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Abstract 

High-Performance Aluminum Nitride Lamb Wave Resonators and for RF Front-End 

Technology 

by 

Jie Zou 

Doctor of Philosophy in Mechanical Engineering 

University of California, Berkeley 

Professor Albert P. Pisano, Chair 

 

The explosive development of wireless and mobile communication systems has 

continuously driven rapid technology innovation in component performance and system 

integration. In order to obtain faster signal processing and reduce integration complexity, 

the miniaturized and Complementary metal–oxide–semiconductor (CMOS) compatible 

micro-electromechanical system (MEMS) resonators are likely to be the driving core of a 

new generation of devices such as radio frequency (RF) filters and oscillators which are 

the main building blocks in the RF front-end. Thus, a high-performance MEMS resonator 

technology is highly in demand as the fundamental components in the RF front-end for 

an advanced wireless communication system. 

Among various microelectromechanical resonator technologies, aluminum nitride 

(AlN) Lamb wave resonators (LWRs) have attracted great attention since it combines the 

advantages of surface acoustic wave (SAW) and bulk acoustic wave (BAW): the ability 

of high resonance frequency (fs) and multi-frequency on a single chip. The AlN-based 

structure provides for CMOS compatibility, and the lowest order symmetric (S0) Lamb 

wave mode exhibits high phase velocity up to 10000 m/s, weak phase velocity dispersion, 

small temperature coefficient of frequency (TCF), high quality factor (Q), and moderate 

electromechanical coupling coefficient (k
2
). However, the performance parameters needs 

to be further improved to enable the low-loss filters and stable oscillators. This 

dissertation addresses a number of issues and demonstrated the high-performance (high-

fs., large-k
2
, high-Q, low-TCF, and low-resonance impedance (Zmin)) piezoelectric AlN 

LWRs to fulfill the technical requests for the RF front-end. 

The k
2
 and fs optimization of the AlN LWR using the S0 Lamb wave mode is 

achieved by choosing electrode materials and thicknesses for specific electrode 

configurations. This study adopts the finite element analysis (FEA) to investigate the 

influence of electrodes on the dispersive characteristics of the S0 mode propagating in the 

multi-membranes. From the theoretical study, it is found that the phase velocity is 

directly related to the density (ρ) and equivalent phase velocity in the metal, while the 

coupling coefficients depend on ρ and acoustic impedance (Z) of the metal. Large-Z 
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material is preferred for the IDT and light material is favored for the bottom electrode to 

optimize the k
2
. Thicker metal for the IDT loads the k

2
 more when AlN is thin and 

enhance k
2
 more when AlN is relatively thick. 

In order to boost the Q, a new class of the AlN LWRs using butterfly-shaped plates is 

introduced in this dissertation for the first time. The butterfly-shape plates can effectively 

suppress the vibration in the tether location and reduce anchor loss. The 59˚ butterfly-

shaped resonator enables an unloaded Q up to 4,758, showing a 1.42× enhancement over 

the conventional resonator. The experimental results are in good agreement with the 

simulated predictions by the 3D perfectly matched layer (PML)-based FEA model, 

confirming that the butterfly-shaped AlN thin plate can efficiently eliminate the anchor 

dissipation. What’s more, by employing the butterfly-shape AlN plates with rounded 

tether-to-plate transition which has smaller tether-to-plate angle, the suppression in the 

anchor loss and enhancement in the Q is even more effective, which is also demonstrate 

by the simulations. The fabricated butterfly-shaped resonator with 45˚ beveled tether-to-

plate transition yields a Q of 1,979 which upwards 30% over a conventional rectangular 

resonator; while another AlN LWR on the butterfly-shaped plate with rounded tether-to-

plate transition yields a Q of 2,531, representing a 67% improvement. In addition, the 

butterfly-shaped plate didn’t introduce spurious modes on a wide spectrum, compared to 

other Q increase techniques. 

The TCF reduction along with the k
2
 and fs optimization is demonstrated by 

introducing the symmetrical SiO2/AlN/SiO2 sandwiched structure to replace the 

conventional temperature compensation structure AlN/SiO2. The symmetrical 

SiO2/AlN/SiO2 sandwiched plate experiences the less temperature-induced bending 

deformation than the conventional AlN/SiO2 bilayer plate when the operation 

temperature arises from room temperature to 600°C. The symmetrical SiO2/AlN/SiO2 

sandwiched plate also enables the pure S0 mode which shows the higher vp and larger k
2
 

than the QS0 mode in the AlN/SiO2 bilayer plate. In the SiO2/AlN/SiO2 sandwiched 

membrane, the single IDT with the bottom electrode configuration offers a simple 

process flow and a large k
2
 at the relatively thin hAlN region (hAlN = 0.1λ). The double-

sided IDTs configuration provides a large k
2
 up to 4% at the relatively thick hAlN region 

(hAlN/λ = 0.4λ) even when the thick SiO2 layers are employed for thermal compensation 

at high temperatures. Based on the correct choices of the AlN and SiO2 thicknesses in the 

symmetrical SiO2/AlN/SiO2 sandwiched membrane, the LWRs can be thermally stable 

and retain a large k
2
 at high temperatures. 

The low-Zmin and high-fs AlN LWR is studied by utilizing the first order symmetric 

(S1) mode propagating in a specific thickness of AlN. In order to achieve the larger 

electromechanical coupling coefficient and high phase velocity as well as avoid the 

negative group velocity in the S1 Lamb wave mode, the 4-μm-thick AlN layer and 3-μm-

wide finger electrodes are employed in the Lamb wave resonator design. The 

experimental results show the S1 mode presents a Zmin of 94 Ω at 1.34 GHz, lower than 

the Zmin equal to 224 Ω of the S0 mode at 878.3 MHz. 

