and capacitance
vs. Vtune simulation.

minimal degrees of freedom to avoid unwanted rotations; (d) have a low enough electrical
resistance to avoid loading Q; (e) be compact enough to allow multiple λ/2-coupled devices
to exist side-by-side with each having its own suspension; and (f) have lithographically
resolvable critical features. Meeting these requirements, the design of fig. 5.9a was chosen
and its suspension was FEM simulated to determine its displacement profile in response to
a distributed force. Notably, design criterion (b) is met since the coloring of the circular
plate, which indicates its vertical displacement, is quite uniform. The suspension consists
of four axially-symmetric folded-beam springs and is entirely contained within the desired
compact form factor. Using finite element analysis, the vertical stiffness of the device, kz,
is calculated to be 89 N/m for a 300 nm thickness. To predict gap tuning as a function of
Vtune, one solves eq. (5.2):

Fz(uz) =
1

2

dCg
duz

V 2
tune = kzuz (5.2)

Through plotting gap size vs. Vtune as is shown in fig. 5.9b, the voltage at which electrode
to resonator contact occurs is predicted to be 24V. Notably, over half of the gap tuning occurs
within the narrow range of 20-24V.



CHAPTER 5. TOP ELECTRODE ACTUATION FOR SWITCHING, FREQUENCY
TUNING, AND Cx/C0 CONTROL 110

(a) Electro-mechanical circuit for a
capacitive-piezo resonator

(b) Equivalent Butterworth Van Dyke
(BVD) circuit

Figure 5.10: Equivalent models for a tunable capacitive-piezo resonator. The series resonance
frequency tuning term β is encircled.

Frequency Tunability is Described by the Effect of Cg on the
Equivalent Circuit

Frequency tunability in a capacitive-piezo resonator is described by the effect that a
variable series capacitance has on the resonator’s equivalent BVD circuit. The frequency
tuning term β, which is a function of Cg, affects the motional capacitor, Cx, while leaving
the motional inductor Lx unaffected.

Figure 5.10 presents two equivalent circuit models for a tunable capacitive-piezo resonator
with a single transducer. This model was presented previously in Chapter 3. Here, in
fig. 5.10a, we emphasize that the equivalent series capacitance due to the gaps, Cg, is tunable.
As previously shown, this circuit is behaviorally equivalent to the circuit of fig. 5.10b having
Butterworth Van Dyke (BVD) circuit component values, C0, Lx, Cx, and Rx, and for which
Cx is tuned by 1/β2. To account for the changes introduced by capacitive gaps, two factors
α and β are introduced to modify the component values, as follows:

α =
VAlN
Vin

=
Cg

Cg + C0,ng

=
tAlN

tAlN + εr,AlN(gb + gt)
(5.3)

β =

√
Cg + C0,ng + cxη2

Cg + C0,ng

=

√
1 +

Cx,ng
Cg + C0,ng

(5.4)

These two parameters, which were introduced in Chapter 3, are key to understanding
frequency tuning. In eq. (5.3), α is the factor by which input voltage in the piezoelectric is
reduced by the gaps through capacitive division. Although α does not describe the amount
of tuning, we see that, at least for a single transducer device, coupling and frequency tuning
are directly linked together. In eq. (5.4), β is the factor by which fs is tuned. Here, β is
slightly greater than one and depends on total gap size. For example, if β equals 1.001,
frequency is tuned upward by 1000 ppm. Both α and β approach one as gt and gb drop to
zero. Solving the BVD circuit for the frequency of minimum impedance, fs takes the form:
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fs =
1

2π

√
1

LxCx
= fs,ngβ = fs,ng

√
1 +

Cx,ng
C0,ng + Cg

(5.5)

As Cg drops from infinity to zero, fs rises between the natural eigenfrequency of the res-
onator fs,ng and the gap independent parallel resonance frequency fp. The electromechanical
coupling, k2

eff = Cx/(C0 + Cx) ≈ Cx/C0 of this circuit, a performance metric gauging both
maximum fractional resonator tuning range and fractional filter bandwidth, derives from the
relationship between fp and fs as follows:

fp = fs

√
1 +

Cx
C0

→ Cx
C0 + Cx

=
f 2
p − f 2

s

f 2
p

= k2
eff (5.6)

Resonator Tuning Range

The available capacitive frequency tuning range for this device is the frequency difference
between its minimum possible fs, and maximum possible fp values. Thus, to determine the
largest tuning range one can attain, one can simulate the performance of a capacitive-piezo
resonator with gaps reduced below 1 nm, yielding the gapless series resonance frequency,
fs,ng. As eq. (5.7) shows, Cx/2C0 for a resonator is a convenient expression for the maximum
possible fractional tuning range.

∆fmax
fs,ng

=
1

2

(
2(fp − fs,ng)

fs,ng

)
=

1

2

Cx,ng
C0,ng

(5.7)

Simulation of Theoretical Maximum Tuning Range

Our model of the 300MHz 11.2-µm-radius capacitive-piezo disk of this work having full
electrode coverage and 1 nm gaps predicts Cx/C0 = 2.2%. Thus, a maximum fractional
frequency tuning range of 1.1% (11,000 ppm) is available. To illustrate the wide available
tuning range, fig. 5.11 presents multiple simulated S21 frequency characteristic plots for a
capacitive piezo disk resonator having gb=1nm and a widely actuatable top electrode gap,
gt. Here, gt is varied from 1 nm to 10 µm. The plot legend lists the nine different values of
total gap size included in the simulation and their corresponding frequency shifts from the
zero gap state.

Constraints on Making Large Gaps for Tuning

Frequency tuning with large gaps involves several undesirable tradeoffs. For example,
excessive values of gtotal = gt+gb, e.g., beyond 500 nm, can greatly diminish electromechanical
coupling. Also, gap tuning efficiency, d∆fs

dgtotal
, drops as gtotal increases, eventually becoming

quite small at large gap sizes. Gap tuning efficiency drops from 60 ppm/nm at 0 nm to only
3.8 ppm/nm at 500 nm. Third, accommodating a large range of motion would likely result
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Figure 5.11: Simulated gap reduction based frequency tuning for an 11.2-µm-radius, 1.6-
µm-thick, AlN radial contour mode resonator demonstrating a maximum tuning range of
≈11,000 ppm. Nine frequency characteristics are shown at various values of gtotal ranging
from 2 nm to 10 µm.

in reduced fine gap tuning accuracy at small gap sizes. In view of these considerations, one
should keep gap sizes below a judicious value of gtotal,max.

Constraints on Making Small Gaps for Tuning

Choosing to fabricate capacitive-piezo resonators with very small gaps also involves un-
desirable tradeoffs. First, under imperfect deposition conditions, bending moments in AlN
thin films can arise, typically causing structures to bend upward. Such strain gradients set a
minimum limit on top gap sizes if electrode contact is to be avoided. Beyond stress concerns,
reducing both gb and gt very aggressively may also lead to fabrication difficulties related to
stiction, post-release cleaning, sacrificial layer pinholes, and/or surface roughness. Also, due
to the need to overetch AlN with the current fabrication process, a thick bottom sacrificial
oxide eases concerns of excessively overetching the bottom electrode interconnect layer. One
should thus avoid scaling gtotal too aggressively simply to ensure proper operation.

Optimal Sizing of Gaps

In this work, top and bottom gaps of 120 nm were chosen to attain a respectable tun-
ing range of ≈1,600 ppm without risking device failure. Here, the chosen tuning ratio,
Cmax/Cmin, is 2. Larger tuning ratios may be attained by reducing the size of the stationary
gap or increasing size of the actuated gap. To examine the relationship between gtotal and
∆fs = fs−fs,ng, refer to fig. 5.12. Overlaid on the plot are annotations showing the designed
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Figure 5.12: Simulated fractional frequency shift from zero-gap state vs. gtotal for an 11.2-
µm-radius, 1.6-µm-thick, radial contour mode capacitive-piezo AlN resonator with reducable
capacitive gaps. Included in the plot are annotations showing the achieved gap range of this
work and its corresponding tuning range.

gap range for our device and its associated tuning range of 1600 ppm. Considering possible
future performance improvements, through using a wider range of gtotal values, e.g., with a
fixed gb of 70 nm and a variable gt between 0 nm and 430 nm, 5,200 ppm of tuning would be
attained, representing a potential threefold improvement. Additional design iterations will
determine the true limits of this technology.

Dedicated Tuning Transducers

Two gap reduction based capacitive tuning methods are explored in this work: tuning
through an input/output (I/O) transducer, which affects the I/O coupling, α, of eq. (5.3);
and tuning through a separate tuning transducer, which does not. Our analysis so far has
emphasized tuning for single transducer devices for which I/O transduction and tuning trans-
duction occur through the same electrode pair. Single transducer capacitive-piezo resonators
advantageously minimize Rx and maximize Cx/C0; however, the achieved values do not stay
constant over the tuning range. If Rx and Cx/C0 change too much through tuning fs, some
oscillator or filter designs may not function properly. Additionally, single transducer tuning
often requires putting a tuning voltage in the I/O signal path, which can require a bias tee
[71]. Using a dedicated tuning transducer outside the I/O signal path circumvents these
issues, allowing one to tune fs while Rx and Cx/C0 stay constant.

A dedicated capacitive-piezo tuning element, the circuit model of which is shown in
fig. 5.13, allows a voltage controlled variable capacitance linked to an electromechanical
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Figure 5.13: Electromechanical circuit model for a dedicated capacitive piezo tuning element
and its equivalent series compliance seen by cx = 1/kr, the inverse stiffness of the resonator.

transformer with transduction factor ηt to effectively act as a variable compliance, i.e., an
inverse stiffness having units of [m/N]. This tuning element acts in series with the lx, cx, and
rx elements of fig. 3.7a, adding to resonator stiffness. To calculate the frequency tuning for
the overall resonator, simply substitute cx,tuned of eq. (5.8) for cx in both fig. 3.7a and β of
eq. (5.4):

cx,tuned =
cx(Cg + C0,ng)

cxη2
t + (Cg + C0,ng)

(5.8)

As an example of the performance tradeoff of switching from I/O gap reduction based
tuning to separated tuning, if the electrode configuration of a single transducer device is
modified to instead allocate 50% of its area to dedicated I/O and 50% to dedicated tuning,
hence reducing η and ηt, holding all else constant, Rx will increase by a factor of four and
Cx/C0 (and hence tuning range) will drop by a factor of two.

Experimental Results

We report experimental tuning demonstrations at 300 MHz of (a) a single transducer
bottom-gap-tuned resonator to verify maximum tunability and minimal Rx and (b) a two
transducer top-gap-tuned resonator to verify constant Rx tuning. Both devices were tested in
a vacuum probe station using a properly calibrated network analyzer with a 50Ω termination
at both ports. Transmission scattering parameter (S21) measurements were collected and
plotted for various values of Vtune to verify operation.

Single-Transducer Tuned Resonator

fig. 5.14 presents frequency tuning of a top-supported single-disk device with one trans-
ducer for both tuning and input/output transduction. The measurement setup of fig. 5.3
is used. The measurement plot includes a series of 2-port transmission (S21) measurements
taken with various values of Vtune ranging from 0 to 24V. Here, the measured tuning range
is 1547 ppm. The Rx of this device is showed to decrease as Vtune is increased, agreeing
with the model. Note that fp stays relatively fixed, as is simulated in fig. 5.11. If variable
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Figure 5.14: Single transducer tuning demonstration. Gap reduction causes frequency tuning
and an increase in coupling.
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Figure 5.15: A dedicated tuning transducer shifts the resonance frequency of a two-disk
structure without affecting the coupling strength of the input/output transducer.
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coupling is problematic, then alternatively, a dedicated tuning electrode may be used, at the
cost of reduced tuning range.

Two Disk Array Resonator With a Dedicated Tuning Transducer

fig. 5.15 presents tuning of a two-disk device utilizing one electrode pair for I/O transduc-
tion and a separate electrode pair for top gap reduction tuning. As shown in the SEM, two
radial contour-mode resonators are mechanically coupled using an extensional mode 800-
nm-wide coupling beam of acoustic length λ/2 to form a single degree of freedom resonant
system. The upper resonator is surrounded by an I/O transducer electrode pair through
which its S21 magnitude vs. frequency is measured. Surrounding the lower resonator is the
same tuning transducer shown in fig. 5.13, consisting of a grounded bottom electrode and
bias voltage (Vtune) actuated spring-supported top electrode. The frequency characteristic
is shown to uniformly shift downward in frequency as Vtune is increased, with no changes in
Rx, Q, and Cx/C0, as expected.

Verification of Model Using Experimental Results

A summary of capacitive-piezo tunable resonator model parameters that correctly predict
tuning behavior of our demonstrated devices is included in table 5.1.

Table 5.1: Tunable Resonator Model Parameters

Model
Parameter

Single Disk
Resonator

Two Disk
Resonator

rx 9.3× 10−7 kg/s 2.75× 10−6 kg/s
lx 1.535× 10−12 kg 3.070× 10−12 kg
cx 1.840× 10−7 s2/kg 9.20× 10−8 s2/kg
η, ηt 4.90× 10−5 C/m 4.50× 10−5 C/m
C0,ng 1.99× 10−14F 1.88× 10−14 F

gtot,IO [min, max] [136 nm, 240 nm] [240 nm, 240 nm]
gtot,tune[min, max] (same as IO) [150 nm, 240 nm]
α [max, min] [0.56, 0.42] [0.42, 0.42]
β [min, max] [1.00488, 1.00639] [1.0029, 1.0029]

cx,tuned/cx[min,max] N/A [0.9943, 0.9956]
∆fs -1510 ppm -650 ppm

Remarks on Tuning

Voltage controlled gap reduction has now been shown as an effective means for passively
controlling the resonance frequencies of capacitive-piezo AlN micromechanical resonators.



CHAPTER 5. TOP ELECTRODE ACTUATION FOR SWITCHING, FREQUENCY
TUNING, AND Cx/C0 CONTROL 118

Placing integrated variable capacitances directly inside of VHF AlN resonators also enables
higher Q’s with strong coupling. We have demonstrated 1547 ppm of tuning at 300 MHz
using a single transducer and 630 ppm of tuning using a dedicated tuning electrode to
maintain constant Rx. Though these initial results are impressive, analysis shows that
through optimizing gap sizes, a substantial increase in the tuning range will be feasible.
Frequency modulation, passband correction of channel-select filters, and filter tunability
may also be implemented using this technique.

We believe that the tuning method presenting in this work will be useful for improving
accuracy or reducing temperature induced frequency shifts in capacitive-piezoelectric res-
onators, for which measured TCF’s of -15 ppm/K are typical. A study on the frequency
variability of capacitive piezoelectric disk resonator arrays in [89] found that the manufac-
turing precision of four disk arrays at 300 MHz has a standard deviation of 160 ppm–the
six-sigma range is thus 960 ppm. To compensate for both manufacturing variability and
temperature induced shifts over the military range of -55oC to 85oC, a total tuning range of
3660 ppm is needed, which could be attained by shrinking the non-varying gap size to 70
nm.

5.3 Cx/C0 Control

The ability to reduce gt or gb via voltage controlled electrode actuation enables control
over the electromechanical coupling strength, (k2

eff = Cx/C0) through the modification of α
of eq. (5.3), as fig. 5.14 demonstrates. Analysis shows that Cx/C0 is proportional to α, while
Rx is inversely proportional to α2. Tuning the electromechanical coupling of capacitive-piezo
resonators enables the use of three novel techniques which improve performance and control.

Gap Reduction Below Manufactured Gap Sizes

First, reducing a capacitive gap using Vbias to be smaller than manufactured allows for
greater coupling than is otherwise achievable, which benefits filter or oscillator performance.
For example, if a sustaining amplifier for an oscillator were unable to sustain oscillation using
its manufactured gap size, it might otherwise be able to oscillate if it had better coupling
and reduced Rx due to a reduced gap. As a demonstrated performance improvement, the
motional resistance of the single disk device of fig. 5.5 was reduced from 934 Ω to 785 Ω
via the application of a 34 V bias. As another approach, to improve manufacturing yields,
it may be desirable to manufacture intentionally large gaps to aid cleaning after release.
A given Vbias could be used to turn the devices on–reducing the gaps and restoring strong
coupling.
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Decoupling Based Switching

Secondly, control over the amount of coupling also enables the intentional decoupling of
a device, which could be used as an alternate (or complementary) switching mechanism to
the one presented in ??. Switching may be attained via increasing the gap to a very large
value, rather than decreasing it to zero, to transition between the on and off states. To mo-
tivate this technique, one obstacle that the switching architecture of fig. 5.1b presents is that
quenching the resonance peaks of multiple filters in parallel does not eliminate the unwanted
feedthrough and shunt capacitances of off-state devices; however, decoupling them eliminates
unwanted reactances. Such parasitics must otherwise be eliminated using inductors. Decou-
pling based switching, particularly when used in tandem with pulldown based quenching,
could potentially offer an effective integrated single chip solution for a multi-frequency filter
bank. A proof of concept for this method was demonstrated in [90]; however, the method
relies on electrode contact for the on state which limited Q to about 200, which is, interest-
ingly, the off state for our method introduced in section 5.1. For maximum Q, the electrode
would be brought in close proximity to, but not contact, the resonator.