  



i 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To my parents and Pucong. 
  



ii 

 

 

LIST OF ABBREVIATIONS 

AC  Alternating Current 

Al  Aluminum 

AlN  Aluminum Nitride 

Au  Gold 

BAW  Bulk Acoustic Wave 

BCC  Body-Centered Cubic 

BE  Bottom Electrode 

BVD  Butterworth-Van Dyke 

C  Capacitor 

Cm  Motional Capacitor 

CMOS  Complementary Metal-Oxide Semiconductor 

Cr  Chromium 

Cu  Copper 

DC  Direct Current 

fs  Series Resonance Frequency 

fp  Parallel Resonance Frequency 

FBAR  Film Bulk Acoustic Resonator 

FCC  Face-Centered Cubic 

FEA  Finite Element Analysis 

FPAR  Film Plate Acoustic Resonator 

GaN  Gallium Nitride 

GHz  Gigahertz 

GSM  Global System for Mobile Communications 

IDT  Interdigital Transducer 

IF  Intermediate Frequency 

Ir  Irridium 

kHz  Kilohertz 

L  Inductor 

LFE  Lateral-Field-Excited 

LGS  Langasite 
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LiNbO3 Lithium Niobate 

LiTaO3 Lithium Tantalate 

Lm  Motional Inductor 

LFE  Lateral Field Excitation 

LNA  Low Noise Amplifier 

LPCVD Low Pressure Chemical Vapor Deposition 

LSN  Low Stress Nitride 

LTO  Low Temperature Oxide 

LWR  Lamb Wave Resonator 

MBVD Modified Butterworth-Van Dyke 

MEMS  Microelectromechanical systems 

MHz  Megahertz 

Mo  Molybdenum 

MOCVD Metal Organic Chemical Vapor Deposition 

OCXO  Oven-Controlled Crystal Oscillator 

PECVD Plasma Enhanced Chemical Vapor Deposition 

PML  Perfectly Matched Layer 

ppm  Parts-Per-Million 

Pt  Platinum 

PZT  Lead Zirconium Titanate 

Q  Quality Factor 

R  Resistor 

Rm  Motional Resistor 

RF  Radio Frequency 

Ru  Ruthenium 

Rx  Receiver 

SAW  Surface Acoustic Wave 

SDR  Software Defined Radio 

SEM  Scanning Electron Micrograph 

SiO2  Silicon Dioxide 

SiOF  Fluorine-Doped Silicon Oxide 
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SMR  Solidly Mounted Resonator 

TCE  Temperature Coefficient of Elasticity 

TCF  Temperature Coefficient of Frequency 

TCXO  Temperature-Compensated Crystal Oscillator 

TE  Thickness Extension 

TeO2  Tellurium Dioxide 

TFE  Thickness-Field-Excited 

Ti  Titanium 

Tx  Transmitter 

UHF  Ultra High Frequency 

VCXO  Voltage-Controlled Crystal Oscillator 

VHF  Very High Frequency 

W  Tungsten 

XO  Crystal Oscillator 

ZnO  Zinc Oxide 
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Chapter 1  

 

Introduction 

Microelectromechanical systems (MEMS), inspired by microelectronics and 

benefited from the development of microfabrication technology, have been recently 

intensively researched and successfully commercialized in many fields of technology. 

The conventional MEMS technology which converts energy from mechanical to 

electrical domain or vice versa - sensors and actuators, play an irreplaceable role in 

people’s modern life and are offered by many suppliers today. In contrast to their unique 

function, radio frequency microelectromechanical systems (RF MEMS) process electrical 

signal just like electronics using mechanically vibrating structure, and have replaced on-

chip electrical RF devices to provide frequency control functions due to their 

extraordinary performance compared to on-chip electrical counterparts. With small size, 

high performance and Complementary metal–oxide–semiconductor (CMOS) 

compatibility, RF MEMS resonators offer promising building blocks for frequency 

control and timing reference in contemporary RF front-end in wireless communication 

systems. 

This chapter starts by introducing the potential application of MEMS resonators in 

band-pass filters and oscillators in the current RF front-end transceivers and novel 

reconfigurable channel-select RF front-end architectures. Technical requirements for 

MEMS resonators will be summarized followed by short descriptions of existing MEMS 

resonator technologies. 

1.1 MEMS Resonators for RF Front-End Technology  

1.1.1 Current and Future RF Front-End Transceivers 

Modern RF front-end architectures for wireless communication are mainly based on 

super-heterodyne and direct conversion approaches. The super-heterodyne or heterodyne 

receiver is the most widely and extensively used reception technique for a long time. The 

direct conversion receiver was impractical around the time of its invention (1930's) but 

recently resurrected for its intriguing qualities such as low power, small form factor, low 

cost and reduced bill of materials especially for mobile communications. 
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In the super-heterodyne architecture, the RF signal is first amplified in a frequency 

selective low noise stage, then translated to a lower intermediate frequency (IF) with 

significant amplification and additional filtering, and finally down-converted to baseband 

with either a phase discriminator or straight mixer. Figure 1–1 shows a system block 

diagram of a state-of-art quad-band super-heterodyne receiver (Rx) architecture 

applicable to RF front-end in cellular phones. The off-chip bulky filters and quartz crystal 

resonators are the main components for frequency selection and time reference.  

The direct conversion approach, also known as homodyne, or zero-IF, is the most 

natural solution to receiving information transmitted by a carrier, which mixes the RF 

carrier frequency directly to the baseband. Direct conversion reception is very suitable for 

integration as well as multi-band, multi-standard operation. This approach eliminates the 

use of bulky IF SAW filters and thus offers size miniaturization and reduction of 

components [1]-[3]. However, the direct conversion architecture still needs the use of the 

off-chip bulky RF filters and oscillators, and the strong requirements for band integration 

has increased the number of filters in a handset tremendously. For example, the Black 

Berry in 2010 has 3 Duplexers, 4 Global System for Mobile Communications (GSM) 

filters, 6 point filter, comparing to 2 filters in 1990s. 

With the development of MEMS technology, mechanical vibrating structures used for 

frequency control and time keeping can be fabricated on Si wafers with excellent 

performance, tiny size, low power consumption, and CMOS compatibility [4]-[8]. In 

order to reduce complexity of integration, cost and power consumption in next-generation 

communication systems, CMOS compatible MEMS resonators are considered as direct 

 

Figure 1-1. System block diagram of a quad-band super-heterodyne receiver (potential MEMS resonator 

replacements are shaded). 
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replacements of these discrete components. As is indicated in the shaded area in Figure 1-

1, the receiver front-end architecture can adapt MEMS resonator technology to realize a 

highly integrated system [9]-[15]. 

 

Figure 1-2. System block diagrams for (a) a channel-select receiver architecture using integrated MEMS 

filter bank and resonators, and (b) a highly-reconfigurable, low-power SDR front-end receiver utilizing a 

network of large numbers of MEMS RF filters to realize a frequency gating function. (RF MEMS devices 

are shaded in green). 

Antenna

Multi-Band Programmable 

Channel-Select Filter Network

LO

LNA Sub-Sampling 

ADC

DC-bias 

mode code 

generator

MEMS 

Resonator oscillator

Digital 

Demodulation

Transistor 

Switches

Digital 

Output

(a)

(b)

Antenna

Multi-Band Programmable 

Channel-Select MEMS RF 

Filter Bank (Image Reject)

Switchable MEMS 

Resonator Oscillator

VGA

ADC

Baseband

DSP

ADC

90°

LO

IF Filter

LNA

Tunable Pre-

Select Filter 

I

Q

MEMS 

Resonator 

Oscillator

IF Amp

VCO

PLL



4 

 

In addition, novel RF frond-end channel-select architecture is proposed by Nguyen to 

use the high Q MEMS resonator technology to eliminate the use of the RF low noise 

amplifiers (LNAs) and transistor mixers, thereby significantly reduce the complexity of 

integrated circuit (IC) and lower the power consumption [16]. In the circuit of Figure 1–2 

(a), the key feature of the RF channel-select architecture is the closely spaced filter bank 

paired with low loss switched to eliminate not only out-of-band interferers but also out of 

channel interferers [17]. For a narrowband filter, the insertion loss heavily depends on the 

resonator Q while a small percent bandwidth is needed [18], [19].  

One step further, as the increasing desire for reconfigurable radios capable of 

adapting to any communication standard has spurred great interest in the concept of a 

software defined radio (SDR), Nguyen pointed out that MEMS devices can be used in 

massive numbers as the way of transistors in 2008. He put forward the software defined 

radio front-end utilizing a micromechanical RF channel-select filter network to realize a 

frequency gating function, as is shown in Figure 1-2 (b). Large numbers (>100) of 

switchable MEMS filters are used to realize the programmable frequency gate instead of 

restricting the implementation of a programmable frequency gate to a single tunable 

filter. 

All the above information reveals that CMOS compatible, high-Q, large-coupling 

coefficient, thermally stable and small-resonance-impedance micromechanical resonators 

are essential to construct single-chip transceiver in the near future and the highly 

configurable SDR front-end in the long run. 

1.1.2 Resonator Performance Parameters 

Before talking about specific applications, a brief introduction to the general 

parameters of a resonator is given here. As shown in Figure 1-3, a typical frequency 

response of the admittance has a resonance and an anti-resonance peak, and the 

definitions of important parameters are listed below: 

The Series Resonance Frequency, fs 

The series resonance occurs at frequency when the impedance value of the resonator 

shows a pronounced minimum and an electrical phase of zero degrees:  

min max( , ) ( 0 )sf f Z or Y f     .      (1.1) 

The Quality Factor, Q 

The quality factor is a measure for what fraction of the stored energy is lost per 

resonance cycle. It characterizes the sharpness of the resonance peak and is usually 

defined by the ration of the 3dB bandwidth to the resonance frequency:  
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3dB

s

f
Q

f


 .          (1.2) 

The Effective Coupling Coefficient, k
2
eff 

The coupling coefficient is a measure for the efficiency of a resonator to convert 

electrical to mechanical energy and vice versa. Higher k
2

eff enables filters with a wider 

relative bandwidth. It is usually defined by the distance between the resonance and anti-

resonance peaks: 

2
2

4

p s

eff

p

f f
k

f

 
 .         (1.3) 

The Motional Impedance, Rm 

The motional impedance represents the loss level when the device is in resonance. A 

small Rm is usually highly desirable to enable low-insertion-loss filters and low-phase-

noise oscillators, and can be achieved by increasing the Q and k
2

eff. It is usually about the 

same as the resonance impedance (Zmin) when the electrode resistance is ignored: 

 

Figure 1-3. A typical frequency response of a resonator with definitions of important parameters. 
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min

max

1
mR Z

Y
  .         (1.4) 

The Temperature Coefficient of Frequency, TCF 

The temperature coefficient of frequency (TCF) represents the relative shift in 

frequency over temperature for a resonator, usually stated in ppm/K or ppm/̊C: 

1df
TCF

dT f
 .         (1.5) 

More introductions of these important parameters will be given in detail in the later 

chapters when analyzing specific ones. The other key parameters for a resonator include 

power handling ability and nonlinearity, spurious modes levels, the size, CMOS 

compatibility, the easiness for manufacture, the easiness for frequency trimming, and so 

forth. 

1.1.3 Frequency Selection Techniques 

Passive LC Filters 

Since the inductor Q-values rarely exceed 50, leading to high losses, making it 

impossible to realize steep transitions and low-loss. The size for LC filters at radio 

frequency range is also extremely large compared to other type of filters. 

Active Filters 

Active filters have large noise-figure, high intermodulation, high current drain, so 

they are not useful near antenna. Also, above 20 MHz or so, most commercial-grade 

operational amplifiers have insufficient open-loop gain for the average active filter 

requirement, and the cost increase to make active filters at high frequencies. 

Electromagnetic Filters 

Since these types of filters are based on electromagnetic waves, they tend to be very 

large below 3GHz and not applicable to portable devices. 

MEMS Resonator Filters  

In the MEMS resonator filters, energy conversion back and forth between electrical 

and mechanical energy is very efficient in piezoelectric materials. Acoustic waves 

represents electrical signal. Acoustic waves have relatively slow velocity, short 
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wavelength, so small filters, making this type of filter especially applicable to RF front-

ends. 