Dynamic Coupling without Frequency Tuning

A third aspect of coupling control predicted by theory, which has not yet been demon-
strated experimentally, is the potential to dynamically alter the amount of coupling without
affecting resonance frequency. Via combining the two effects demonstrated in fig. 5.14 and
fig. 5.15, varying the coupling without changing resonance frequency requires actuating the
electrodes for dedicated tuning and input/output transduction in opposite directions. Vari-
able coupling could find utility in increasing the allowable dynamic range of capacitive-piezo
based signal processors. For high power received signals, the coupling could be reduced to
avoid driving the resonator into nonlinear vibration. For low power signals for which greater
sensitivity is needed, the coupling could be increased.

5.4 Two-Port Capacitive-Piezo Resonant Systems

with Voltage Actuated Electrodes

Resonant capacitive-piezoelectric systems with separated transducers for input and out-
put offer reduced feedthrough capacitance compared to single transducer devices. A two-port
configuration may thus be used to make capacitive-piezoelectric microelectromechanical fil-
ters with highly discriminating transfer functions. To illustrate the essential elements of such
a device with voltage actuated electrodes, fig. 5.16 presents a simple two disk device which
shows two transducers sharing an ac-grounded terminal for Vbias. A mechanical coupling
beam transmits vibrations between input and output. Since Vbias is placed outside of the
signal path, two-port capacitive-piezoelectric resonant systems do not require a bias tee for
electrode actuation of the transducers. For this three terminal device, signal transmission
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Figure 5.16: A simple implementation of a three terminal capacitive piezoelectric resonator
with separate transducers for input and output and a shared terminal for voltage controlled
electrode actuation.

between terminals 1 and 2 can be turned on and off via Vbias at terminal 3. When used as
an analog control variable, Vbias can tune electromechanical coupling strength and resonance
frequency, as was demonstrated with a single transducer. The same large tuning range which
is available to a single capacitive-piezoelectric transducer is available to this three terminal
device.

Voltage Actuated Two Port Capacitive Piezo Disk Arrays

While the device of fig. 5.16 serves as a working example of a capacitive-piezoelectric
system with separate transducers for input and output, a more practical design uses multiple
disks per transducer in order to reduce motional resistance, increase power handling, and
improve manufactured frequency precision [89]. Multiple disks, formed into arrays, vibrate in
phase by means of mechanical extensional mode coupling beams of acoustic length λ/2. VHF
disk filter systems have been previously demonstrated utilizing a large number of capacitively
transduced disks, e.g., 60, as well as thin beams to couple the devices together [48].

The acoustic length of the extensional coupling beam shown in fig. 5.16 that links the
input resonator to the output resonator has a strong effect on the operation of the circuit.
A beam of acoustic length λ/4 can be used to evoke a multi-pole resonant response, which
is useful for implementing a filter [79]. The fractional bandwidth of the filter is proportional
to the width of this coupling beam.
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Experimental Results

To demonstrate switching and tuning capabilities of two-port capacitive-piezoelectric disk
resonator systems, a number of such devices were fabricated alongside the single transducer
devices previously demonstrated. Although lithography and etch problems during fabrication
caused some performance degradation, two demonstrations are included.

Two-Port Switchable Disk Array Filter

Figure 5.17 presents an annotated layout view and on/off frequency characteristics for a
two-port 3rd order 300 MHz capacitive-piezo switched filter. The device consists of three disk
arrays of nine disks each. The three array composite resonators are mechanically coupled in
series using two extensional coupling beams of length 3λ/4 to evoke a three pole response.
Figure 5.17a includes a color key denoting the four lithography layers used in the device
as well as annotated locations of the RF input and output terminals (1 and 2), the Vbias
terminal (0), electrical ground (GND), and the two coupling beams of length 3λ/4. For
switching, this device uses voltage actuated electrode quenching on its center resonator to
attenuate signal transmission. This device has top and bottom gaps gt and gb of 180 nm and
120 nm, respectively.

For Zin and Zout, 2000 Ω terminating resistors are used. The fractional bandwidth
(FBW ) of 0.5% is larger than designed, via the coupling beam width, by 2×, which is
possibly due to a problem with the fabricated coupling beams, which are connected to the
interconnect by thin unwanted stringers present in this fabrication run. Such stringers also
degrade Q. Some of the insertion loss observed is due to insufficient coupling due to the larger
than expected bandwidth and hence could potentially be compensated using inductors.

The device is switched using a Vbias value of 60 V, which was the highest value that could
be reached before failing to return to the on state. The S21 magnitude for the filter decreases
by 15 dB in the off state as compared to the on-state, thus demonstrating the feasibility of
two-port switching, while leaving room for performance improvements in future renditions.

Two-Port Frequency Tunable Disk Array Filter

Figure 5.18 presents an annotated layout illustration and frequency tuning measurements
for a 150 MHz frequency tunable two port capacitive-piezoelectric filter consisting of two
mechanically coupled four-disk arrays, each in a two by two arrangement. The filter is
shown to tune the center frequency of its passband by 1140 ppm, from 153.18 MHz to 152.92
MHz. The 3-dB bandwidth of the untuned filter is 525 kHz, representing a 0.34% fractional
bandwidth. The decreased tuning voltage of only 10 V is attributable to the reduced stiffness
of the electrode due to its larger radius of 22.4 µm.

One limitation of large disks using capacitive-piezo transducers is the increased likelihood
of electrode contact due to strain gradients in the film which cause vertical displacements.
Larger AlN disks are more likely to contact the electrodes at the edges even without bias,
since vertical displacement vs. radius follows a square law. Electrode contact reduces Q,
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(a) Annotated layout illustration of a 300 MHz 3rd order switched filter.

(b) Filter information and S21 magnitude frequency responses for the on, off, and on
again states.

Figure 5.17: Self-switching demonstration of a two-port capacitive-piezo filter.
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(a) Annotated layout illustration of a frequency tunable 150 MHz 2nd order capacitive-
piezo disk array filter.

(b) Frequency tuning demonstration for a capacitive-piezo disk array filter.

Figure 5.18: Frequency tuning demonstration of a two-port capacitive-piezo filter
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degrading insertion loss. Reducing the strain gradient of the AlN film is a targeted fabrication
process improvement for future renditions of these devices.

Remarks

There are several paths forward for further improving the performance of the demon-
strated two-port capacitive-piezo resonators. Larger array sizes, smaller bandwidths, and
stronger electromechanical coupling through using smaller capacitive gaps will reduce needed
filter termination impedances to more reasonable levels of several hundred ohms. Addition-
ally, higher on-state Q’s, e.g. 8,800 instead of 1,500, will reduce insertion loss. Such Q’s
have already been demonstrated on the same fundamental device used to make the arrays,
and arrays with Q’s as high as 5,000 have so far been demonstrated [89]. For the switched
resonators, a lower off-state Q is also needed. A stronger downforce in tandem with an elec-
trode with higher stiffness and more mass, as was used in section 5.1, would generate more
effective quenching and hence a larger reduction in transmission in the off state. Addition-
ally, capacitive isolation between input and output is key to maximizing stopband rejection.
Stopband rejection as high as 50 dB has been demonstrated in a similar capacitive piezo-
electric filter, and can be further improved using additional ground shielding between input
and output transducers, stronger electromechanical coupling, or even differential operation.
Lastly, eliminating stringers should help smooth out the passbands and minimize spurious
responses by ensuring proper operation of coupling beams, which do not perform ideally
when physically connected to the substrate.

5.5 Conclusions

Voltage actuation of the top electrode of a capacitive-piezoelectric transducer has been
shown to enable quenching-based on/off switching, frequency tuning, and coupling control.
Beyond the devices demonstrated here, there exists significant potential for implementing
more complex resonant systems, made from AlN, with unprecedented capabilities which take
advantage of high Q values, frequency tuning for temperature compensation, switchability,
the ability to both decouple a filter and to increase its coupling, and multi-frequency capa-
bility on the same chip. Although refabrication will be needed, capacitive-piezoelectric disk
array technology is capable of creating, for example, an individually addressable channel
selecting filter bank, without needing common external components including switches and
tuning varactors to control the device.
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Chapter 6

Fabrication

This chapter begins with a detailed walkthrough of the fabrication sequence used in this
thesis to make capacitive-piezoelectric micromechanical resonators. Device cross sections at
each step of the process flow are presented to illustrate what is happening.

Dedicated sections are also provided specifically for aluminum nitride (AlN) deposition,
aluminum nitride etching, and lithography.

As one might expect, many unanticipated problems were encountered in the development
of a working fabrication process. These challenges, and more importantly, the lessons learned
from them, are reported to give insight into many of the fabrication-related obstacles one
might face and pitfalls one should avoid, when possible.

All fabrication of micromechanical resonators in this work was performed in the UC
Berkeley Marvell Nanofabrication Facility in Sutardja-Dai Hall. For more information about
specific pieces of equipment, one can visit http://nanolab.berkeley.edu/labmanual.

6.1 Capacitive-Piezo Fabrication Process Flow

A sequence of illustrated cross sections for a capacitive-piezo disk resonator at each step
of the optimized fabrication process of this work is included in fig. 6.1. The process begins
with an n-type 150 mm (6”) Si wafer which is pirhana cleaned, rinsed and dried. The wafer is
put into an oxidation and annealing furnace (Tystar4) running a thermal oxidation program
to achieve a target thickness of 3.0 µm. The result at this point is the cross section of
fig. 6.1a. This oxide film serves the purpose of electrically insulating the devices from the
conductive Si wafer. A thick oxide layer is used because increasing the distance between the
devices and the underlying substrate decreases parasitic capacitance.

After oxidation, the wafer is then directly transferred into a silicon nitride furnace (Tys-
tar17) to deposit a 500 nm thick film of low-stress, i.e., silicon-rich or non-stoichiometric,
silicon nitride, resulting in the cross section of fig. 6.1b. The thickness of the low-stress silicon
nitride film is chosen so as to provide a sufficiently thick film to provide an overetching buffer
in a subsequent plasma etching step. At the final step of the fabrication process, the nitride
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(a) 3µm of thermal oxide is grown on a
150mm Si wafer.

(b) 500 nm of low-stress silicon nitride is de-
posited.

(c) 3.0 um of undoped polysilicon is deposited
(CVD) followed by a phosphorous (n-type)
doping step.

(d) Polysilicon interconnected is etched using
the first masking layer (clear field: POLY1).

Figure 6.1: Optimized fabrication process for the capacitive-piezoelectric resonators and
filters of this work. The process continues on the following page.

film must remain sufficiently thick to protect the underlying oxide from a hydrofluoric acid
etch step. The oxide and nitride films are collectively referred to as isolation layers.

Refer to fig. 6.1c for a cross section of the wafer after doped polysilicon deposition. The
wafer is put into a polysilicon deposition furnace (Tystar16) to provide the film that com-
prises the interconnect layer for the devices. To reduce total deposition time, an undoped
polysilicon deposition is performed for a target thickness of 3.0µm, followed by a two hour
POCl3 (phosphorous) doping in Tystar13 at 1000°C to ultimately realize a polysilicon film
with a sheet resistance of 4 Ω/�. Alternatively, an “in-situ doped” deposition can be per-
formed, but the deposition speed is 10× slower.

Lithography using the first mask layer of four, POLY1, a clear-field pattern, is used in
etching the polysilicon to achieve the result of fig. 6.1d. Refer to section 6.2 for a dedicated
lithography discussion. The resist thickness used at this step is 900 nm; for more information
about this resist refer to ??. The polysilicon etching is performed using the advanced silicon
etch process of the STS2 deep reactive ion etcher. The Smooth Sidewall 1 etch recipe is used,
having an etch rate of approximately 1.5 µm per minute and a PR selectivity of ≈50. This
etch recipe uses alternating 5s/7s cycles of passivation and etching respectively to achieve
straight sidewalls. Process pressure is maintained at 18 mTorr. The passivation cycle consists
of a 100 sccm flow of C4F8 with a coil power of 600 W. The etch step consists of a 130 sccm
flow of SF6 and a 13 sccm flow of O2. Coil power is held at 600 W. Additionally, a 20 W RF
Bias is applied at 13.56 MHz during the etch step. After etching is completed, photoresist
is stripped using an O2 plasma at 300 W for several minutes. Etch completion is typically
verified using the Alpha-Step IQ Surface Profiler, ASIQ.

After polysilicon etching, a 3.5 µm-thick high-temperature oxide (HTO) layer is deposited
in Tystar17, resulting in the cross-section of fig. 6.1e. HTO is used at this step for two reasons:
better fill conformity in narrow trenches than achievable with LTO and lower intrinsic stress
than LTO. If a large amount of HTO is removed from one side of the wafer, wafer bow
can remain minimized. The thickness is chosen to be slightly larger than the interconnect
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(e) 3.5 µm of high temperature oxide is de-
posited.

(f) The oxide is chemically mechanically pol-
ished to achieve a flat surface, exposing the
POLY1 layer.

(g) 125 nm of high temperature oxide is de-
posited. (h) 1.6 µm of AlN is sputter deposited.

Figure 6.1: Optimized fabrication process for the capacitive-piezoelectric resonators and
filters of this work. The process continues on the following page.

thickness of 3.0 µm.
Chemical mechanical polishing is used to achieve the flattened and polished surface of

fig. 6.1f. Using CMP is necessary to eliminate the surface topography that otherwise would
be presented to the AlN deposited in a subsequent step. Additionally, on the nanoscale, a
polished substrate upon which to sputter is preferable for achieving a highly oriented and
strongly crystalline AlN film. Backside polishing of approximately the same duration as that
on the front of the wafer is performed to balance out stresses to consistently minimize wafer
bow to under 10 µm. The approximate etch rate of the CMP step was 100 nm/minute.
CMP was performed until polysilicon was exposed under the HTO as verified using a mul-
timeter. Since the center of the wafer is polished slightly faster, approximately 4 minutes of
overetching was performed to expose the polysilicon of the entire wafer. After completion of
the CMP, wafers are rinsed using a deck hose and scrubbed using a Mr. Clean magic eraser
to remove residual CMP slurry particles while continuously rinsed. The wafers are rinsed
using a quick dump rinser and dried.

To form the bottom sacrificial layer, 125 nm of high-temperature oxide (HTO) is de-
posited in Tystar17. A standard furnace clean cycle is performed prior to deposition. The
post-deposition cross-section is included in fig. 6.1g. HTO is used to form the sacrificial layer
due to its higher quality and conformality– it is presumably less likely to contain pinholes
or other defects than LTO.

A 1.7-µm-thick aluminum nitride (AlN) film is reactively sputter deposited to achieve
the cross section of fig. 6.1h. For a detailed explanation of proper aluminum nitride film
processing methods, including wafer pre-treatments, sputter deposition, stress control, and
etching methods, please see section 6.3. To etch the AlN, an LTO hard mask is used because
the AlN etch selectivity to photoresist extremely poor, i.e., much less than 1. The deposited
1.0-µm-thick hard mask is depicted in the cross section of fig. 6.1i. Since the wafer now has
an exposed AlN film on it, the pre-furnace cleaning step in preparation for the hard mask
does not use piranha, since piranha etches AlN at a rate of 100 nm/min. The wafer is
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(i) A 1.0-µm-thick low-temperature oxide
hard mask is deposited.

(j) The oxide hard mask is etched using the
second masking layer (clear field: ALN).

(k) AlN is dry etched while protected by the
LTO hard mask.

(l) The remainder of the oxide hard mask is
dry etched until gone.

Figure 6.1: Optimized fabrication process for the capacitive-piezoelectric resonators and
filters of this work. The process continues on the following page.

instead placed in a bath of resist stripper SVC-14 for 10 or more minutes at 60° C. This
is the standard pre-furnace metal clean for the Nanolab. Following the SVC-14 bath, the
wafer goes through a quick-dump-rinse DI water cleaning cycle, followed by a spin-rinse-dry
cycle. The standard undoped LTO recipe is used to deposit the hard mask at a rate of 10.4
nm/min.

Following the hard mask deposition, the second lithography step is performed, using the
clear-field pattern titled AlN using 900-nm-thick DUV resist. The LTO is then etched using
the Centura MxP oxide etcher’s “Oxide Spacer Etch with Endpoint” recipe, having an etch
rate of 250 nm/min. A 25 percent overetch is performed after endpoint detection to ensure
truly vertical sidewalls of features and full wafer etch completion. A cross section depicting
the etched hard mask is shown in fig. 6.1j.