In the front-end of wireless communication systems, band-pass filters are used to 

block out the unwanted signals. Figure 1–4 (a) shows a common electrically coupled 

filter, a ladder filter configuration, employing resonators in both series and shunt 

branches [1]-[3], [20]. All the resonators in the series branch have the same series and 

parallel resonance frequencies (fs and fp). Similarly, the resonators in the shunt branch 

have the identical series resonance frequency differing from the series resonance 

frequency of the resonators in the series branch.  

 

Figure 1-4. (a) Simple ladder filter with micromechanical resonators in the series and shunt branches and 

(b) the typical frequency spectrum of the synthesized ladder filter and common parameters for evaluating 

the filter. 
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A typical frequency response of the ladder filter is shown in Figure 1–4 (b). Of 

special interest are the in-band insertion loss, 3dB bandwidth (BW), out-of-band 

rejection, the skirts, and the shape factor. As is indicated in Figure 1-4 (b), the 3dB BW is 

usually set by the effective coupling coefficient (keff
2
) of the series and shunt resonators. 

To minimize the insertion loss of the ladder filter, the shunt resonators should have high 

Q and large impedance at their parallel resonance frequency fp
p
 and the series resonators 

have high Q and low impedance at their series resonance frequency fs. 

1.1.4 Frequency References 

Time references are employed in almost all electronic systems to keep track of real 

time and set precise clock frequency for digital data transmission. There are electrical and 

mechanical reference oscillators. In the electrical reference oscillators, the RLC 

frequency elements are integrated on the chip and comprise a network for clocking, logic, 

or frequency synthesizer applications [15]. In the mechanical reference oscillators, the 

mechanical vibrating devices are used as frequency elements to provide the stable natural 

resonance frequencies and the vibrating element is usually quartz resonators since it 

intrinsically exhibits a high Q and ultra-low TCF. The quartz crystal oscillator has 

dominated the market and been widely used in many electronic systems for decades.  

As shown in Figure 1–5, a simple Pierce mechanical oscillator consists of a 

mechanical vibrating resonator, a positive feedback transistor, and an output buffer 

amplifier. The oscillator circuit locks oscillation by taking a voltage signal from the 

resonator, amplifying it, and then feeding it back to the resonator. So for the employed 

resonator the low loss (high Q) and temperature stability (low TCF) are of special 

importance for this application. 

 

Figure 1-5. Simple illustration of a Pierce oscillator using crystal or ceramic resonators. 
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To summarize, high Q is a universally highly desirable property in the MEMS 

resonators for RF front-end applications to further enable low-loss and stable filters and 

low-phase-noise oscillators. Besides that, large keff
2
, low Rm, ability of high frequency are 

special important technical challenges for filters and low TCF, impedance matching and 

capability of high frequency are essential for oscillator applications. 

1.2 MEMS Resonators 

MEMS resonators can be sorted into piezoelectric and capacitive transduced ones. 

Generally, the piezoelectric MEMS resonators tend to show a large coupling coefficient 

and the capacitive resonators have a super high Q but a small coupling coefficient. We 

will introduce the piezoelectric resonators in detail here: the Surface acoustic wave (SAW) 

 

Figure 1-6. Illustration of (a) one-port and (b) two-port SAW resonators. 
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resonator, the Bulk acoustic wave (BAW) resonator, and the Lamb wave resonator 

(LWR), and then a brief introduction to the capacitive resonators. 

1.2.1 Surface Acoustic Wave (SAW) Resonator 

SAW resonators have been dominating the market for RF filters for several decades. 

A lot of research has been done in the 19th and 20th centuries after Rayleigh discovered 

surface acoustic waves propagating in solids in 1885 [21]. Although it remained a 

scientific curiosity with very few applications for a long time, the direct generation and 

detection of surface elastic waves through the piezoelectric effect led to a breakthrough in 

SAW devices after the invention of an interdigital transducer (IDT) by White and 

Voltmer in 1965 [22]. An intermediate frequency (IF) bandpass filter for television 

receivers was first developed and put into application as early as 1970s [23]. SAW 

devices have been widely used as IF and RF filters in wireless transmission systems for 

several decades because of their small size, low cost, and great performance.  

Figure 1-6 shows the schematic of one-port and two-port SAW resonators composed 

from piezoelectric substrate, IDT pairs, and gratings. The IDT finger width is usually 

equal to quarter wavelength (λ/4) so the interdigital electrode pitch (p) as well as the 

grating period equal half wavelength (λ/2). SAWs can be generated by applying RF 

signals to the IDT and propagate on the surface of the substrate along the direction 

perpendicular to the fingers. The generated SAWs would be reflected by the gratings at 

both sides to reduce the energy loss.  

The most severe limitation for SAW devices is that they can hardly achieve 

frequencies above 2.5 GHz. SAW phase velocities of common piezoelectric substrates, 

such as quartz, LiNbO3, and LiTaO3, are below 4,000 m/s, and the optical lithography 

today can only achieve 0.25um line-width. Even when the frequency approaches 2 GHz, 

the shrinkage of the IDT comb-fingers makes SAW resonators vulnerable to electrostatic 

discharge. Therefore, the Q factor is typically lower than 400. What’s more, the required 

piezoelectric substrate is not compatible with standard microelectronic manufacturing.  

1.2.2 Bulk Acoustic Resonator (BAW) 

BAW resonators utilize the acoustic waves propagating through the bulk of a material, 

including longitudinal wave, shear horizontal (SH) wave, and shear vertical (SV) wave. 

The longitudinal acoustic wave is also called P-wave (primary wave) and has the highest 

phase velocity. BAW resonators mostly utilize the longitudinal mode or the thickness 

shear mode. 

A thin-film BAW resonator is a device composed mainly from a piezoelectric thin 

film surrounded by two metal electrodes that generate the longitudinal wave propagating 

according to a thickness extension mode (TE). There are mainly two ways for the wave to 

be trapped in the resonator, which differentiates the two types of devices that have 
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reached volume manufacturing today: the Film Bulk Acoustic Resonator (FBAR) and 

Solidly Mounted Resonator (SMR). 

Film Bulk Acoustic Resonator (FBAR) 

As is shown in Figure 1-7, the FBAR is a free-standing piezoelectric membrane 

sandwiched between top and bottom electrodes. It uses air-solid interfaces both over and 

underneath the resonating film, and the air gap enables a high reflectance of the acoustic 

waves and thus a high Q. It can be manufactured over a sacrificial layer, released through 

isotropic etching, or by etching part of the substrate underneath the resonator. Common 

applications using FBAR technology are filters and duplexers at 1.9 GHz for cellular 

phones.  

Figure 1-8(a) shows the top view of a filter composed of three series and four shunt 

FBARs and Figure 1-8(b) shows the side view of the AIN membrane stretching over a 

 

Figure 1-7. Illustration of the cross section of a simple FBAR. 

 

Figure 1-8. (a) A top view of a filter composed of three series and four shunt FBARs [24] and (b) the side 

view of the AIN membrane stretching over a micro-machined silicon pit [25]. 
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micro-machined silicon pit. 

Solidly Mounted Resonator (SMR) 

The SMR is a more robust structure where the top interface is also of the air-solid 

type, but solidly mounted to the substrate using a Bragg reflector stack, as is shown in 

Figure 1-9. An efficient isolation is performed by a set of quarter-wavelength sections of 

materials with different acoustic impedance, called the Bragg reflector [27]. The Bragg 

reflector diminishes the acoustic wave amplitude with the depth into itself [28], [29]. The 

larger the difference, the more efficient is the reflection. For example, the use of AlN and 

silicon dioxide (SiO2) requires at least nine alternating layers, whereas replacing AlN by 

tungsten (W) allows this number to be reduced down to five as W has relatively high 

acoustic impedance. This non-free-standing structure provides physical robustness and 

good power handling capability.  

 

Figure 1-9. Schematic of the cross section view of a SMR. 

 

Figure 1-10. (a)Top view of a 2-stage π ladder filter and the (b) cross-section view of five reflector stacks 

of the SMR [26]. 
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The top view and cross-section view of a 2-stage π ladder filter based on five reflector 

stacks of the SMR are shown in Figure 1-10. 

1.2.3 Lamb Wave Resonator (LWR) 

In 1973, Toda first demonstrated a Lamb wave device using PZT [30]. Then, the 

lowest-order antisymmetric (A0) Lamb wave mode propagation in ZnO thin plate was 

widely studied for the liquid mass and density sensing, [31] since the A0 mode has lower 

phase velocity than the compressional wave in most liquids and thus the A0 Lamb wave 

cannot radiate energy into the surrounding liquid [32]. 

Recently, AlN Lamb wave resonator (Contour mode resonator) technology was 

brought up by Piazza and Yantchev since 2005 [35], [46]. Ever since, AlN Lamb wave 

resonators have attracted great attention for the designs of micro-acoustic resonators 

since it combines the advantages of BAW and SAW. The structure of Lamb wave 

resonator combines SAW resonator and FBAR, so it enjoys both advantages from these 

two mature technologies: it is transduced by IDTs so the frequency is lithography 

 

Figure 1-11. Schematic of one-port Lamb wave resonators with (a) edge type reflectors and (b) grating 

reflectors. 
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defined; the suspended structure enables a higher Q and larger phase velocity. What’s 

more, AlN process technology can be CMOS compatible and can employ the maturity 

developed for FBAR and SMR. From the acoustic perspective, the lowest-order 

symmetric (S0) Lamb wave mode in an AlN thin plate exhibits its phase velocity close to 

10,000 m/s, a low dispersive phase velocity characteristic, and a moderate 

electromechanical coupling coefficient [35]-[45]. That is to say, the AlN LWRs are able 

to solve the low resonance frequency limitation and integration problem faced by SAW 

resonators, and the multiple frequency capability problem faced by piezoelectric BAW 

resonators. 

As shown in Figure 1-11(a), a conventional Lamb wave resonator usually consists of 

one IDT with two suspended flat edges employed as the acoustic wave reflectors [39]-

[47]. If the periodic gratings are used as the reflector to reflect Lamb wave in the thin 

plate, as shown in Figure 1-11(b) the grating number is usually more than 50 electrodes 

in order to have effective reflection of the periodic gratings. So the resonators using 

gratings are usually large [35]-[38]. Although Lamb wave has mode conversion upon the 

reflection at the free edges, the fundamental Lamb wave modes (A0 and S0 modes) 

mostly used in Lamb wave resonators do not have this problem at the suspended free 

edges [48], [49]. Therefore, the free edges are widely chosen as the reflectors since they 

make a smaller device in contrast to using the gratings. Lamb wave modes are generated 

by IDTs and then propagate in the AlN thin plate until reflection at both sides. 

The Lamb wave resonators usually have the IDT electrodes on top of the AlN layer, 

and can be with or without the bottom electrodes. Different electrode configurations and 

the effects will be discussed in detail in Chapter 3, and how to choose the electrode 

materials and thicknesses will be analyzed in Chapter 4. 

 

Figure 1-12. Lamb wave resonators (a) with reflectors [6] , (b) using edge reflectors on LiNbO3 [33] and 

on (c) AlN membranes [34]. 
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Lamb wave resonators based on other materials other than AlN are also studied 

recently, like the LiNbO3 and GaN. LiNbO3 is a piezoelectric material that exhibits 

stronger piezoelectric effects than AlN, leading to higher coupling coefficients that can 

potentially enable ultra wide-BW filters. However, they are difficult to deposit directly 

and are usually implemented by micromachining. GaN Lamb wave devices are mostly 

for sensor applications and not much used for RF frequency selection since GaN has 

small piezoelectric constants. 

As presented in Figure 1–12 (a), one topology of the LWR is based on the reflection 

from periodic grating reflectors like used in SAW devices. The topology based on the 

reflection from suspended free edges of the thin plate as depicted in Figure 1–12 (b).and 

(c), where (b) shows LWR based on transferred LiNbO3 film and (c) presents LWR based 

on sputtered AlN film and released by XeF2.  