AlN etching commences after a quick O2 plasma PR strip at 300 W lasting several
minutes. The AlN is etched in a 90/10/100 sccm gas flow mixture of Cl2, BCl3, and Ar at
10 mTorr, a 500 W plasma, and a 70 W RF bias, in the Centura-MET etching tool, using
the ALNVAR recipe. The etch rate is approximately 250 nm/minute, although the etch rate
has been shown to drop to as low as 100 nm/minute. Etching selectivity of AlN to LTO is
roughly 4. A strong overetch is performed to further improved the AlN sidewall angle, to
eliminate skirting at the bottom of AlN features, and to eliminate stubborn AlN features in
the field. The AlN etch rate is non uniform on a microscopic level, so small features several
microns wide resembling islands will remain in the field once the majority of AlN has been
cleared in the field. The fabrication cross section after AlN etching is shown in fig. 6.1k.
Note that due to overetching, the polysilicon interconnect layer is thinned somewhat in the
field since the chorine based etch chemistry also attacks Si. The slightly sloped sidewalls due
to non-ideal etching are not explicitly shown in the drawn cross section but are nonetheless
generally present. Note that SEM inspection is useful during this etch to ensure both straight
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(m) 150 nm of high temperature oxide is de-
posited to form the top sacrificial layer.

(n) Oxide is etched in certain areas to expose
underlying AlN and Poly1 using the third
masking layer (dark field: ANCHOR)

(o) 600 nm of in-situ doped polysilicon (n-
type) is deposited forming the top electrode
and support stem for the disk.

(p) The top polysilicon layer is dry etched
using the fourth masking layer (clear field:
POLY2).

Figure 6.1: Optimized fabrication process for the capacitive-piezoelectric resonators and
filters of this work. The process concludes on the following page.

sidewalls and the proper amount of overetch.
As shown in fig. 6.1l, the remaining oxide hard mask is etched away in the Centura-MxP

oxide etcher until the AlN is exposed. This is done so that the top oxide sacrificial layer can
be defined precisely and uniformly using a dedicated oxide deposition.

In preparation for a second oxide sacrificial layer deposition, the wafer is cleaned using
the standard metal clean cycle to avoid etching AlN. The wafer is put into either an LTO or
HTO furnace for a 150 nm thick oxide deposition, yielding the cross section of fig. 6.1m.

Once the top sacrificial layer is deposited, it is necessary to form a contact to the polysil-
icon interconnect via dry etching. This contact allows for electrical contact between the
top and bottom electrode layers as well as direct contact between the AlN layer and the
top electrode layer for structural anchoring and support. The third masking layer, a dark
field pattern, called ANCHOR, is used to lithographically pattern 3.0 µm thick photoresist
to create this contact. Thicker photoresist is used to ensure an even coating over the large
AlN topography and also to provide a thick enough resist layer for a long etch with finite
selectivity between oxide and PR. Refer to table 6.1 for more information on processing
the thick resist. A long oxide etch is performed, enough to etch 2.0 um, to allow for the
complete removal of vertical oxide stringers in holes. After the etch is completed, the thick
PR is stripped in an acetone pool squirted onto the top of the wafer, and sped along using
gentle swabbing. A quick-dump-rinse de-ionized water cleaning cycle and a spin-rinse-dry
cycle are performed prior to inspection to verify a clean surface in preparation for another
deposition. The cross section at this point is shown in fig. 6.1n.

Once anchor contacts have been opened and the wafer is properly cleaned, a pre-furnace
metal clean cycle is performed, and the wafer is put into the polysilicon deposition furnace
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(q) The device is released through etching exposed oxide in hydrofluoric acid for 7 minutes.

Figure 6.1: Optimized fabrication process for the capacitive-piezoelectric resonators and
filters of this work. Continued from the previous page.

(Tystar16). An in-situ doping deposition is performed c.f. fig. 6.1o. Post deposition, a
dopant activating anneal for one hour at 1000° C is shown to be beneficial for reducing the
resistivity of in-situ-doped polysilicon by ≈10×. This anneal is postponed until the final
step before singulation (perhaps unnecessarily) to avoid creating additional wafer bow that
could lead to lithography challenges.

The final lithography step is performed on the wafer. Thick photoresist is spun and
reduced in thickness to 2.5 µm using O2 plasma. Exposure is performed at 30 mJ/cm2.
After development, a 90° C hard bake is performed for 30 minutes. The wafer is etched
using the “Smooth Sidewall” recipe in the STS2 deep silicon etch chamber for 3.0 µm worth
of etching to ensure that no stringer structures remain on the sides of AlN features. Thick
PR is stripped using an acetone pool and mild swabbing for five minutes, resulting in the
cross section of fig. 6.1p. The wafer is rinsed and cleaned using the prefurnace cleaning for
metals. Finally, the wafer is annealed in N2 inside Tystar3 for 60 minutes at 1000°C. Wafers
are then manually singulated using a carbide tipped pencil. Structures are released in 49%
concentration hydrofluoric acid for 7 minutes, resulting in the cross section of fig. 6.1q.

To conclude and to provide a sense of scale for the wafer level fabrication used and the
very small device sizes, fig. 6.2 presents four images of completed capacitive-piezo resonators
at the wafer, die, filter, and individual disk levels.

6.2 Lithography

All lithography was performed using an ASML deep-UV model 5500/300 stepper utilizing
a 248 nm KrF excimer laser source. The reticle (mask) is a 6”×6” quartz plate with patterned
chrome at a 4 to 1 projection ratio. Reticles are ordered from Compugraphics, Inc. Each
mask can accommodate 4 lithography layers and a maximum die size of 1.06 cm × 1.06 cm.

This stepper uses alignment marks called PM marks to precisely align layers with an
accuracy of better than 100 nm. Thus, PM marks must be exposed in the photoresist and
developed in the first lithography step. To save time and cost, the same photoresist film
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Figure 6.2: Photographs of fabricated devices at four different magnifications. (a) 6” wafer
after completion of capacitive-piezo fabrication process. (b) Zoom-in of individual dies. (c)
Optical micrograph of an unreleased filter. (d) SEM of a released resonator.
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(a) The lithography for the top electrode
spring supports, using 3.6 µm resist, resulted
in poor pattern fidelity.

(b) Using thinned 2.5 µm resist, better pat-
tern fidelity in the springs is achieved.

Figure 6.3: Comparison of pattern quality between a wafer which used unoptimized lithog-
raphy with thicker photoresist and optimized lithography with a thinned resist.

can be exposed/developed twice at this point, i.e., PM marks developed in the photoresist
are used as alignment markers for the first pattern. This technique eliminates an additional
sequence of hard bake, etch, strip, and coat steps. This technique may cause a marginal
decrease in lithographic resolution but is still sufficient for reliably resolving feature sizes of
1000 nm in the first layer, and thus met the needs for this project.

Two thicknesses of deep ultra violet (DUV) photoresist were used in this work: 900 nm
and 2500 nm. Notably, a thicker resist is preferable for offering better coverage over large
topographic features (such as 1.6-µm-thick AlN structures) and better protection during
long etches. However, using a thicker photoresist also entails poorer minimum feature sizes
and so should be used only when necessary. The thick photoresist offered by the nanolab was
thicker than desired for the needs of this project at a nominal thickness of 3.6 µm. To obtain
better resolution for higher performance devices, the resist was thinned to 2.5 µm using
a new technique whereby a timed low power O2 plasma etch is performed at low power to
slowly thin the resist while avoiding elevating its temperature enough to affect its properties.
The technique proved successful, thus allowing for the proper resolution of small stems and
anchor holes which were otherwise not resolvable or were otherwise misshapen. As shown
in the side-by-side comparison of fig. 6.3, top electrode spring support pattern fidelity was
improved using a thin resist.

Additionally, high aspect-ratio resist patterns, i.e., those that are several times taller
than they are wide, can lean to one side or, in the worst case, fall over. A thinner resist is
less affected by resist droop and is thus preferable for fine patterns.

Refer to table 6.1 for a comparison of the two types of resist used with regard to spin
speeds, softbake temperatures, exposure energies, post-exposure bake temperatures, hard
bake method, and smallest resolvable features.
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Table 6.1: Comparison of deep UV photoresists used

900 nm resist 2.5 µm resist

Resist Type Dow UV 210-0.6 Dow UV 26-3.0
HMDS Prime 60 s 60 s

SVGCoat6 Program # 2 3 (custom)
Spin Speed 1480 rpm 5000 rpm

Softbake Temp. and Time 130.0° C, 60 s 135.0° C, 180 s
Thickness After Spinning 900 nm 3.6 µm

O2 Plasma Thinning None 15 min., Technics-C, 60 W
Final Thickness 900 nm 2.5 µm

Exposure Energy 12 mJ/cm2 (CF) 30 mJ/cm2 (CF); 40 mJ/cm2 (DF)
Post Exposure Bake 130.0° C, 60 s 110.0° C, 60 s

Developer MF-26A MF-26A
Hard bake UV-Bake, Program U 90°C oven bake, 30 minutes

Strip Method O2 Plasma Acetone or PRS-3000
Min. Linewidth Resolved 400 nm 600 nm

Min. Hole Radius Resolved 400 nm 800 nm
Mask Layer #’s (4 total) 1, 2 3, 4

Lastly, it was found that running an internal quality control (IQC) correction on the
ASML300 stepper, requiring staff login credentials, was greatly beneficial to and even nec-
essary before critical lithography steps. For example, when it had been more than 24 hours
since the previous IQC, tool parameter drift was significant enough that resolution was too
poor to resolve features at 1 µm or smaller. It is thus recommended to perform an IQC
correction before critical litho steps.

Although the thick lithography program achieved satisfactory results at least once, re-
peatedly resolving fine features proved to be challenging. An SEM of properly exposed and
developed thick photoresist is included in fig. 6.4. Often, it was necessary to strip the resist
after failed lithography and try again, even when using process parameters that had worked
previously. Another significant challenge is the apparent exposure and development of fea-
tures when inspecting using optical microscopy, only to find that the resist had not cleared
all the way down to the bottom. Thus, SEM inspection was needed to verify proper reso-
lution of features. Clearing the resist in the holes of AlN disks proved particularly difficult,
because it was difficult to verify even when using an SEM.

6.3 Aluminum Nitride Deposition

The operating principle of the AlN deposition tool in the Nanolab, the state of the art
Endeavor AT by Tegal Corporation, and now OEM group, is sputtering an aluminum target
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Figure 6.4: SEM inspection of hard-baked 3-µm-thick photoresist after patterning and before
etching the top electrode.

with Ar and N2 present in the process chamber. This sputtering process is an example of
reactive sputtering, where an added gas precursor chemically reacts with sputtered ions to
deposit a desired compound on a substrate. Reactive AC magnetron sputtering, where mag-
netic fields are used to improve the plasma localization close to the target, has become the
preferred method for thin-film AlN deposition in industry because of the favorable combina-
tion of high deposition rate, low deposition temperature, good crystal structure and superior
stress control.

Depositing high-quality AlN is a complex art due to the large number of process param-
eters that can be tuned. Opportunities for further optimization remain. AlN deposition is
challenging because a deposited film’s stress, strain gradient (i.e., curvature after release),
crystallinity, and thickness uniformity should all be within specification for a deposition to
be considered successful. Additionally, wafer-to-wafer repeatability is a concern that must
be properly managed. Deposition parameters can shift in the day-to-day short term, thus
the need for both conditioning wafers and a “first” wafer; in the week-to-week medium term
as an Al target wears and shielding changes are performed; as well as in the month-to-month
long term as targets are switched out. AlN film quality depends somewhat on the materials
present on the sputtering surface of the wafer, and trace amounts of unwanted gases in the
chamber, in particular O2 and H2O, will adversely affect crystallinity. Nonetheless, by fol-
lowing proper procedures as will be described, one can reliably obtain reasonably good AlN
film using this tool. Up to this point, stress, crystallinity, thickness uniformity can be well
controlled. Attempts to eliminate strain gradient at Berkeley by the author and previous
researchers have had some success, although further improvement is desired.
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For an account of many useful experiments one researcher performed to characterize
and optimize AlN deposition using the Endeavor AT, refer to the dissertation published in
2013 by Dr. Fabian Goericke from Prof. Pisano’s research group at Berkeley [91]. The
AlN deposition chapter includes a detailed report of findings based on several hundred film
depositions. In particular, his reports on the first wafer effect and effects of gas flows on film
stresses were helpful in their predictive accuracy. They were confirmed to be accurate in this
author’s own experimental studies.

AlN Stress Characterization and Control

Here, AlN’s film stress refers to the net value of stress throughout the film as measured
by its effect on wafer bow. It is desired to measure the amount of stress present in a film for
a given set of deposition parameters, specifically gas flows, and to compensate the unwanted
stress in future depositions through adjusting the gas flows appropriately. Film stress must
be controlled to avoid excessive wafer bow and unwanted changes in resonator behavior.

Stress Characterization

AlN stress is characterized using a Flexus thin film stress measurement system. Using a
laser interferometer, this system measures wafer curvature, which in turn is used to calculate
the stress. The following expression is used:

σ =
E

1− ν
h2

6t

(
1

Rf

− 1

Ri

)
(6.1)

Here, σ refers to the film stress in Pascals (N/m2), E
1−ν is the biaxial Young’s modulus of

the silicon substrate (180.5 GPa), h is the substrate thickness, Ri is the wafer’s pre-deposition
(initial) radius of curvature, Rf is the wafer’s post-deposition (final) radius of curvature, and
t is the film’s thickness.

Thus, for a 1.6-µm-thick film, each 100 MPa of stress will result in about 25 µm of
wafer bow. It is fairly straightforward to keep AlN stress levels within +/-100 MPa, under
proper operating conditions, and often, to within +/-50 MPa. Stress is either tensile or
compressive. Here, a tensile stress, one that causes a concave top surface on the wafer, is
considered positive.

In addition to minimizing the stress of the AlN film, it is also desirable to minimize the
absolute value of the wafer bow to under 60 µm throughout the fabrication process to ensure
that the stepper can accept the wafer for lithography. If the wafer bow is too high at any
point due to unbalanced stresses then the bow must be compensated, either by etching/CMP
or a deposition on the backside.
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Stress Compensation

AlN stress can be controlled by adjusting gas flows by appropriate amounts. Chamber
pressure is determined by the flow rates of Ar and N2 gases into the chamber because
neither vacuum pump speed nor chamber size changes during deposition. Since higher gas
flow rates translate into higher partial pressures and modified deposition dynamics in the
process chamber, gas flows affect stress.

Additionally, if the Endeavor AT has been inactive for many hours, successive AlN films
deposited in the tool have been shown to have stresses that vary as a function of the order
in which they are deposited. The “first wafer effect” hypothesis for this tool states that for
a 1.0 µm AlN thickness, a deposited film’s stress is on average ≈45 MPa more compressive
(standard deviation≈18 MPa) on a first wafer than it is on a second wafer [91]. The difference
in stress between second and third wafers was not shown to be significant.

Collecting precise data to model the effects of gas flows on stress at 1.6 µm was not
performed as it would require an excessive number of depositions and be costly. Additionally,
such trends might not even be applicable after a target or shielding change. Nonetheless, a
rough estimate of this effect is given. At a thickness of 1.6 µm and gas flow rates for N2 and
Ar at 7±3 and 21±9 sccm respectively, the following trend, based on data from [91] (1.0 µm
AlN thickness) and the author’s experience (1.6µm AlN thickness), roughly holds.

� Adding 1 sccm of Ar causes stress to become ≈80 MPa more tensile.

� Adding 1 sccm of N2 causes stress to become ≈30 MPa more tensile.

The process, then, to achieve minimal stress is to adjust gas flows iteratively based on
wafer bow measurements until the stress meets specification, while one also accounts for the
first wafer effect.

Notably, deposited film stress also depends on the substrate material. Thus, for an
AlN deposition over oxide, oxide wafers, rather than bare silicon wafers, should be used for
characterization.

AlN Strain Gradient Characterization and Control

It is possible (and common) for an AlN film to have a low amount of overall stress while
still being compressive at the bottom and tensile at the top, thus creating a bending moment.
It was found that deposited films would consistently bend upwards after release, creating
a problem for centrally-supported disk structures with small gaps. If top electrode contact
is to be avoided, then the strain gradient should be made small enough so that vertical
displacement at the edge of an AlN structure is smaller than the size of its top sacrificial
gap. Disk bending also limits the gap range over which frequency tuning can be performed.
Refer to fig. 6.5a for an example of an AlN structure which has curled up to contact its
top electrode. Electrode contact in such devices leads to undesired modal distortion and
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(a) An SEM of an example device where a
significant AlN strain gradient resulted in top
electrode contact between the resonator and
top electrode.

(b) A confocal microcope’s topographical model
of an inspected surface. Released AlN cantilevers
are shown to deflect upward.

Figure 6.5: Left: SEM demonstrating a need for AlN stress gradient compensation. Right:
a screenshot demonstrating how one can precisely measure a released AlN structures’s cur-
vature.

mechanical friction which lowers Q–in some cases even completely eliminating a detectable
resonance peak. Strain gradient control is thus essential.

Strain Gradient Characterization

Stress gradient is more difficult to characterize than stress because one cannot measure
AlN curvature for a sample until additional wafer processing has been completed–one must
first pattern and release an AlN structure. One useful way to determine the AlN material’s
curvature on a released sample is to use a 3D confocal laser microscope, e.g., the Olympus
LEXT OLS4000 3D Confocal Laser Microscope available in the Marvell Nanolab. As is shown
in fig. 6.5b, this microscope allows for 3D rendering of an inspected microscopic sample, e.g.,
here, 100-µm-long AlN cantilevers. This rendering is possible through stitching together
snapshots taken over a range of focal planes using blue laser light. Here, a color-mapping is
placed on the rendering to indicate height above the substrate. Curvature can be accurately
calculated based on deflection as a function of position along a measurement line specified
along a cantilever’s length.

For the purpose of characterization and optimization, the vertically oriented curvature
of a released AlN cantilever is assumed to be proportional to that of a centrally supported
disk. Reducing the curvature in cantilevers will result in reduction of curvature of disks
by a proportional and similar amount, leading to better performance. The measurement of
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fig. 6.5b gives a radius of curvature estimate of 836 µm.
Vertical deflection as a function of position for small deflections can be found once radius

of curvature, or second derivative, is known. For example:

d2uz
dx2

=
1

R
=

1

836× 10−6m
(6.2)

This derivative can be integrated twice to obtain vertical displacement as a function of
position, e.g., distance, x, from a fixed point.

uz(x) =
1

2R
x2 (6.3)

For example, using eq. (6.3), at a distance x of 11.2 µm, the radius of a 300 MHz disk
resonator, and using the measured R value of 836 µm for the sample of fig. 6.5b, vertical
deflection is estimated to be 75 nm.

Multi-Step-Deposition Method for Strain Gradient Reduction

To reduce the upward bending moment that a single recipe deposition inevitably yields
in this tool, the recipe was broken up into parts so the beginning of the recipe becomes less
compressive and the latter part becomes less tensile.

Many deposition parameters in the Endeavor AT affect stress, but for various reasons,
only a subset of them should be varied during deposition to affect stress gradient, as follows:

� RF Bias negatively affects crystallinity. (Don’t vary)

� SAU makes a film more tensile, but can’t be changed during deposition. (Don’t vary)

� N2 flow affects stress, but it is a precursor to the deposition. (Don’t vary)

� Ar flow affects plasma kinematics and is not a precursor to the deposition. (Vary)

� Substrate temperature. (Vary)

Experiments by V. Felmetsger of OEM group have shown that increasing argon flow and
temperature in the beginning of a deposition is effective for compensating stress gradient
while maintaining good crystallinity and near zero stress in sub-quarter-micron thick AlN
films for nanoactuators [92].

The following multi-recipe wafer flow was outlined to reduce AlN’s stress gradient for a
1.6 µm-thick film: Heat the wafer using the maximum heater power available (resulting in a
wafer temperature of ≈ 500°C) for the first quarter of the deposition while using an elevated
argon flow rate of 7 sccm. Wait at least 10 minutes for the wafer to cool, perhaps flowing
nitrogen to cool the wafer faster. In the second quarter of the deposition, deposit at ambient
temperature with only a slightly elevated amount of Ar (6.5 sccm). In the third and fourth
quarters of the deposition, use a slightly reduced and an even more reduced amount of Ar,
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Figure 6.6: Demonstration of AlN strain gradient reduction from a fitted radius of curvature
of 836 µm (previous mark) up to 1660 µm (larger is better).

respectively, (6 and 5 sccm). Nitrogen flow is held constant through all four deposition steps
at 22 sccm, but should be used as a knob to fine tune the overall stress.

Using this technique, the strain gradient radius of curvature was increased from 836 to
1660 µm, as demonstrated in fig. 6.6, ultimately resulting in reduced vertical displacements
in released structures by about 2×. Further iteration would be highly desirable to reduce
the vertical bending even more, but due to the numerous fabrication steps needed to achieve
released cantilevers, doing so would be cost and time prohibitive.

AlN Crystallinity Characterization and Optimization

Sputtered AlN is a polycrystalline film. For a maximal piezoelectric coefficient, one
must ensure that the grown crystals are all vertically oriented in the same way. Deposition
conditions not conducive to proper crystal growth can result in a dramatically reduced piezo-
electric coefficient, hence reduce electromechanical coupling. To illustrate the vast difference
between good and poor AlN film, a comparison between measurements of a strongly coupled
and weakly coupled resonator is made in fig. 6.7. Here, two resonators of the same design,
but fabricated on different wafers, and having the same Q of 4.6k, are compared side-by-side
and are shown to have vastly differing amounts of coupling.
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Figure 6.7: Measured frequency characteristics of a strongly coupled disk resonator (blue)
and a weakly coupled disk resonator (green), each with a Q of 4,600. Much of the difference
in coupling strength is due to differences in AlN crystallinity.

(a) Labeled photograph of essential parts of the Siemens
D5000 X-Ray Diffractometer. Note: Wafer changes orien-
tation during measurement.

(b) Rocking curve as shown on GUI
for best measured FWHM of 1.14o

Figure 6.8: X-ray diffractometer system photograph and sample measurement of a 1.7 µm-
thick AlN film deposited on thermal oxide.
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X-Ray Diffraction Rocking Curve Measurement of AlN Crystallinity

The crystallinity of thin-film reactive sputtered AlN is evaluated by a Siemens D5000
X-Ray Diffractometer, a photograph of which is included in fig. 6.8. Use of this tool requires
passing online radiation safety training through the Office of Radiation Safety, being an
authorized user on the radiation use authorization (RUA) form at the tool, and wearing a
dosimetry ring on one’s finger. These restrictions are in place because the X-ray source can
potentially offer a lethal dose of radiation in a fraction of a second if used improperly or
when malfunctioning. Of course, the D5000 has a number of interlocks for safety so when
properly used, there is only a rare chance of imminent danger to the user.

X-Ray diffractometry relies on Bragg’s Law:

λ = 2d sin θ (6.4)

Hence, when the crystalline lattice spacing of d is very uniform throughout the material,
a strong X-ray signal is diffracted at a specific angle θ, which is situated around 18.1o for
AlN. If there is variation in this spacing, then instead of detecting a delta function, the peak
is spread out in a gaussian distribution about the mean spacing. Thus, a narrow FWHM
and a strong detected signal strength, as measured by counts per second, is an indicator of
good crystal quality.

AlN Crystallinity Optimization

Optimizing proper AlN crystallinity depends on several factors. At first, it was assumed
that the AlN deposition tool would consistently put out a good film when proper proce-
dure was followed according to the laboratory manual. Actually, it is necessary to take a
number of additional steps to achieve very good quality. Early iterations of capacitive-piezo
resonators made by the author did not undergo tests for crystalline quality using an X-Ray
diffractometer due to the lack of an RUA. Here, we focus on optimizing the crystallinity for
an AlN film deposited on oxide.

First, it is helpful to heat the wafer in a vacuum environment to bake out water trapped
in the oxide. This is best implemented through the modification of the deposition recipe to
first use the quartz lamp in the process module itself before deposition. Heating above 300o C
for ten minutes in a process chamber under vacuum (PM2) with a cryo pump specially suited
to trap and remove water molecules was very helpful for reducing measured FWHM’s and
seemed to be sufficient for adequately dehydrating the wafer. Water molecules are harmful
to AlN crystallinity during deposition.

Secondly, a flat surface with very low surface roughness is desirable upon which to deposit
the AlN film. Polishing the oxide is key. Depositing an oxide film of less than 200 nm thick-
ness on a polished surface was also acceptable for maintaining low surface roughness. HTO
(high temperature oxide) is a high quality oxide and is preferred over its low temperature
counterpart, LTO. Thermal oxide gave very good results as well but is not compatible with
our fabrication process.
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(a) High quality AlN film with
uniform proper c-axis orienta-
tion. FWHM = 1.60°

(b) Decent quality AlN film
with mostly good c-axis orien-
tation. FWHM = 1.70°

(c) Poor quality AlN film with
many poorly-oriented crystals.
FWHM = 2.3°

Figure 6.9: Comparison of SEM’s of 1.7 µm-thick AlN films with varying degrees of proper
crystalline orientation.

Third, a large number of conditioning depositions (approximately 10) is needed after
any time the chamber is opened up to atmosphere, i.e., for a shielding or target change, to
properly prepare the target and chamber to deposit the best film. The measured FWHM of
AlN has been observed to gradually improve as a function of wafer number after a shielding
change by the author and others.

By implementing these improvements, the FWHM was reduced to an adequate level of
1.60o from 2.3o, or worse. As a visual comparison of multiple AlN films with varying degrees
of crystal orientation, fig. 6.9 compares three SEM’s of AlN films. One can observe that
the poorly oriented AlN in fig. 6.9c has visible improperly oriented crystals visible on the
surface.

Finally, to show how signal strength and FWHM are related, fig. 6.10 shows two super-
imposed measurements. Stronger signal strength is associated with a reduced FWHM. For
a FWHM greater than 3.0o, the peak is barely detectable over the noise level.

Rapid AlN Wet Etching

It is useful to be able to strip an AlN film in case of poor material properties, and also
to allow for the recycling of wafers used for test and conditioning depositions. For example,
if the stress is too high or the crystallinity is poor on a process wafer, one can strip the
film and attempt deposition again rather than discard the wafer. It was found that using
MF-319 microposit developer was effective for stripping AlN deposited over SiO2. A five
minute dip in MF-319, heated to 60° C as measured by a digital thermometer, was sufficient
to remove a 1.6 µm-thick film, although 10 minutes was generally used to ensure complete
removal. Note that a heater temperature setpoint greatly exceeding 100° C is used to heat
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Figure 6.10: A comparison of two superimposed rocking curve measurements of two process
wafers to show how signal strength and FWHM are related.

up the water bath and developer to the proper temperature.
This removal technique was used repeatedly on a single process wafer until satisfactory

film qualities were achieved.

6.4 Choices for Electrode Materials

The bottom electrode interconnect and top electrode/stem materials were selected to
meet performance requirements while avoiding pitfalls. High electrical conductivity, low
deposition temperature, and fast deposition time are compelling benefits of using metal
electrode materials, but problems with film adhesion, stress variations, and galvanic corrosion
can arise if not properly averted. Galvanic corrosion occurs when dissimilar conductors are
placed in electrical contact in an electrolyte, e.g., poly-Si and Mo in a hydrofluoric acid
(HF) release, thus it is safest to use the same material for both top and bottom electrodes.
The electrode material pair was changed between early implementions and latter ones from
a mismatched Mo/poly-Si pairing to a matched poly-Si/poly-Si pairing to avoid observed
corrosion.

To meet design requirements, the top electrode material is required to conform to the
1.7-µm-tall sidewalls of AlN structures, to provide rigid mechanical support for suspended
electrode plates and AlN disks while also serving as a conductive pathway to the interconnect
layer. The need for deposition conformality rules out sputtering or evaporation of metals as
feasible deposition methods at this step. Since a conformal metal deposition such as CVD
tungsten was not available to try during fabrication, poly-Si was selected as the top electrode
material. Chemical-vapor deposited doped poly-Si is conformal around outer sidewalls, per-
meates narrow holes, may be deposited to thicknesses of several microns or more with low
stress, is adequately conductive and rigid when thick, and adheres well to nitrides of both
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silicon and aluminum.

6.5 AlN Etching

The plasma etching of aluminum nitride with acceptable selectivity and steep sidewall
angles requires the use of a hard mask and carefully controlled etch conditions. A hard mask
is needed because photoresist’s selectivity to AlN was found to be less than 1. Additionally,
the developer used for lithography was found to isotropically etch AlN at several hundred
nanometers per minute, hence standard lithography over AlN is problematic for achieving
an anisotropic etch profile.

Choice of Hard Mask

Before a better alternative hard mask material was selected, a lifted off nickel hard mask
was attempted, which used a reverse polarity (dark field) mask pattern. The resolution
and maximum hard mask thickness were found to be limited when using liftoff to about
1 µm and 150 nm, respectively. An additional difficulty of using liftoff is that the edges
of lifted off patterns are very thin, thus non-ideal selectivity leads to sloped sidewalls. A
sputtered and plasma etched molybdenum hard mask was also attempted, but photoresist
residue would adhere strongly to the molybdenum, and using a wet etch to strip the hard
mask is undesirable. Ultimately, an oxide hard mask was found to be the best choice for the
etching of aluminum nitride due to its steep sidewalls, sufficient thickness, and good pattern
fidelity. Low temperature oxide is preferred due to its superior selectivity, but plasma assisted
chemical vapor deposition (PECVD) oxide, which is deposited at a lower temperature is also
sufficient. The oxide hard mask is 25% overetched after endpoint. Photoresist used to define
patterns in the oxide was stripped in an O2 plasma before starting AlN etching.

Etching Process

The AlN is etched in a 90/10/100 sccm gas flow mixture of Cl2, BCl3, and Ar at 10
mTorr, a 500W plasma, and a 70W RF bias, in the Centura-MET etching tool, using the
ALNVAR recipe. This etch was optimized by Chris Zhao of Prof. Al Pisano’s group working
with Microlab Process Engineer Matthew Wasilik several years prior to the beginning of this
project. The verified etch rate is approximately 250 nm/minute. Etching selectivity of AlN
to LTO is roughly 4, thus a hard mask thickness of 1 µm is used. A strong overetch is
performed to attain a satisfactory AlN sidewall angle, to eliminate skirting at the bottom
of AlN features, and to eliminate stubborn AlN features in the field. As fig. 6.11a indicates,
the AlN etch rate can be non uniform on a microscopic level around grain boundaries, so
small “island-like” features several microns wide will remain in the field once the majority
of AlN has been cleared in the field. These particles detach and disappear during release,
so their presence is tolerable, but they are undesirable. Note that due to overetching, the
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(a) An SEM of an etched AlN structure atop
its bottom electrode which is also partially
etched due to strong overetching.

(b) SEM of AlN lines and spaces of 400nm,
600nm, and 800nm having sidewall angles
steeper than 80o.

Figure 6.11: SEM’s of AlN structures demonstrating etch results.

polysilicon interconnect layer is thinned somewhat in the field since the chorine based etch
chemistry also attacks Si. SEM inspection is useful during this etch to ensure both straight
sidewalls and the proper amount of overetch.

Best AlN Etching Results

An SEM showing the best achieved AlN etching result is included in fig. 6.11b, where
linewidths of 400nm were patterned into the AlN over a 1.6 µm thickness. Here, the sidewall
angle is estimated at 83o. The hard mask has been removed. This result was achieved in
2013 on the second of five total fabrication runs; however, AlN was used on the substrate
as a barrier layer, which led to poor input/output isolation, and electromechanical coupling
was poor due to suboptimal AlN film quality.

Intermittent AlN Etching Problems

Although the etching result of fig. 6.11b is quite good, when using the same recipe one
year later, the achieved sidewall angle was repeatedly found to be worse than previously
attained. Stringers also formed. This adverse outcome is believed to have been caused by a
significant leak up rate in the etching chamber, thus the chemistry of the etch is modified
from the ideal process by the presence of air.
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Figure 6.12: SEM of an AlN etch trial with a very poor side wall angle.

Figure 6.13: Close-up SEM after the AlN sidewall etch during fabrication of a capacitive-
piezo resonator with tunable electrodes. The result is improved over that of fig. 6.12

Poor Sidewall Angles Due to Etcher Air Leak

Near vertical sidewalls are key to proper performance, yet some devices were comprimised
due to nonreliability of the etching process. For example, fig. 6.12 presents an etch result
from when the chamber leak was present and at its worst. The sidewalls are clearly largely
angled, estimated to be 70o or worse. If the angle is poor enough, small holes in the centers
of the disks cannot be opened and the process completely fails.

After Nanolab staff noticed and fixed one main cause of the leak, the etch angle improved
somewhat, but not to the point of being as good as it was in fig. 6.11b. A close up SEM of a
sample device to illustrate the final attained sidewall angle for many of the strongly coupled
devices in this thesis, which were fabricated more recently, is included in fig. 6.13. Here,
the oxide hard mask is visible, as well as oxide below the device. The pit region is where
the polysilicon electrode was etched for about 0.5 µm during the overetch. Fortunately, it
is made thick enough to be able to sustain such an overetch. Additionally, the electrode is
unaffected directly beneath the device, which is important to keeping the proper gap spacing.
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(a) Zoomed out. (b) Zoomed in.

Figure 6.14: SEM’s showing the presence of stringers below a released capacitive piezo device.
The AlN etch did not perform ideally.

Unwanted Stringer Formation

A second potential difficulty associated with the etching of AlN structures is the unwanted
formation of stringers which are unremovable in piranha or polymer removing solutions. Al-
though good results were obtained previously, after the etcher stopped working properly,
stringers were found to be present, as presented in the SEM of fig. 6.14a which portrays
a released device. The stringers were problematic because they connected the AlN struc-
tures to the underlying bottom electrode, as presented in the zoomed in SEM of fig. 6.14b.
Thus, instead of a free boundary, the resonator would lose energy to the substrate and have
increased stiffness, affecting modal behavior and reducing Q.