1.2.4 Electrostatic Resonators 

The capacitively transduced electrostatic resonators are driven by parallel-plate 

electrostatic forces using various micromechanical structures, like cantilevers or 

 

Figure 1-13. SEM image of (a) a capacitively transduced comb-drive resonator [51], (b) a poly-Si clamped-

clamped beam flexural-mode resonator [52], and (c) an electrostatic disk micromechanical resonator [54]. 
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clamped-clamped beams [4], [50]. The first electrostatic vibrating comb-driven resonator 

on poly crystalline was reported by Tang et al. in 1989 [51]. As shown in Figure 1–13 (a), 

the capacitive-comb transduced resonator consists of a finger-supporting shuttle mass 

suspended above the substrate by folded flexures, which are anchored to a ground plane 

on the substrate. The resonance frequency of the comb-drive vibrating resonator is 

determined by material properties and lateral geometries [51], [53]. However, the 

resonance frequency of the vibrating comb-drive resonator is usually below 1 MHz due 

to the low spring constant of the long folded beam structure. In 2000, as shown in Figure 

1–13 (b), Clark et al. proposed a new micromechanically vibrating disk resonator. Based 

on the radial contour mode, the micromechanical disk structure can attain very high 

frequencies while retaining relatively large dimensions because the high stiffness of the 

disk structure. The fundamental contour mode of the disk resonator offers a Q as high as 

23,000 at 193 MHz since energy losses to the substrate are minimized by anchoring the 

resonator at its center which is the nodal point of the vibration mode [54], [55]. 

The transduction is based on the electrostatic force across a sub-micron dielectric gap. 

These electrostatic resonators typically have very high quality factors so they are among 

the excellent solutions to replace quartz resonators in reference clock circuits. However 

their electromechanical coupling is usually small and motional impedance is too high (up 

to several thousand ohms) that their interface with 50-ohm systems is very difficult for 

applications for RF filters.  

1.3 Dissertation Outline 

This dissertation is organized into eight chapters discussing about the AlN Lamb 

wave telemetry components. Chapter 1 contains the research motivation, technical 

challenges, and existing solutions. Chapter 2 provides the fundamentals of propagating 

characteristics of Lamb wave modes in AlN membranes. Resonator basics, design, 

modeling, and fabrication process are presented in Chapter 3.  

Chapter 4 contains the theoretical simulations and analysis on the impact of electrode 

materials and thicknesses on the resonator performance. Specifically, rules will be given 

on choosing electrodes to optimize the k
2

eff. 

Chapter 5 focuses on the analysis, design, simulation and testing result of high Q AlN 

LWRs using butterfly-shaped plates. Theoretical analysis and experimental 

demonstration will be provided to explain how the new design suppresses the anchor loss 

and boost the Q. Designs of the beveled and rounded tether-to-plate transitions will also 

be compared. 

Chapter 6 focuses on the new temperature compensation technique that uses the 

symmetric SiO2/AlN/SiO2 sandwiched structure to replace the conventional AlN/SiO2 

asymmetric structure. The symmetrical SiO2/AlN/SiO2 sandwiched plate experiences the 

less temperature-induced bending deformation and can also enables the pure S0 mode 

which shows the higher vp and larger k
2
 than the QS0 mode in the AlN/SiO2 bilayer plate.  
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Chapter 7 presents the demonstration of a low-Zmin and high-fs AlN LWR by utilizing 

the first order symmetric (S1) mode propagating in a specific thickness of AlN. 

Theoretical analysis and experimental result will be given to demonstrate that S1 mode 

can exhibit higher fs and lower Zmin the S0 mode, which is desirable for enabling high-

frequency and low-loss filters. 

Chapter 8 will conclude this dissertation with the achievements and impacts of these 

research works, and discuss the potential research directions. 
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Chapter 2  

Lamb Waves Propagating in AlN 

Piezoelectric Films  

Piezoelectric thin films have been utilized in SAW and BAW filters mainly because 

of the efficient electromechanical transduction. Lamb wave in piezoelectric thin plates 

has drawn great attentions due to its high phase velocity. In this chapter, a study of the 

lowest-order Lamb wave modes (S0 modes) in an AlN plate is presented. Phase 

velocities, electromechanical coupling coefficients, and dispersion characteristics of TCF 

of Lamb waves will be included in the theoretical studies. 

2.1 Why AlN 

After the piezoelectric effect was first discovered in quartz crystal, many materials 

Table 2-1. Physical properties of ZnO, AlN, and LiNbO3 [28], [56], [57]. 

 ZnO AlN LiNbO3 Units 

Density 5680 3260 4700 (kg/m
3
) 

Longitudinal acoustic wave velocity ~6350 ~11300 ~6550 (m/s) 

Shear acoustic wave velocity ~2720 ~6000 ~3590 (m/s) 

Lattice constant, c 3.249 3.112 13.863 (Å) 

Lattice constant, a 5.206 4.982 5.150 (Å) 

Piezoelectric coefficient, e15 –0.48 –0.48 3.69 (C/m
2
) 

Piezoelectric coefficient, e31 –0.57 –0.58 0.3 (C/m
2
) 

Piezoelectric coefficient, e33 1.32 1.55 1.77 (C/m
2
) 

Thermal expansion (300 K) 2.92 4.15 5~15 (10
–6

/°C) 

Thermal conductivity 60 280 5.6 (W/mK) 

TCF –60 –25 –58~-90 (ppm/°C) 
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exhibiting piezoelectric properties are discovered and studied. Although some ceramics 

such as lead zircomium titanate (PZT, Pb[ZrxTi1-x]O3, 0 ≤ x ≤ 1]) have strong 

piezoelectric coefficients, they are difficult to be deposited as thin films and also suffer 

from large acoustic loss, so they are seldom used in MEMS acoustic devices. Normally, 

high electromechanical coupling coefficients, low electromechanical losses, good thermal 

stability, and CMOS compatibility are main concerns for developing and adopting new 

piezoelectric materials.  

AlN emerged as the most suitable technology for the transduction of acoustic waves 

for RF applications because it is an excellent compromise between performance and 

manufacturability. Although its coupling coefficient is not as high as that of ZnO and 

LiNbO3 that are also widely used in piezoelectric MEMS devices, it has high acoustic 

velocity, high thermal conductivity, low acoustic loss, chemical stability and relatively 

low TCF, as is shown in Table 2-1. On the contrary, the high acoustic loss and large TCF 

of ZnO limit its application as resonators and filters, and LiNbO3 cannot be deposited as 

film directly currently and need complicated micromachining process. These properties 

enable the AlN MEMS resonators featuring the ability of high frequency, excellent power 

handling capability, high Q, functionality in harsh environment, and limited drift with 

temperature [28], [56], [57].  