Remarks

Despite some encountered intermittent problems with etching, it has been shown that
good results can be achieved. It would be very interesting to see how the performance of
demonstrated devices would be improved by better etching, particularly for arrays and filters.
Both Q’s and modal characteristics should improve, allowing for more ideal filter responses.

6.6 Hydrofluoric Acid Release

The selective isotropic etching of silicon dioxide using hydrofluoric acid, while seemingly
straightforward, must be performed on devices meeting certain requirements to avoid dif-
ficulties. Two situations were encountered which were unanticipated but which should be
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(a) SEM of a disk resonator coated in phos-
phoric acid residue left over from the HF vapor
release of phosphosilicate glass.

(b) A disk resonator with a corroded polysil-
icon top electrode due to the formation of a
galvanic cell between molybdenum and polysil-
icon during liquid HF release.

Figure 6.15: SEM’s of two situations in which HF release led to undesirable results.

avoided in future renditions of devices. First, the use of HF vapor release with phosphorous-
doped silicon dioxide (PSG) was found to leave a water soluble residue on the surface of the
AlN structures, as is shown in fig. 6.15a. This problem can be avoided by using undoped ox-
ides. Secondly, galvanic corrosion can occur if dissimilar conductors are in electrical contact
in the electrolyte, such as liquid HF. For example, in the SEM of fig. 6.15b, the polysilicon
shown is corroded while molybdenum, the bottom electrode, is plated. The result is that the
polysilicon is brittle and damaged. Avoiding this issue was the rationale for switching to a
polysilicon interconnect layer to form the bottom electrode so as to match the top electrode
material. In summary, using undoped oxides and polysilicon bottom and top electrodes was
sufficient to get good release results. Using 49% HF acid, the 300 MHz structures, having a
radius of 11.2 µm, were released in about 7 minutes.

6.7 Post Release Cleaning

To get the highest Q’s, the devices must be cleaned after release. Unwanted release
byproducts and other residuals can attach to the resonator and become difficult to remove.
For example, with the devices of Run A, due to an unexpected reaction between vapor HF
etch precursors and doped oxide sacrificial layers, a water dip was required to dissolve water
soluble etch byproducts. Annealing at 500oC for 5 minutes in an N2-purged chamber was
also effective for cleaning surfaces of devices, via vaporization of byproducts, as evidenced by
observed dramatic improvements in Q’s after annealing, e.g., typically from 4,000 to 8,000.
For resonators with very high aspect ratio gaps, material transport out of the gaps becomes
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more limited, and hence devices take longer to clean. Critical point drying, which uses liquid
CO2 to replace the methanol or IPA in which a released device is submerged, which is then
heated and pressurized above the critical point, 1030 psi and 30o C, allows for the removal
of liquid etch products while avoiding stiction forces. Using CPD followed by heating or
annealing provided very good results.

6.8 Summary of Targeted Process Improvements

While the fabrication sequence generates functional devices, improving several elements
of the fabrication process would lead to better performance and reliability.

AlN Strain Gradient Reduction

Heating the wafer to an estimated temperature of 500o C during sputtering and using a
multi-step gas flow recipe to tune stress as a function of deposition thickness was found to
aid in improving the FWHM of the AlN film and reduce the residual strain gradient which
leads to bending. Still, further optimization is desired to eliminate electrode contact based
limits on minimum gap sizes.

AlN Etch Sidewall Angle Improvement

For small contour mode devices, resultant non-vertical sidewall angles from non-ideal
plasma etching can impact the mode shape of the device and hence the behavior of coupling
beams in arrays, which develop a shear wave component due to slanted boundary conditions
at disk attachment points, thus altering effective acoustic wavelength. SEM measured AlN
sidewall angles using our etcher range from 70o to 83o.

Improved Lithography For the Support Stem and Top Electrode

The third and fourth lithography steps, which define the oxide opening at the center of the
AlN disk and the stem coverage of poly-Si, present an obstacle to the ultimate miniaturization
and reliable fabrication of the support stems. Scaling down anchor size, while desirable, can
be challenging lithographically in the presence of large topography due to the need to use
thick photoresist. A process modification allowing for lithographic definition of smaller
features, through the use of thinner resist, is desired to reliably attain well defined anchors
and scale down the size of the device. A second oxide backfill and CMP step to eliminate
topography after AlN etching could enable this improvement.

Better Cleanliness

To maximize yield and Q’s, the devices must be kept as clean as possible during fabrica-
tion, release, and testing. Stubborn photoresist after etching proved difficult to remove, and



CHAPTER 6. FABRICATION 150

created non-volatile compounds that stuck to surfaces. Improved chemical cleaning methods
at intermediate steps during fabrication can lead to better performance.
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Chapter 7

Capacitive Piezoelectric Narrowband
Filters

In Chapter 1, we described why RF and IF filters are important components for ra-
dios: they allow for spectral coexistance of signals with different operating frequencies. As
discussed, in a typical RF environment, among many interferering signals is a lone desired
signal. The purpose of a bandpass filter is to heavily suppress unwanted signals at frequen-
cies outside of the passband. Additionally, the filter should add little to no attenuation in
transmitting the desired signal between input and output. High resonator Q, electromechan-
ical coupling Cx/C0, and low motional resistance Rx are all key towards achieving good filter
performance.

Each one of the several MEMS filter technologies described in section 1.3 has its own
unique advantages and drawbacks. Making capacitive-piezoelectric AlN filters is a compelling
area of research for the following reasons:

� They can potentially attain higher Q’s than attached electrode AlN resonators.

� They can be fabricated so as to have multiple frequencies on chip.

� They can be fabricated to have variable bandwidths.

� They can be switched on and off through resonance quenching.

� They can be decoupled through top electrode lifting.

� They are frequency tunable.

� They have much stronger electromechanical coupling than capacitively transduced res-
onators.

� They are aptly suited for narrowband filter applications between 0.1% and 1% frac-
tional bandwidth.
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In this chapter, we will explain operating principles, provide a model, provide automated
design tools, and present experimental results pursuant towards realizing high performance
capacitive-piezoelectric narrowband filters.

7.1 Transfer Functions for Resonators and Filters

A MEMS filter is an example of a linear, time-invariant (LTI) system. The transfer
function H(s) for any LTI system allows one to determine how the system will respond to
an arbitrary input signal, xin(t) = L−1{Xin(s)}. Here, t represents time, s is the complex
angular frequency Laplace variable, and L{·} represents the Laplace transform operator.
The output signal yout(t) = L−1{Yout(s)} can thus be predicted when the input signal and
transfer function are known. To calculate the system response in the time domain due to
an arbitrary input, one simply takes the inverse Laplace transform of the product of the
transfer function and the Laplace transform of the input:

yout(t) = L−1{H(s)Xin(s)} (7.1)

The transfer function is thus equal to the Laplace transform ratio of an LTI system’s
output signal to its input signal:

H(s) =
Yout(s)

Xin(s)
(7.2)

An alternative route to finding an LTI system’s time domain response is to convolve (∗)
its input signal with its impulse response, called h(t). One familiar example of an impulse
response is the sound heard when one strikes a bell.

yout(t) = xin(t) ∗ h(t) (7.3)

For an underdamped (high Q) system, sinusoidal input signals that resemble the im-
pulse response in having frequency content at one or more of the natural frequencies of the
system will incite more strongly amplified responses than non resonant input signals. In
terms of the convolution occurring, maximal integrated area overlap for the time-reversed
impulse response superimposed on the input signal occurs when an excitation and a system’s
underdamped eigenfrequencies match. This is the essence of what leads to resonance–the
excitation of an underdamped system’s natural frequency. The choice of whether it’s bet-
ter to describe an LTI system using its transfer function or its impulse response depends
on whether the inputs to the system are more impulsive or oscillatory in nature. Transfer
functions are generally more useful in filter design since they process oscillatory signals.

Frequency Response

If one is interested in the frequency response for a system one can substitute jω for s to
find the (complex) value of the transfer function at a frequency of interest:
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(a) Magnitude plot: |H(jω)| (b) Phase plot: ∠H(jω)

Figure 7.1: Simulated frequency response of the force to velocity transfer function for a single
DOF resonator.

H(jω) = |H(jω)|ej∠H(jω) = Aejθ (7.4)

The output signal will simply be a scaled and shifted version of the input signal at the
same frequency–scaled in magnitude by A = |H(jω)| and phase shifted by θ = ∠H(jω).
A single DOF “mass-spring-damper” resonator has the following force to velocity transfer
function:

H(s) =
u̇(s)

F (s)
=

1

k/s+ c+ms
=

1/k

1/s+ 1/(ω0Q) + s/(ω2
0)

=
sω2

0/k

ω2
0 + (sω0)/Q+ s2

(7.5)

Thus the frequency response of the velocity transfer function is given by:

H(jω) =
ω2

0/(jω)

−ω2 + (jωω0)/Q+ ω2
0

(7.6)

A magnitude and phase plot for this frequency response are included in fig. 7.2. The
peak height of the frequency response magnitude is determined linearly by the Q factor
of the resonator. Likewise, the slope of the phase of the transfer function is also linearly
proportional to Q.

Poles and Zeros

Key to understanding filter behavior is an awareness of the role that poles and zeros in
the transfer function play in determining the frequency response. A zero is a complex value
of s which makes the numerator of the transfer function equal zero; a pole is one which makes
the denominator equal zero. Generally, the transfer function can be expressed as a rational
function of polynomials in s. Often, poles and zeros exist as complex conjugate pairs. To
illustrate the effect that poles and zeros have on the frequency response, fig. 7.2b presents a
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(a) 3-dimensional surface plot of the complex
frequency response. The blue trace indicates
the frequency response magnitude as a func-
tion of frequency. Peak height is determined
by the proximity of the pole to the blue trace.

(b) 2-dimensional color plot of the complex
frequency response magnitude with anno-
tated poles, zero, and pole-coordinates. The
proximity of the positive-conjugate pole to
the blue line determines the peak height at
resonance.

Figure 7.2: Force to velocity transfer function magnitude in complex frequency space for a
single DOF resonator with a Q of 20, ω0 of 1 rad/s, stiffness k of 1 N/m, and max velocity
to force ratio of 20 m/(N·s).

surface plot which indicates the locations of poles and zeros in a manner that also intuitively
shows how the “tent” height along s = jω axis, which yields the curve shown in fig. 7.1a,
depends on their locations. For example, increasing Q causes the poles to move closer to the
s = jω axis and increase the resonance peak height. The colored surface plots of fig. 7.1a
are rendered using MATLAB’s surf function.

Using Multiple Resonators to Create Tailored Passbands

Although a single pole transfer function is effective for use in an oscillator, the frequency
response shown on the blue curve of fig. 7.2a for a single degree of freedom resonator is
not sufficient to meet the needs of most filtering applications. What is needed instead is
a somewhat flat passband over a finite bandwidth which exhibits desirable properties such
as constant group delay (linear phase) throughout the passband, or constant magnitude,
so that the filter preserves signal integrity rather than cause distortion or dispersion. To
achieve these desirable properties, one can design a filter’s transfer function through proper
placement of multiple poles in the vicinity of the passband. Having more than one pole is
key to creating a passband with a desired bandwidth which is not entirely dependent on Q.
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(a) Chebyshev. Designed for
steep rolloff; has ripple.

(b) Butterworth. Designed for a
maximally flat passband.

(c) Bessel. Designed for maxi-
mally flat group delay.

Figure 7.3: Comparison of three 7th order prototype filter frequency responses: Chebyshev,
Butterworth, and Bessel.

Using more than two poles allows for fast stopband rolloff. Additionally, zeros can be placed
just outside of the passband can help to further steepen stop band rolloff, as will be shown.

Before introducing ways in which to couple multiple resonators together, it’s instructive
to examine how ideal bandpass filter transfer functions are constructed mathematically. A
real filter can be designed to mimic as closely as possible an ideal transfer function which is
optimized to obtain desired characteristics.

Prototype Filter Transfer Functions

The first principle of bandpass filter design to understand is the concept of a transfer
function for a prototype filter. A prototype filter is a low pass filter with a normalized
resonance frequency of one rad/s which can be used as a stepping stone towards creating a
bandpass filter at a desired center frequency and fractional bandwidth. For the prototype
function, the filter order is the number of poles. For example, fig. 7.3 presents pole-zero
plots in complex frequency space for three different types of 7th order, i.e., 7-pole, prototype
filters.

The prototype transfer functions are mathematically designed to have certain mathemat-
ical properties. For example, to create an nth order Chebyshev transfer function H(s), the
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following values are used:

ε =
√

10Ripple/20 − 1 (7.7)

θm =
π

2

2m− 1

n
(7.8)

α =
1

n
sinh−1

(
1

ε

)
(7.9)

sm = − sinhα sin θm − j coshα cos θm (7.10)

H(s) =
1

(2n−1ε)
n∏

m=1

(s− sm)
(7.11)

An nth order Chebyshev polynomial is bounded to ±1 within the domain of [−1, 1] and,
by definition, attains the largest possible leading polynomial coefficient–thus, Chebyshev
filters maximize stopband rolloff. For the prototype filter, the boundary is limited to a general
variable called Ripple which can be made small to limit magnitude variations in the filter’s
passband. A Butterworth or maximally flat response is a Chebyshev filter with a Ripple
value set to zero. A Bessel response is designed to achieve linear phase in the passband.
Similar procedures for computing pole locations for Bessel and Butterworth responses can
be readily found in literature [93] and were used to create the plots of fig. 7.3.

Transformation from the Prototype to a Bandpass Filter

To implement a bandpass filter using the transfer function of a lowpass prototype, a
substitution is made for every s in the transfer function as follows:

s→ 1

FBW

(
s

ω0

+
1

Q
+
ω0

s

)
(7.12)

Where Q is the assumed Q-factor for every resonator in the system, FBW is the fractional
bandwidth of the filter (e.g. 0.0025), and ω0 = 2πf0 is the center frequency of the filter.

A sample bandpass filter, having a wide bandwidth of 30% for the purpose of illustration
is included in fig. 7.4. Note that the 8th order bandpass filter transfer function has 16
total poles, with 8 poles in the vicinity of +jω0 which act to shape the passband. In the
transformation, mirrored and scaled copies of the original pole grouping appear centered
around ±ω0.

Frequency Responses for Ideal Chebyshev, Butterworth, and Bessel Passband
Filters

Included in fig. 7.5 is an array of plots which show magnitude, phase, and group delay
vs. frequency for the three filter types mentioned previously. To illustrate the effects of



CHAPTER 7. CAPACITIVE PIEZOELECTRIC NARROWBAND FILTERS 157

Figure 7.4: Transfer function magnitude in complex frequency space for an 8th order But-
terworth bandpass filter with Q = 500, 30% FBW, ω0=10 rad/s as constructed from a
transformed prototype filter.

increasing filter order, plots are generated for filter orders ranging from n=1 to n=7. The
plots included have center frequencies of 300 MHz and fractional bandwidths of 0.25% to
resemble filters that are implemented in this project. Figure 7.5 illustrates the differences
between the three filter types. The Chebyshev filters have excellent stopband rolloff, but
the group delay variation is high, which can lead to dispersion, or inter-symbol interference.
There is also 1 dB of passband ripple. However, filters at adjacent frequencies can easily
coexist next to each other. The Butterworth filters have a relatively flat passband as well as
less group delay variation. The Bessel filters have very flat group delay vs frequency, which
is good for eliminating inter-symbol interference. However, rejection of nearby frequencies
is not as strong.

Based on a desired application, designers can choose among these and other filter designs
to best meet a system’s needs. For example, FBAR duplexers use a custom filter transfer
function, using a high order ladder topology, to allow for close proximity to adjacent fre-
quencies by taking advantage of very steep passband skirts like those of the Chebyshev filter.
They also take advantage of using zeros in the stopband for increased loss.

Using the idealized transfer functions, simulations of physical designs can be created
which are verified to match the desired performance. In the following section, we will intro-
duce methods to compute the transfer functions in terms of physical design parameters.

7.2 Computer Aided Design of Mechanically Coupled

Capacitive-Piezo Bandpass Filters

Capacitive-piezoelectric filters may be implemented in several ways, such as by using a
ladder topology or through mechanically coupling multiple resonators in series. Either way,
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Figure 7.5: Transmission magnitude, transmission phase, and group delay vs frequency for
1-dB ripple Chebyshev, Butterworth, and Bessel simulated ideal 0.25% bandwidth filter
responses for n=[1,2,...,7]

computer techniques are key in the design process. In this section, we outline a complete
computer aided design flow for making coupled resonator filters.

When n multiple resonators are coupled together so that they have n degrees of free-
dom, they can form a bandpass system with exceptional shape factor, particularly as n
increases beyond 2 or 3. The design of such a system requires knowledge and/or control
over a large number of parameters, including resonator motional impedance, 0.5-λ-coupled
resonator array size (if necessary), resonator stiffness, filter fractional bandwidth, resonance
frequency, resonator frequency accuracy (and tunability if required), parasitic capacitances,
resonator Q, coupling beam stiffness(es) and width(s), coupling beam lengths, desired filter
order, filter type, and input and output terminating impedances. Needless to say, it helps
to have a computer program to account for all the variables that must work together to
generate a proper filter. This work automates and expands on many of the filter design prin-
ciples described in [56], [55], and [48] which were previously applied to making capacitively
transduced micromechanical filters at lower frequencies.

A MATLAB filter design kit consisting of four modules was implemented to streamline
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the process of making capacitive-piezoelectric filters. Additionally, the designs can also be
validated in Agilent’s Advanced Design System (ADS) software. Many of the techniques
developed in this section would also be applicable to capacitive and piezoelectric transduced
filters in addition to capacitive-piezoelectric resonator based micromechanical filters.

MATLAB-Based Filter Coefficient Generator

A MATLAB filter design tool was created to aid filter synthesis in an efficient manner.
The first module of the simulator takes as inputs the desired filter order, the filter type,
resonator Q-factor, and filter fractional bandwidth and returns as outputs the filter design
parameters needed to implement the desired specification. The outputted (dimensionless)
parameters include kij coupling coefficients, q1 and qn resonator termination factors, as well
as the expected insertion loss that the design will have. The kij factors are used to determine
coupling beam widths while q1 and qn determine the input and output resistances used to
terminate the filter. Here, IL is the predicted insertion loss for the filter which depends on
q0, filter order, and filter type.

Filter design parameters are determined via automated linear interpolation of the lookup
tables of Anton Zverev’s Handbook of Filter Synthesis [15]. The lookup table for each type
of filter up to an order of four is stored in memory so that that for an exact value of
q0 = QBW/f0, accurate values for insertion loss IL, q1, qn and the kij’s can be given. These
parameters are selected so as to create coupled resonator filters with transfer functions that
match those that are described in section 7.1

For example, if a 0.2%-bandwidth 3rd order 0.5-dB ripple Chebyshev filter using res-
onators with Q-factors of 8,700 is desired, the simulator first calculates q0 as 17.4. The
simulator then loads the appropriate lookup table into memory as shown in the sample of
code below. A look up table exists for each filter order, e.g., 2/3/4/5, and filter type, e.g.,
Chebyshev, Butterworth, or Bessel.

if n==3

% Chebyshevy Order 3, ripple 0.5db, Zverev p350

q_0vec=[200 37.273 18.636 12.424 9.318 7.455 6.212 5.325];

ILvec=[0 .92 1.96 3.14 4.51 6.13 8.11 10.66];

q1vec=[1.864 1.616 1.577 1.568 1.577 1.5974 1.6275 1.6674];

qnvec=[1.8636 2.3388 2.5962 2.8158 3.0140 3.1949 3.3584 3.5011];

k12vec=[0.6474 .6182 .5943 .5680 .5387 .5055 .4667 .4197];

k23vec=[.6474 .6718 .6884 .7051 .7224 .7407 .7606 .7825];

end

Interpolation is performed via the ‘interp1’ command for each vector as

XX=interp1(q_0vec, XXvec, q0)
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Table 7.1: MATLAB Generated Filter Parameters for a 3rd order 0.2%-BW 0.5-dB ripple
Chebyshev filter made of resonators with Q-factors of 8,700.

Filter Parameter Outputted Value

q0 17.4
IL 2.1948
q1 1.5752
qn 2.6399
k12 0.5891
k23 0.6917

The outputs are then returned as shown in table 7.2.
The next module of the filter design system takes the filter parameters and uses them, in

cooperation with the resonator simulator, to generate coupling beam widths and termination
impedances needed to implement the filter.

MATLAB-Based Coupling Beam Width and Input/Output
Termination Impedance Generator

To set the filter’s bandwidth, which is determined by the spacing of poles in the transfer
function, the stiffness(es) of the coupling element(s) between resonators must be computed.
The model for extensional coupling beams, and the expression for stiffness, were described in
section 2.10 in Chapter 2. Intuitively, stiffness is proportional to width, and higher stiffness
equates to larger bandwidth. Just like in the two degree of freedom coupled resonator exam-
ple of fig. 2.3, larger coupling beam stiffness leads to increased spacing of modal frequencies.

Calculating coupling beam dimensions and termination impedances requires the param-
eters of a fully characterized resonator in addition to the filter coefficients calculated previ-
ously. The terminating impedances, Rq,in and Rq,out are calculated as follows:

Rq,in = Rx

(
q0

q1

− 1

)
(7.13)

Rq,out = Rx

(
q0

qn
− 1

)
(7.14)

Here, Rx is the motional resistance of an equivalent uncoupled end resonator, which is
assumed to be matched in frequency and stiffness to all other resonators. The transduction
strength η is assumed to be equal at input and output. Interestingly, since q0 is dependent
on Q, the relationship between Rx and Rq,in/out does not depend on Q. Thus, Q affects
insertion loss but not the optimal termination resistance.

The extensional coupling beam widths, wij’s, are calculated as follows. First, a standard
beam width, w0, is defined.
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w0 =
krBW

ω0tAlN
√
Eρf0

(7.15)

Where kr is the modal stiffness of an individual resonator array, BW is desired bandwidth,
ω0 is modal angular frequency, tAlN is the beam’s vertical thickness, E is AlN’s Young’s
modulus, ρ is AlN’s density, and f0 is the operating frequency. This standard beam width is
modified by the stiffness coefficients to calculate individual coupling beam widths between
the ith and jth resonators.

wij = w0kij (7.16)

If the resulting wij’s are smaller than the minimum linewidths available lithographically
and/or termination impedances are too high, then array size should be increased until a valid
design is found. Thus, as another benefit not mentioned in Ch. 4, disk arrays are necessary
and useful for achieving small fractional bandwidths given lithographic constraints.

Using the simulator with 25-disk arrays of 300 MHz capacitive-piezo disk resonators
having 80 nm transduction gaps (gtotal = 160nm) and maximal electrode coverage, the
outputted filter design parameters are presented in table 7.2. The Rx of a single disk in this
array is 509 Ω and the array Rx is 20.35Ω.

Table 7.2: MATLAB Generated Filter Parameters for a 3rd order 0.2%-BW 0.5-dB ripple
Chebyshev filter made of resonators with Q-factors of 8,700.

Filter Parameter Calculated Value

Rq,in 204.5 Ω
Rq,out 113.8 Ω
wb12 1.59 µm
wb23 1.87 µm

Using the calculated coupler dimensions one can now proceed to generate layout for
the filter design. The locations of many resonators and coupling beams must be specified.
It is thus useful to have an automatically generated mapping of where to place all of the
components, particularly when multiple resonator arrays are placed side by side.

Automated Filter Layout

An automated filter layout generator is used to aid the process of laying out disk res-
onators. Disk arrays of standard sizes are plotted, such as 2×2, 3×3, 4×4, or 5×5 config-
urations. Disk arrays are represented as multiple drawn circles of a specified radius drawn
such that they are separated in the x and y directions by coupling beams of length λ/2.
The coordinates of the centers of the arrays are drawn on the printout. Although not yet
implemented, it would be even more desirable to directly write to a gds2 file rather than a
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(a) Single-ended version. (b) Differential version.

Figure 7.6: Auto-generated layout for the simulated 3rd order filter.

MATLAB plot. Nonetheless, it is useful to have the coordinates for placing individual arrays
as a quick verification of proper layout for a newly generated filter design.

In addition, the filter layout generator can accommodate differential designs, where two
single ended filters are adjoined using coupling beams that are one extensional wavelength
long. A sample of generated layout for the differential version of the filter of fig. 7.6a is
included in fig. 7.6b.

The final step of the filter design process is to verify that the calculated parameters will
indeed manifest the desired filter response. A filter response simulator was implemented to
simulate the frequency response for the generated network.

Filter Response Simulator

A filter’s response can be modeled and plotted in simulation using an equivalent 2-port
network representation for the network which is terminated with the desired impedances
at input and output. The most convenient 2-port model for using MATLAB to simulate
a coupled resonator filter is one constructed using ABCD parameters, as they easily allow
adjacent circuit building blocks to be joined together to form an equivalent cascaded network.
The S21 response at each frequency can then be calculated using the following expression,
where R01 and R02 represent the real components of terminating impedances, Z01 and Z02.

S21 =
2
√
R01R02

AZ02 +B + CZ01Z02 +DZ01

(7.17)
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(a) Circuit schematic for a 2nd order capacitive-piezo mechanically-coupled filter.

(b) Equivalent cascaded chain of ABCD 2-port networks.

Figure 7.7: Equivalent ADS circuit models for a two resonator capacitive-piezo filter.

ABCD 2-port parameters are defined as follows, where positive currents are defined as
entering a port. [

v1

i1

]
=

[
A B
C D

] [
v2

−i2

]
(7.18)

To join two (or more) cascaded 2-port networks into a single equivalent network, the
ABCD matrices for cascaded blocks are simply matrix multiplied together. Thus, a system
consisting of cascaded blocks including capacitances, transformers, resonators, and mechani-
cal coupling beams can be modeled as a single “black box” 2-port network through perform-
ing multiple matrix multiplications. For example, the coupled resonator circuit of fig. 7.7a
can be equivalently modeled as seven cascaded blocks of ABCD parameters, as is shown in
fig. 7.7b. The outer two blocks represent the input and output capacitive voltage dividers,
the next two inner blocks represent represent the electromechanical transformers, the next
two inner blocks represent the mechanical impedances of the two resonators, and the middle
block represents the extensional coupling beam.
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[
Aeq Beq

Ceq Deq

]
=

[
1 + C0

Cg

1
jωCg

jωCg 1

] [
1
η

0

0 η

] [
1 ZR1

0 1

]
...

...

[
cos (αL) j sin (αL)

Z0a,cb

j sin (αL)Z0a,cb cos (αL)

] [
1 ZR2

0 1

] [
η 0
0 1

η

][
1 1

jωCg

jωCg 1 + C0

Cg

]
(7.19)

A fourth order filter would contain ABCD matrices for all the building blocks of eq. (7.19)
in addition to four more blocks representing the 3rd and 4th resonators and the 2nd and 3rd
coupling beams.

Addition of feedthrough capacitance to the filter response

To account for port to port feedthrough capacitance Cf in the filter, which acts in parallel
to the cascaded ABCD network, the ABCD network can be converted to Y-parameters with
an added parallel admittance (X = jωCf ), and then reconverted, as follows. A typical
feedthrough capacitance value for our filters is 1 fF. This capacitance can be further reduced
through ground shielding between input and output and differential operation. Reducing
feedthrough is key to achieving strong stop band rejection.

X=1i*omega*Cf;

Y11=D/B+X;

Y12=(B*C-A*D)/B-X;

Y21=(-1/B)-X;

Y22=A/B+X;

A=-Y22/Y21;

B=-1/Y21;

C=(Y12*Y21-Y11*Y22)/Y21;

D=-Y11/Y21;

Through allowing MATLAB to calculate the ABCD parameters for the equivalent circuit
networks, the filter responses can be quickly generated. For the filter design generated
by the previous filter simulator modules, fig. 7.8 presents the generated unterminated and
terminated filter responses, as well as the single resonator 50 Ω terminated response, to
confirm that the filter design is valid.

Monte Carlo Analysis

Random frequency mismatches, due to manufacturing variations, in coupled resonator
filters can corrupt a frequency response by either a tolerable or an unacceptable amount. To
meet performance specifications, it must be determined whether frequency tuning techniques
are needed and to what degree. Generally, wideband filters are more tolerant of frequency
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Figure 7.8: MATLAB auto-generated simulated filter response and design parameters based
on desired resonator technology, array size, desired filter type, order, and fractional band-
width.

mismatches and likely do not require electrical tuning techniques, whereas narrowband filters
require strict frequency matching, thus generally requiring tuning.

The filter response simulator can be run on a system for which the resonator sizes are
multiplied by a random Gaussian error term so as to result in unmatched resonant frequency
such as would occur due to imperfect manufacturing tolerances, which unfortunately do not
scale well with frequency. As features are made smaller, approaching lithographic limits, fab-
ricated dimensions can become larger or smaller than desired due to the line-edge roughness
of lithographic patterns, or due to under or over exposure of photoresist.

Based on the results of fig. 4.7, the frequency error standard deviation σ1 for a single
11.2-µm-radius (300 MHz) contour mode disk resonator is assumed to be 320 ppm, based
upon measurements of 4-disk arrays, for which the standard deviation of frequency error was
determined to be σ4= 160 ppm through measurement.

Invoking the central limit theorem of statistics, the frequency error standard deviation
for a coupled array of n disks, σn, is reduced as

σn =
σ1√
ndisks

(7.20)

σ also depends on the size of the disk resonator. It is postulated that the frequency error
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(a) 25 disk arrays have acceptable frequency
variation. Resonator manufacturing precision
is very good.

(b) 4 disk arrays have more frequency variation.
Precision is marginally acceptable but may re-
quire tuning.

Figure 7.9: Comparison of Monte Carlo simulations for a 3rd order filter for 5×5 disk arrays
and 2×2 disk arrays.

scales in proportion to R−1.5
disk , thereby becoming worse for higher resonance frequencies. A

given line edge roughness for a circle causes a larger fractional change in radius for small
radii (1/R contribution), and is averaged out over a shorter circumference for small radii
(1/
√
R contribution).

The general expression for σ for an array consisting of n resonators having nominal radii
equal to Rdisk may thus be expressed as:

σn ≈
(

11.2 µm

Rdisk

)1.5
320 ppm
√
ndisks

(7.21)

A randomly selected fractional frequency change, δ, obeying the normal distribution with
standard deviation σn for a resonator is manifested as a change in mechanical lumped element
parameters as follows:

δ = σ · normrnd(0, 1) (7.22)

r′x = rx(1− δ) (7.23)

l′x = lx(1− 2δ) (7.24)

c′x = cx (7.25)

To illustrate the predicted effect of array size on frequency variation as it affects a filter
design, fig. 7.9 presents a comparison of Monte-Carlo simulations for the 3rd order filter
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constructed from 25-disk arrays, and one which uses 4-disk arrays instead. The large array
size filter is advantageous due to its reduced terminating resistances and frequency standard
deviations.

In either case, the filter’s shape is well preserved and likely would not mandate frequency
tuning for a usable filter, although the filter using 25 disk arrays has certainly has less
variation and is preferable. Of course, it’s possible that nonideal modal properties are worse
for larger array sizes when fabrication does not go well. More investigation is needed into
just how large array sizes can be and still operate properly.

7.3 Measurements of Fabricated

Capacitive-Piezoelectric Filters

In addition to the switchable and tunable filters presented in Section 5.4, other capac-
itive piezoelectric filters have been fabricated and measured and are reported in this sec-
tion. Although further fabrication improvements are needed to fully realize the potential of
capacitive-piezo disk resonator array technology, this work provides pioneering examples of
feasibility and performance. We present key filter results to show current progress.

2nd Order Capacitive Piezo Disk Array Filter at 300 MHz

Figure 7.10 presents one of the first capacitive-piezoelectric filter results obtained in this
study. Here, fig. 7.10a shows an image of the device under test while connected to GSG
probes. The filter consists of two 3×3 disk arrays which are mechanically linked to one
another by an extensional coupler of acoustic length λ/4 at a design frequency of 300 MHz.
The two mode shapes for this structure are depicted via COMSOL modal simulations in
fig. 7.10b and fig. 7.10c. The two peaks of the underterminated filter response correspond to
two modes of vibration for the overall structure: one in which the two arrays vibrate out of
phase, allowing for minimal deformation of the coupler, and the other in which the coupler
deforms, which adds extra stiffness and occurs at a slightly higher resonance frequency.
Notably, the spacing of these two peaks is 0.2%, exactly as was designed. Here, bandwidth
is determined by the ratio of the coupling beam’s stiffness kc as compared to that of the
array’s stiffness kr.

The 50 Ω terminated S21 measurement for this device is included in fig. 7.10d. The
unloaded Q’s of the two resonant modes are measured at 3,500, and single disk Rx’s of 14
kΩ are estimated based on insertion loss. What went notably well in this fabrication batch
is the AlN etching step, which provided nearly ideal sidewall angles (as shown in fig. 6.11b),
thus providing nearly ideal modal characteristics of the filter, for which bandwidth and
resonance frequency are set by CAD definable resonance frequencies.

Shortcomings of this fabrication batch included poor electromechanical coupling due to
poor AlN film quality, anchor adhesion difficulties affecting Q’s and yields, large fabrication
gaps, and large amounts of both unwanted power loss and feedthrough due to the use of
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(a) Optical micrograph of a
0.2 % bandwidth 300 MHz
2nd order filter with GSG
probes in place for testing.

(b) COMSOL simulated
mode shape for first reso-
nance peak. (2×2 arrays)

(c) COMSOL simulated mode
shape for second resonance
peak. (2×2 arrays)

(d) Underterminated (50Ω) frequency re-
sponse for the 2 pole filter.