AlN can crystallize in both wurtzite and zinc-blende structures [3]. As illustrated in 

Figure 2–1, the AlN employed in resonators is wurtzite-structured material with c-axis, 

belonging to hexagonal crystal system, with polarized direction along the c-axis (0001) 

which is usually normal to the substrate. 

 
Figure 2-1. Hexagonal wurtzite crystal structure of AlN. 
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Another advantage of AlN is the low process temperature and the fact that it does not 

contain any contaminating elements harmful for semiconductor devices, unlike most 

other piezoelectric materials. This is essential in the case of monolithic integration of 

MEMS resonators with microelectronic integrated circuits. Reactive sputtering from a 

pure Al target in a plasma containing nitrogen is the most suitable method to obtain 

crystalline AlN films with sufficient quality for MEMS resonator applications at a 

deposition temperature lower than 400℃. Figure 2-2 shows the cross section of such an 

AlN film grown in pulsed DC mode. The microstructure is typical, with very densely 

packed columnar grains. The parameters of the AlN deposition process have to be 

optimized in order to ensure that a vast majority of grains are oriented along the c-axis 

since the spontaneous polarization of AlN, and hence the maximum piezoelectric effect, 

is parallel to that direction.  

2.2 Piezoelectric Effect and its Constitutive Equations 

2.2.1 The Piezoelectric Constants 

“Piezoelectricity” is derived from the Greek word “piezein”, meaning “to press”, 

meaning that crystal that acquire charge when being compressed, twisted, or distorted are 

said to be piezoelectric. Piezoelectricity is described as the formation of the electric 

polarization or electric charges induced by a mechanical strain. Conversely, the inverse 

 

Figure 2-2. Hexagonal wurtzite crystal structure of AlN. 
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piezoelectric effect is a mechanical deformation produced when an electric field is 

applied to a piezoelectric substance, as shown in Figure 2-3. This is an inherent property 

of a material that has a non-symmetric crystallographic structure with respect to the 

center. The physical origin of piezoelectricity comes from the charge asymmetry within 

the primitive unit cell which results in the formation of a net electric dipole. The polar 

axis is an imaginary line pointing through the center of the negative and positive charge 

in the dipole. Crystals with a center of symmetry, such as cubic crystals, are not 

piezoelectric because the net electric dipole within the primitive cell is always zero, no 

matter how the structure deforms.  

2.2.2 Piezoelectric Constants 

Normally there are four types of piezoelectric coefficient: d, e, g, and h. These four 

piezoelectric constants are all related but each represents a different aspect of the 

piezoelectric relationship and is useful for a different set of conditions. d measures the 

strain in a free crystal for a given applied field, e the stress developed by a given field 

when the crystal is clamped, g the open-circuit voltage for a given stress, and h the open-

circuit voltage for a given strain [58]. Piezoelectric coefficients d, e, g, and h can be 

converted into each other. Equation (2.1) relates these four piezoelectric coefficients with 

T, S, D, and E , in which the first set of four terms correspond to the direct piezoelectric 

effect and the second set of four terms describe the reverse piezoelectric effect [3]: 

 

Figure 2-3. Schematic plot of (a) a piezoelectric material crystal structure explaining (b) the piezoelectric 

effect and (c) the reverse piezoelectric effect. 
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The piezoelectric charge constant, d, is the mostly widely used to characterize 

piezoelectric materials. It is defined as the polarization generated per mechanical stress 

(T) applied to a piezoelectric material or, alternatively, the mechanical strain (S) 

 

Figure 2-4. A piezoelectric brick with different piezoelectric actuation modes (d33. d31, d15 actuation with 

different pole and force direction). 

+

_
Q

P

F

Parallel shear

+

_
Q

F

Transverse shear

P

F
F

15( 0)Q V Fd  15( 0)
L

Q V d
T

 

+

_
Q

+

_
P

F

Parallel compression or tension

+

_
Q

+

_
P

F

Transverse compression or tension

F

33( 0)Q V Fd  31( 0)
L

Q V d
T

 



23 

 

experienced by a piezoelectric material per electric field applied. The first subscript to d 

indicates the direction of polarization generated in the material or the direction of the 

applied field. The second subscript is the direction of the applied stress or the induced 

strain, respectively. Because the strain induced in a piezoelectric material is the product 

of the value for the electric field and the value of d, d is an important measure for strain-

dependent actuator applications. As is shown in Figure 2-4 is examples of how the 

piezoelectricity (here the piezoelectric strain parameter d-coefficients are used) relates the 

force and charge of a piezoelectric block. Therefore, for the BAW resonators only the d33 

coefficient is involved, for the SAW resonators the d31 coefficient is dominant, and for 

the Lamb wave resonators the piezoelectric constants d31, d33, and d15 all play parts. 

2.2.3 Constitutive Equations 

In the mechanical domain of a linear elastic material the Hooke’s Law dominates:  

T cS  or S sT ,         (2.2) 

where c is the elastic stiffness constant, s is the elastic compliance constant, T is the stress 

tensor, and S is the strain tensor. 

In the electrical domain, the dielectric constant relates the charge density 

displacement vector D and electric field vector E, 

D E  or E D ,        (2.3) 

where 𝜀  is the dielectric permittivity constant and 𝛽  is the dielectric impermittivity 

constant. 

Like mentioned before, piezoelectricity combine the mechanical and electrical 

behavior of the material. As mentioned before, there are four types of piezoelectric 

coefficient: h, d, g, e, among which d and e form are most widely used because they 

directly relate the stress and strain tensors. We have talked about the d-piezoelectric 

coefficient before, and the e form equations are used for calculation in this report. The e-

form constitutive equation is [59]: 

E T

S

T c S e E

D E eS

  


 
,         (2.4) 

where the superscripts E and S in the stiffness constant and the dielectric constant denote 

that they are measured at constant electric field and constant strain, but the superscript T 

in the piezoelectric constant e denotes the transport of the matrix. 