(e) Attempted proper termination of a 0.2 %
bandwidth 300 MHz 2nd order filter.

Figure 7.10: 2nd order capacitive piezoelectric filter demonstration.

a 1.6 µm thick AlN film as a substrate protecting barrier layer over which the devices
were built. These issues are detrimental to the stopband rejection: low Q (as compared to
8,800) increases passband insertion loss, acoustic radiative power (due to the ill-fated AlN
barrier layer) into the substrate adds insertion loss to both the stopband and passbands,
and radiative and capacitive power transmission between input and output raised the filter’s
feedthrough floor.

Attempting to eliminate insertion loss of the filter through increasing termination impedances
to the proper values, as is shown in fig. 7.10e, proved unsuccessful due primarily to the use
of AlN above the substrate to insulate the electrodes from the conductive Si substrate. The
minimum insertion loss attained is 8 dB which required extra inductance and a 2.2 kΩ
termination. The minimum insertion loss without using any inductance was attained at a
termination resistance of 600 Ω, for which 16 dB of minimum insertion was attained.

The device of fig. 7.10e differed slightly from that measured fig. 7.10d in that its disks
were marginally modified in radius by 0.5% while keeping the pitch between devices the
same, thus changing coupling beam size. This indicates that the spurious mode of fig. 7.10e
is due to a slightly nonideal coupling beam size but can be corrected, since the spurious
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mode is reduced in fig. 7.10d.

Remarks

To markedly improve the performance of the filter of fig. 7.10, the following changes
should be implemented: don’t use AlN as a substrate isolation layer, increase resonator Q,
and increase k2

eff . With these changes, termination resistance for a flat passband would
be below 500 Ω and would require no inductance. Insertion loss would be under 3 dB and
stopband rejection should exceed 50 dB.

2nd Order Capacitive Piezo Ring Filter at 400 MHz

As another approach, it is also possible to make a similar filter to that of fig. 7.10 using
ring resonators, as is shown in fig. 7.11. Ring structures have resonance frequencies that
depend on the difference between the outer and inner diameters of the ring structures. Refer
to [43] for equations to determine modal frequencies of ring resonators. Here, four spokes
are used to support each ring that are an odd integer multiple of λ/4 in length to minimize
anchor loss and maximize Q. For large rings, vertical displacement of the ring from the
anchor point can cause top electrode contact, thus limiting the maximum ring size that can
be used. For this structure, the top electrodes extend over from the outside of the rings, as
is enabled by a conformal electrode deposition. The AlN ring structure has inner and outer
radii of 45 µm and 53.2 µm, respectively. Due to the high number of spurious modes of ring
structures and the difficulty of scaling the structure in size to reduce impedance, disk array
structures, with their distributed anchoring and compact form factors, seem advantageous
for making filters.

4th Order Capacitive Piezo Disk Array Filter at 200 MHz

Figure 7.12 presents a disk array filter with four poles at a design frequency of 200 MHz.
Four 3 × 3 disk arrays are mechanically coupled in series, creating four distinct modes of
vibration for the overall structure. Each disk has a radius of 16.8 µm, and λ/2 coupling
beams are 25.7 µm long. The frequency response of the 50 Ω terminated filter exhibits a
very high shape factor. High order filters are advantageous due to their steep stopband
rolloffs, but require higher Q’s for a given fractional bandwidth to obtain the same level of
insertion loss as a comparable low order filter.

The filter structure of fig. 7.12 requires several design improvements to achieve better per-
formance. First, the inner resonators are not frequency matched to the outer ones because
the frequency shift of capacitive-piezo transducers was not accounted for in their design.
Inner resonators should have both top and bottom electrodes grounded to effect the same
frequency shift experienced by the input/output resonators. Additionally, the same coupling
beam width was used for the three coupling beams, but proper filter design uses different
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(a) Optical micrograph of the device under
test. (b) S21 magnitude measurement showing the

frequency response with 50 Ω terminations.

Figure 7.11: 2nd order capacitive piezoelectric filter demonstration.

(a) Optical micrograph of the device under
test.

(b) S21 magnitude measurement showing the
frequency response with 50 Ω terminations.

Figure 7.12: 4th order capacitive piezoelectric filter demonstration.

values to achieve an optimized passband. Lastly, tuning of the individual resonators would
allow for fine-tuning of an ideal passband. Aside from design improvements, the same fab-
rication improvements and corrections mentioned section 7.3 are needed to achieve optimal
performance.

Strongly Coupled 433 MHz Disk Array Filters

The three prior filter demonstrations exhibit a need for increased electromechanical cou-
pling and reduced feedthrough. Pursuant to better performance, the capacitive gaps were
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(a) Layout.

(b) Network analyzer screenshot of a strongly
coupled filter-like response.

(c) Wideband frequency response of the filter
over a 0 MHz to 1.0 GHz range showing very
good rejection over the stopband.

Figure 7.13: A 433 MHz strongly coupled filter response demonstration.

reduced, AlN film quality was improved, a ground line was introduced between input and out-
put, and the AlN isolation layer on the substrate was eliminated. However, new fabrication
issues arose, including: (a) stringers connecting the coupling beams to the interconnect and
(b) electrode-resonator contact. These two effects degrade Q’s, and even more detrimentally,
proper operation of the coupling beams of the devices. Nonideal couplers introduce spurious
modes and reduce coupling strength due to enforced phase variations at the boundaries of
adjacent resonators which reduce modal displacement. The reduced Q and reduced trans-
duction strength (η) lead to smaller motional currents, and hence higher motional resistance
(Rx), than is ultimately possible with ideal devices.

Nonetheless, fig. 7.13 presents a demonstration at 433 MHz of a strongly coupled disk
array structure which exhibits a 2 pole frequency response. Remarkably, this device, the
layout for which is presented in fig. 7.13(a), isn’t even designed to function as a filter (with
its λ-length coupling beam instead of a more appropriate λ/4- or 3λ/4-length beam) but still
demonstrates a strongly coupled response with two closely spaced poles forming a passband.
Calculations indicate that the properly functioning device, with a 1000 Ω predicted single
disk Rx, could have an unloaded motional resistance of only 222 Ω, and thus an insertion loss
of 12.7 dB when loaded by 50 Ω terminations, in which case the stopband rejection would
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Figure 7.14: A 0.5% bandwidth, 2nd order filter response with 2.7 dB of insertion loss.

be over 55 dB with the given feedthrough level of -68 dB. Figure 7.13c shows the wideband
filter response between 1 MHz and 1.0 GHz to illustrate that the filter only responds at the
design frequency within this frequency range. With proper coupling beams, the spurious
mode at -50 dB will also be suppressed.

150 MHz Filter with 2.7 dB of Insertion Loss

The prior demonstrated filters in this chapter have had significant insertion loss due to
low terminating resistances of only 50 Ω. Figure 7.14 presents an optimally terminated
response for a 0.5% bandwidth filter at 153 MHz that posts an insertion loss of 2.7 dB. The
array has a stiffness of kr=2.38 N/m while the coupling beams have a combined stiffness of
0.119 N/m, which corresponds to the stiffness of two 0.8 µm wide beams.

7.4 Capacitive-Piezo Filters with Individually

Tunable Resonators

Figure 7.15 presents a filter design capable of frequency tuning its three individual res-
onators independently. This structure is predicted to be capable of total passband correction
when properly fabricated. Individual resonator tuning for passband correction is essential for
narrowband filters with resonator frequency precision standard deviation that is greater than
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Figure 7.15: Optical micrograph of a third order disk array filter with individually tunable
resonators.

one tenth size of the passband. Automated passband correction has recently been demon-
strated at 455 kHz by Henry Barrow on a fourth order MEMS filter using an automated
tuning protocol [94]. Although the filter peaks in the device of fig. 7.15 responded somewhat
to tuning in measurement, it was not enough to overcome the previously discussed fabrica-
tion difficulties, which posed more serious problems than resonator mismatch. Nonetheless,
the design could prove useful in the future as an important facet of a research effort to realize
a narrowband filter with a correctable passband at ultra high frequencies.

7.5 Remarks

The new design tools and experimental results of this chapter aim to support the real-
ization of switchable and tunable narrowband filters for RF channel selection at ultra high
frequencies with competitive performance at low cost. We have shown key results includ-
ing filter model verification, demonstration of proper modal characteristics, a four-pole filter
demo, a filter with strong stop band rejection, a filter with strong electromechanical coupling,
a filter with low insertion loss, and a design which allows for individual tuning of resonators.
Thus, the individual requirements for proper operation have all been satisfied, but not all
at the same time yet. Refabrication and further development will surely lead to even more
compelling demonstrations.
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Chapter 8

Conclusions and Future Work

This closing chapter provides an evaluation and summary of key results and proposes
additional research. Although further development work will enable even better devices,
based on what has been demonstrated here, high-Q frequency tunable capacitive-piezo nar-
rowband filters and frequency synthesizers have potential to provide a lasting contribution
for society’s ever-growing need for low power wireless connectivity.

8.1 Summary of Key Results

This section summarizes the most compelling findings of the previous five chapters. The
topics include: capacitive-piezo disk resonator optimization, disk arrays, voltage controlled
electrode actuation of capacitive-piezo transducers, fabrication, and capacitive-piezo filters.

Capacitive-Piezoelectric Disk Resonators with High Q, Strong
k2
eff , and Low Rx

In Chapter 3, the capacitive-piezoelectric AlN disk resonator was introduced as a higher-
Q alternative to attached-electrode contour-mode resonators. The Q of 8,757, achieved
through anchor minimization and very good cleaning, sets a new bar at 300 MHz for AlN
resonators, (a 4.2× improvement), and shows that under very good fabrication and design
conditions, one can more closely approach the intrinsic Q limit of sputtered AlN, the true
value of which can only be determined via experimentation, by using unattached electrodes.
The electromechanical coupling k2

eff of the AlN capacitive-piezo disk resonator was increased
to 1.05% through electrode coverage maximization, gap reduction, and film quality improve-
ments, from an initially demonstrated value of 0.1%. No AlN capacitive-piezoelectric res-
onator at any frequency had ever achieved k2

eff > 0.3% before this work. The best achieved
single disk Rx in this work is 785 Ω, using partial gap reduction with a bias voltage, with an
unloaded Q of 4,570. If the same device were to instead have a Q of 8,757, as the best device
achieved, its Rx would be only 410 Ω. Capacitive-piezoelectric transduction additionally al-
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lows for thicker electrodes than are possible when attached directly to the AlN, which can be
helpful for both eliminating electrode vibration and for minimizing interconnect resistance
based Q loading, which is especially beneficial for high Q devices with low Rx’s.

High Q Disk Arrays for Area Scaling of Capacitive-Piezoelectric
Resonators

In Chapter 4, mechanically-coupled arrays of capacitive piezo-electric disk resonators
were shown to enable reduced Rx’s and increased power handling. Connecting multiple
disks in parallel electrically reduces Rx by a discrete factor equal to the number of disks. A
unique benefit of area scaling with disk arrays is that they utilize distributed anchoring of the
resonators and their electrodes, thus enabling high Q’s even on large structures which would
otherwise succumb to large vertical displacements, hence electrode contact, due to strain
gradients in thin films. For example, Q’s of 6.5k, 4.9k, and 3.7k were achieved on array sizes
of 2×2, 3×3 and 5×5, respectively at 300 MHz. It is also possible to achieve very small Rx’s
using this technique. For example, using reduced gap sizes, an Rx of 225 Ω was achieved on a
4×4 array, albeit with a lowQ of 765. AlthoughQ’s were poor due to stringers in the run with
the strongest demonstrated electromechanical coupling, 20 Ω motional resistances should be
attainable using this approach upon refabrication. Another benefit of using array resonators
is to reduce manufacturing variations in resonance frequency. For 2×2 disk resonators,
standard deviation of manufacturing frequency precision was measured at 160 ppm. Even
better precision should be available on larger structures.

Voltage Actuated Capacitive-Piezoelectric Transducers

Capacitive-piezoelectric transduction offers additional appealing capabilities beyond of-
fering high Q and strong electromechanical coupling, both of which are desired for filters
and oscillators. Through voltage-controlled electrode actuation of the capacitive-piezoelectric
transducer itself, Chapter 5 presented three distinct capabilities. First, a capacitive-piezoelectric
resonator may be switched on and off through a resonance quenching mechanism based on
electrode collapse. With a thick electrode, a 220 V switching voltage was sufficient to quench
resonance while allowing for a reliable return to the on-state. Thinner electrodes led to re-
duced switching voltages of 60V, but stiction can be more problematic when restoring force
is weakened. Secondly, modifying the capacitive gap sizes allows for frequency tuning over
a demonstrated 1,500 ppm range, which is potentially increasable up to an 11,000 ppm
theoretical limit. Additionally, it was shown that it is possible to frequency tune without
affecting electromechanical coupling by using a dedicated tuning transducer, which would be
a preferred method for filter passband correction. Third, gap reduction enables improving
the electromechanical coupling to a level greater than initially manufactured, which also
allows for large off-state gaps, if desired. These three functions consume no operating power
and may be implemented without the use of a bias tee by using separate transducers for in-
put and output, thus enabling self-switched and frequency tunable single-pole or multi-pole
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filters with reduced feedthrough capacitance. To demonstrate the efficacy and benefits of
using multiple transducers, filters were demonstrated with tunable center frequencies as well
as quenchable passbands using electrode actuation for the first time.

Fabrication

Device fabrication methods used in this thesis require fewer overall steps than prior
capacitive-piezo processes. They also allow for more versatile designs due to fewer restrictions
on possible electrode configurations. The capacitive-piezo resonators of this work utilize a
simple four-mask fabrication process. The chemical vapor deposited polysilicon electrodes
allow for conformality of electrodes over sidewalls as well as the simultaneous formation of
anchor stems, which can contact both the AlN and bottom interconnect layers. Pursuant
towards better results, improving the fabrication process over multiple iterations ultimately
led to substantial gains in Q’s, k2

eff ’s, Rx’s, and yields. Although strides were made towards
optimized AlN film quality and stress control, it is hoped that further improvements will be
possible. Vertical gaps were manufactured to be as small as 120 nm both atop and below
the resonator. These gaps should be further reduceable to 80 nm or smaller for stronger
coupling. AlN etching achieved mixed results: nearly vertical sidewalls were achieved early
on, but latter etches yielded more angled sidewalls due to tool malfunction. Since none of
the multiple fabrication processes was completed without at least one non-ideality occurring,
refabrication should offer substantial performance improvements over what has so far been
demonstrated. The most important targeted process improvements looking forward include
improved resolution during thick lithography steps, AlN strain gradient reduction for smaller
gaps, and AlN etch improvement.

Capacitive-Piezoelectric Narrowband Filters

Back in Chapter 1, motivation was provided for high-Q filters which allow for better
rejection of out of channel interferers and reduced insertion loss, and hence lower power
operation and better sensitivity. Capacitive-piezoelectric narrowband filters with voltage
actuated electrodes offer a unique and compelling path forward towards an RF narrowband
filter bank, offering a favorable combination of capabilities unafforded by any other technol-
ogy, including: strong coupling, the ability to decouple through electrode lifting, high Q’s,
frequency tunability, resonance quenching, and CAD-definable resonance frequencies.

Although capacitive-piezoelectric narrowband filters demand a nearly flawless fabrication
process to function properly, Chapter 7 presents numerous milestones that were met towards
realizing them. First, after some introductory content on the principles of transfer functions
and filter design, a fully automated computer-aided design flow is presented which allows a
designer to choose desired filter characteristics such as bandwidth, filter order, center fre-
quency, filter type and automatically obtain needed terminating resistances, coupling beam
sizes, and the generated layout. Using Monte-Carlo analysis, it was shown that the previ-
ously measured frequency error of arrays is small enough to enable the reliable formation of
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0.2% bandwidth filters with functional passbands even without corrective frequency tuning.
Frequency tuning of individual resonators for passband correction using the demonstrated
method of Chapter 5, while not predicted to be mandated except for smaller bandwidths
or for frequencies significantly higher than 300 MHz, can accommodate needs for further
accuracy improvements.

On the experimental front, capacitive-piezo filter demos confirmed the following: (1)
that capacitive-piezo disk array filter bandwidth is set by coupling beam stiffness, exactly
as modeled; (2) that high order transfer functions are possible, e.g., with four-poles; (3)
that individual resonators can be tuned in a coupled resonator filter using dedicated elec-
trodes for tuning; (4) that high Q filters are possible, e.g., Q’s over 5k were measured in a
2×3×3 2nd order filter; (5) that narrowband filters can be made with no spurious modes,
e.g., passbands were shown at 433 MHz with a clean spectrum between 0 and 1 GHz; (6)
strong stopband rejection can be achieved, e.g., 50 dB at 300 MHz, even without differen-
tial operation or aggressive capacitive isolation through ground shielding between input and
output; and (7) low insertion losses are attainable, i.e., 2.7 dB, even without the highest Q’s
previously demonstrated. Looking forward, refabrication will be needed to achieve targeted
performance specifications for filters, which will require achieving all the aforementioned
milestones simultaneously.

8.2 Unanswered Questions

Some of the fabrication difficulties encountered in this thesis were due to preventable
problems related to tool malfunctions. However, even under the best achieved process condi-
tions, recurrent obstacles arose, including: material stresses, lithographic limits, and etching
sidewall angles. We seek to know whether further development will: (1) lead to reduced
residual stresses (and stress gradients) to reduce unwanted deformations, (2) improve the
resolution of finer features, and (3) allow for the etching of AlN with 90o sidewalls. Whether
or not these solutions can be found will have an impact upon the realization of ideal structure
geometries and performance. Additionally, sacrificial gap releases become more challenging
as gap sizes decrease; so whether or not smaller gaps will be attainable will depend on both
stress mitigation and cleaning capabilities.

Additional practical questions remain to be answered beyond what has been addressed
in this thesis. Although it may be possible to make devices with “ideal” geometries that
perform properly under certain conditions, whether or not they can (1) reliably withstand
large amounts of transmit power, (2) withstand large temperature shifts, (3) withstand
shocks, and (4) have lifetimes of many years, remains to be seen. Fabrication issues that
currently impact yields such as stiction, device damage, and contamination must also be
eliminated. The devices must be also manufacturable at low cost and sold at high enough
margin to be commercially viable.

Regarding arrays specifically, it is unknown how many disks can be practically be made
to vibrate synchronously without phase deviations in the mode shape which affect proper
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operation. Thin coupling beams are desirable for not loading the mode shape of the disks,
but it is unknown how thin the coupling beams can be made. If stresses are present in the
structures, it is unknown how coupling beam propagation velocity will be affected, thus new
spurious modes could be introduced by this effect. Additionally, it is unknown if coupling a
very large disk array to another with a single λ/4-beam will distort the mode shapes of the
resonators too highly–this could be investigated with FEM simulations.

A final open question is to know how much the voltage actuated resonance quenching
method of Chapter 5 can benefit from further development. Whether or not this method
can be used reliably with voltages far below the 220 V needed to actuate the thick electrode
and not succumb to stiction is currently unknown. Although micromechanical relays operate
with voltages of ≈10V and have very long lifetimes, quenching resonance may take much
greater contact forces than are needed to create a conductive path.

8.3 Future Work

Although questions remain over how much capacitive-piezo disk array technology can be
further improved, results obtained thus far indicate that useful systems are already possible
using the current devices.

Frequency Synthesizers

UHF oscillators made from capacitive-piezo disk resonator arrays could offer very good
phase noise, start up time, and low power performance at low unit fabrication cost due to
their high-Q, strong electromechanical coupling, multifrequency capability, minimal capac-
itive feedthrough (which helps to reduce needed transconductance to sustain oscillation),
integrated frequency tunability, and potentially exceptional aging stability. Removing the
electrodes from the device may offer better aging performance, as was demonstrated with
BVA resonators [66], although further study will be needed. Such devices potentially could
be used to power the Internet of Things (IOT) revolution at lower cost than quartz coun-
terparts which offer state-of-the-art stability and accuracy but which require a phase-locked
loop (PLL) and cannot be fabricated on chip.

Tunable and Switchable Filters and Filter Banks

The devices in this thesis have been shown to enable filters with tunable and switchable
passbands. Refabrication will offer better performance. It would be interesting to explore
filter bank architectures which utilize all the capabilities afforded by electrode actuation of
capacitive piezo transducers, while harnessing high Q and strong coupling, to ultimately
improve the frequency agility and sensitivity of radio front ends.
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Appendix A

Capacitive-Piezo Fabrication Process
Traveler

1. Starting Wafer: 150 mm (6”) n-type Si

� Pre-furnace wafer cleaning - Msink6

– 10 minute piranha clean

– Quick dump rinse, 4 cycles

– Spin, rinse, dry

2. Thermal Oxidation

� Recipe 4WETOXA - Tystar 4

– Target thickness: 2000 nm

– Temperature: 1050o C; Recipe uses O2 and steam (H2O) for fast oxidation.

– Time: 11 hours 2 minutes;

3. Silicon Nitride Deposition

� Recipe LSNSTDA.017 - Tystar17

– Target thickness: 500 nm

– Deposition time: 100 minutes (≈5 nm/min)

– 100 sccm SiH2Cl2; 25 sccm of NH3; 140 mTorr; 835o C.

4. Polysilicon Interconnect Deposition

� Recipe 16SUPLYA - Tystar16

– Target thickness: 3000 nm

– Deposition Rate: ≈10 nm/min

– Time: 5 hours 0 minutes
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– 615o C; Uses SiH4 as silicon source

5. Polysilicon Doping

� Recipe 13POCL3A - Tystar13

– 1000o C; 1 hour POCl3 doping, 1 hour drive-in anneal

– POCl3 vapor delivered with an N2 carrier gas; O2 is used in the doping step
to convert POCl3 vapor into P2O5.

6. Interconnect Film Thickness and Conductivity Verification

� Thickness Measurement - NANODUV

– Verify t ≈ 3000 nm

� Sheet Resistance Measurement - 4PTPRB

– Verify R� < 10Ω/�

7. Alignment Mark and Interconnect Layer Lithography

� Spin - SVGCoat6

– Program #s: 1,2,1 (60s HMDS Prime, 1.8k rpm, 60s soft-bake @ 130oC)

– 900 nm thickness

� Expose - ASML

– Reticle: PM Mark. Exposure Energy: 18 mJ/cm2

� Develop - SVGDev6

– 60s Post-Exposure Bake @ 130oC, 60s Develop Time

� Expose - ASML

– Mask Layer 1: POLY1 (Clear Field). Exposure Energy: 18 mJ/cm2

� Develop - SVGDev6

– 60s Post-Exposure Bake @ 130oC, 60s Develop Time

� Hard Bake Resist - UVBake

– Recipe U

8. Polysilicon Interconnect Etch

� Recipe Smooth Sidewall 1 - STS2

– Target Etch Distance: 3500 nm
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– Etch Rate = 350 nm/cycle. 1 cycle includes 5s passivation and 7s etch.

– Total Cycles: 10; ≈130 s

– Passivation: C4F8 flow: 100 sccm; 600 W Coil Power

– Etch: SF6/O2 flow: 130/13 sccm; 600 W Coil Power; 20 W Bias Power

� Verify Etch Completion - Multimeter

– Verify infinite resistance between two probes placed in the field.

� Strip Photoresist - Matrix

– 2.5 mins, 400 W O2 Plasma, 250o C chuck temp

9. Pre-furnace wafer cleaning

� Pre-furnace wafer cleaning - Msink8

– 10 minute piranha clean

– Quick dump rinse, 4 cycles

– Spin, rinse, dry

� Pre-furnace wafer cleaning - Msink6

– 10 minute piranha clean

– Quick dump rinse, 4 cycles

– Spin, rinse, dry

10. High Temperature Oxide Deposition (Field Fill Around Interconnect)

� Recipe HTOSTDA.017 - Tystar 17

– Target thickness: 3500 nm

– Temperature: 800o C

– Deposition Rate: 266 nm/hour

– Time: 13 hours 10 minutes

11. Chemical Mechanical Polishing (Lapping)

� Standard 6” Oxide Polish Recipe - CMP

– Downforce: 4 p.s.i.

– Removal Rate: ≈150 nm/min

– Multimeter can verify exposure of interconnect upon completion. Stark color
change will be evident as well.

– Polish backside of wafer for 180 s for every 180 s of frontside polishing.

� Post CMP Rinsing - SinkCMP

– Rinse thoroughly upon completion of polishing.
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– Use a wet Mr. Clean Magic Eraser to remove CMP slurry particles while
rinsing with the deck hose for 60 s. Do not let dry before starting QDR cycle.

– Quick dump rinse, then dry.

12. Pre-furnace wafer cleaning

� Pre-furnace wafer cleaning - Msink8

– 10 minute piranha clean

– Quick dump rinse, 4 cycles

– Spin, rinse, dry

� Pre-furnace wafer cleaning - Msink6

– 10 minute piranha clean

– Quick dump rinse, 4 cycles

– Spin, rinse, dry

13. High Temperature Oxide Deposition (Bottom Sacrificial Gap)

� Recipe 17SULTOA - Tystar 17

– Target thickness: 120 nm

– Temperature: 800o C

– Deposition Rate: 266 nm/hour

– Time: 28 minutes 12 seconds

14. AlN Deposition

� Wafer Bow Measurement - Flexus

– Record Pre-dep wafer bow

� Deposit Aluminum Nitride - AlN2

– Prior to attempting to deposit AlN on the process wafer, run multiple trial
wafers. Verify that crystallinity is acceptable and make adjustments to gas
flows in the deposition recipe to reduce stress.

– For optimal crystallinity, prior to deposition, use the quartz lamp to heat the
wafer to ≈300-500o C under vacuum in PM2 for 15 minutes to dehydrate.

– Multi-step deposition for low stress gradient: Use 22 sccm N2 throughout and
set coil power to 4.5 kW. Ar flow is set to 7 sccm for the first 550 s, then is
reduced to 6.5 sccm for another 550 s, then is reduced 6 sccm for another 550
s, and is then set for 5 sccm for the final 550 s of the 2200 total seconds of the
deposition. Set heater power to 100% during the first quarter, then remove
heat. Target thickness: 1.7 µm.
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� Wafer Bow Measurement - Flexus

– Record post-dep wafer bow. Film stress should be less than ±100 MPa.

� Crystallinity Measurement - Xdif

– Run a normal coupled scan on the wafer to determine the angle at which to
perform a rocking curve measurement (≈18.1o). Use the angle of the peak in
a rocking curve measurement. Verify that the full-width half max (FWHM)
is less than 1.7o.

� IF NECESSARY: AlN Strip - MSink1

– If film quality is poor, heat Microposit MF-319 developer to 60o C. Submerge
wafer for 5 minutes until AlN is completely stripped. Quick-dump-rinse × 4
followed by spin/rinse/dry. Once wafer is cleaned, deposit a new AlN film.

15. Pre Furnace Cleaning

� Clean Wafer - Msink1

– SVC-14 dip, 10+ minutes, 80o C

– Quick-dump-rinse × 4 followed by spin/rinse/dry

– Piranha etches AlN. DO NOT USE PIRANHA.

16. Hard Mask Deposition

� Recipe 12SULTOA - Tystar12

– Target thickness: 1000 nm

– Deposition rate: 14 nm/min

– Deposition time: 1 hour 11 min 25 seconds

17. Lithography for the AlN Hard Mask

� Spin - SVGCoat6

– Program #s: 1,2,1 (60s HMDS Prime, 1.8k rpm, 60s soft-bake @ 130oC)

– 900 nm thickness

� Expose - ASML

– Mask Layer 2: AlN (Clear Field). Exposure Energy: 18 mJ/cm2

� Develop - SVGDev6

– 60s Post-Exposure Bake @ 130oC, 60s Develop Time

� Hard Bake Resist - UVBake
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– Recipe U

18. Hard Mask Etch

� Oxide Spacer Etch with Endpoint - Centura MXP

– Target Etch Distance: 1200 nm

– Etch Rate = 300 nm/minute.

– Etch Time = 240 seconds

– Etch: Ar/CF4/CHF3 flow: 120/10/50 sccm; 200 mTorr; 500 W Power

� Strip Photoresist - Matrix

– 2.5 mins, 400 W O2 Plasma, 250o C chuck temp

19. Aluminum Nitride Etch Etch

� ALNVAR - Centura MET

– Target Etch Distance: 2250 nm

– Etch Rate = 250 nm/minute

– Etch Time = 9 minutes; 120 s at a time

– Ar/Cl2/BCl3 flow: 100/90/10 sccm; 10 mTorr; 500 W Power; 75 W RF Bias

� Etch Inspection - FEI-SEM

– 2.5 mins, 400 W O2 Plasma, 250o C chuck temp

20. Pre-furnace wafer cleaning

� Pre-furnace wafer cleaning - Msink8

– 10 minute piranha clean

– Quick dump rinse, 4 cycles

– Spin, rinse, dry

� Pre-furnace wafer cleaning - Msink6

– 10 minute piranha clean

– Quick dump rinse, 4 cycles

– Spin, rinse, dry

21. High Temperature Oxide Deposition (Top Sacrificial Gap)

� Recipe 17SULTOA - Tystar 17

– Target thickness: 120 nm

– Temperature: 800o C

– Deposition Rate: 266 nm/hour
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– Time: 28 minutes 12 seconds

22. Lithography for the Anchor Etch

� Spin - SVGCoat6

– Program #s: 1,3,1 (60s HMDS Prime, 5k rpm, 60s soft-bake @ 135oC)

– ≈ 3500 nm thickness

� OPTIONAL Thin Down the Resist Thickness - Technics-C

– 15 minutes Technics-C O2 plasma at 60 W

– ≈1000 nm of resist removal

– Can be useful for improving the resolution of the lithography using thick
resist.

� Expose - ASML

– Mask Layer 3: AlN (Dark Field). Exposure Energy: 40 mJ/cm2

� Develop - SVGDev6

– 60s Post-Exposure Bake @ 110oC, 60s Develop Time

� Hard Bake Resist - Oven

– 30+ minutes at 90o C.

23. Anchor Hole Etch

� Oxide Spacer Etch with Endpoint - Centura MXP

– Target Etch Distance: 2000 nm

– Etch Rate = 300 nm/minute.

– Etch Time = 400 seconds (100 s at a time)

– Etch: Ar/CF4/CHF3 flow: 120/10/50 sccm; 200 mTorr; 500 W Power

� Strip Photoresist and Prefurnace Cleaning- Msink1

– Acetone squirt to remove bulk of photoresist

– Overnight soak in PRS-3000 bath at 80o C to remove photoresist.

– Quick-dump-rinse ×4

– SVC-14 10 minutes pre-furnace cleaning

– Quick-dump-rinse ×4, spin-rinse dry

24. Polysilicon Top Electrode Deposition

� Recipe 16SDPLYA - Tystar16
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– Target thickness: 600 nm

– Deposition Rate: 1.92 nm/min

– Time: 5 hours 12 minutes

25. Lithography for the Anchor Etch

� Spin - SVGCoat6

– Program #s: 1,3,1 (60s HMDS Prime, 5k rpm, 60s soft-bake @ 135oC)

– ≈ 3500 nm thickness

� OPTIONAL Thin Down the Resist Thickness - Technics-C

– 15 minutes Technics-C O2 plasma at 60 W

– ≈1000 nm of resist removal

– Can be useful for improving the resolution of the lithography using thick
resist.

� Expose - ASML

– Mask Layer 4: POLY2 (Clear Field). Exposure Energy: 30 mJ/cm2

� Develop - SVGDev6

– 60s Post-Exposure Bake @ 110oC, 60s Develop Time

� Hard Bake Resist - Oven

– 30+ minutes at 90o C.

� Verify lithography before etching- FEI-SEM

26. Polysilicon Top Electrode Etch

� Recipe Smooth Sidewall 1 - STS2

– Target Etch Distance: 2800 nm (etches vertical stringers, too)

– Etch Rate = 350 nm/cycle. 1 cycle includes 5s passivation and 7s etch.

– Total Cycles: 8; ≈130 s

– Passivation: C4F8 flow: 100 sccm; 600 W Coil Power

– Etch: SF6/O2 flow: 130/13 sccm; 600 W Coil Power; 20 W Bias Power

� Verify Etch Completion - FEI-SEM

27. Strip Photoresist and Prefurnace Cleaning- Msink1

� Acetone squirt to remove bulk of photoresist



APPENDIX A. CAPACITIVE-PIEZO FABRICATION PROCESS TRAVELER 198

� Overnight soak in PRS-3000 bath at 80o C to remove photoresist.

� Quick-dump-rinse ×4

� SVC-14 10 minutes pre-furnace cleaning

� Quick-dump-rinse ×4, spin-rinse dry

28. Dopant Activation Anneal

� Recipe 3N2ANNLA - Tystar3

– Temperature: 1000o C; Time: 90 minutes

29. Singulate Wafer Into Dies - MSink16/18

� Use a carbide-tipped scribe. Alternatively, use the wafer saw.

30. Release - MSink 16/18

� Dip die in 49% concentration hydrofluoric acid for seven minutes. Use Teflon
tweezers and a Teflon beaker.

� Transfer die to a water beaker, do not allow to dry. Alternating between two
beakers, repeat four times to dilute HF acid, replacing with new de-ionized water
each time. Let die soak for several minutes.

� Remove die from water. Use compressed N2 gun to dry the die, hold in place with
tweezers. Put the die on a hot plate with a 250o C setpoint and let dry for several
minutes.

� As an alternative to the previous step, critical point drying may be used. In which
case, transfer from water to methanol without drying. Dry in a Tousimis critical
point dryer to avoid stiction.

31. Post release anneal

� Rapid thermal anneal - RTP3

– 500o C for five minutes
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