Since AlN like most piezoelectric medium is with hexagonal symmetry, the 

constitutive equations can be simplified to: 
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Similar to the d-coefficient described previously, the e3l term maps the thickness 

electric field to contour stress or maps the contour train to thickness charge flux, and e33 

maps thickness electric field to thickness stress or thickness strain to thickness charge 

flux. 

The coefficient of stiffness matrix (c), piezoelectric stress (e) matric, piezoelectric 

strain matrix (d), and the dielectric matrix of the AlN film used in calculation in this 

report are listed below [59], [60]: 

3.45 1.25 1.20 0 0 0

1.25 3.45 1.20 0 0 0

1.20 1.20 3.95 0 0 0
[ ]

0 0 0 1.18 0 0

0 0 0 0 1.18 0

0 0 0 0 0 1.18

c

 
 
 
 

  
 
 
 
 

 (10
11

 N/m
2
),   (2.7) 

0 0 0 0 0.48 0

[ ] 0 0 0 0.48 0 0

0.58 0.58 1.55 0 0 0

e

 
 

 
 
   

 (C/m
2
),    (2.8) 

0 0 0 0 4.068 0

[ ] 0 0 0 4.068 0 0

2.646 2.646 5.532 0 0 0

d

 
 

 
 
   

 (10
-12

 m/V)  (2.9) 
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8.0 0 0

[ ] 0 8.0 0

0 0 9.5



 
 


 
  

 (10
-11

F/m).       (2.10) 

2.3 Solid Acoustic Wave Propagation 

2.3.1 Solid Acoustic Wave Fundamentals 

The acoustic wave propagating in solids are generally two types: bulk acoustic wave 

and surface acoustic wave. Bulk acoustic waves travel in the bulk of solid materials, 

including longitudinal waves and shear waves, while surface acoustic wave can only 

travel along the surface of materials. The longitudinal wave is when the particle vibration 

is in the direction of wave propagation. The shear velocity is when the vibration is 

perpendicular to the propagation direction of the wave. 

Given the material properties of piezoelectric materials and the propagation direction 

of acoustic waves, the stiffen Christoffel matrix approach can be utilized to solve for the 

Table 2-2. Material constants of AlN used in the calculations [61], [62]. 

 Symbol AlN Units 

Stiffness constants 

c11 345 

(10
9
 N/m

2
) 

c12 125 

c13 120 

c33 395 

c44 118 

c66 110 

Mass density ρ 3260 (kg/m
3
) 

Piezoelectric constants 

e15 –0.48 

(C/m
2
) e31 –0.58 

e33 1.55 

Dielectric constants 

ε11 8.0 

(10
−11 

F/m) 

ε33 9.5 
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phase velocity and piezoelectric coupling constant (k
2
) of a specific acoustic wave mode. 

By solving the Christoffel equation, we can obtain the longitudinal wave with phase 

velocity: 

11
l

c
v


 .          (2.11) 

For AlN with the material properties listed in Table 2-2, the vL=10287.28 m/s. we can 

also obtain one pure shear mode with phase velocity: 

66
ps

c
v


 ,         (2.12) 

and one stiffen shear mode with phase velocity:  

15
44

11
ss

e
c

v






 ,         (2.13) 

2
2 15

44 11

e
k

c 
 .         (2.14) 

For AlN with properties listed in Table 2-2, the pure slow shear mode has the phase 

velocity 5597 m/s, and the fast shear mode has the phase velocity 5867 m/s with k
2
 

2.45%. Therefore, the (2000) AlN membranes provide a pure fast shear mode. 

Following the similar approach as developed by Campbell, the matrix method is 

effectively employed. The Rayleigh wave only propagates at surfaces. The Rayleigh 

velocity is often approximated by: 

0.87 1.12

1
R Sv v









,        (2.15) 

where 𝛾 is the Poisson ration, and 

11

44

1

1

2

L

S

v c

v c






 



 .        (2.16) 

For piezoelectric materials the phase velocity of propagation of acoustic waves is 

higher than that in the non-piezoelectric case, since the effective stiffness is enhanced by 

the piezoelectric stress term, namely piezoelectric stiffening: 
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2

2

E E

eff

e
c c


  .         (2.17) 

Therefore, the unstiffened phase velocity and piezoelectric stiffened phase velocity of 

a material are: 

E

unstiffened

c
v


 ,         (2.18) 

2

2

2

1

1

E
E

eff

stiffened n

e
cc

v v
k


 



  


,      (2.19) 

where the k
2
 is the electromechanical coupling coefficient [63], [64]: 

2
2

S D

e
k

c
 .        (2.20) 

2.3.2 The Lamb Wave 

When surface acoustic waves are guided laterally into a sufficiently thin enough (h < 

10λ) plate, they are referred to as Rayleigh-Lamb waves or Lamb wave. Lamb wave 

modes generally only have displacements in the x- and z- directions, so depending on the 

symmetry of the particle displacements associated with the wave relative to the median 

 
Figure 2-5. Schematic of symmetric and asymmetric Lamb wave modes. 
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plane of the plate, Lamb waves are sorted into symmetric and anti-symmetric modes, as 

illustrated in Figure 2-5.  

Generally, the different plate modes are denoted as Sn or An, representing the nth 

order symmetric or asymmetric Lamb wave modes, where ‘n’ is an integer ranging from 

0 to infinity and represents the number of standing waves along the plate thickness. 

The two sets of Sn and An modes can be expressed as: 

Sn:
2

2 2

tan( )
42

( )
tan( )

2




 
 



h
k

h k
,       (2.21) 

 

Figure 2-6. Displacement fields of different Lamb wave modes from FEA simulation. 
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An:
2 2

2

tan( )
( )2

4
tan( )

2




 


 

h
k

h k
,       (2.22) 

where 
2

2 2

2


  

l

k
v

 and 
2

2 2

2

t

k
v


   , where h is the thickness of the membrane, ω is 

the angular frequency, k the wave number, vl and vt the longitudinal and transverse 

velocities of the material, respectively. 

Figure 2-6 shows the displacement fields of different Lamb wave modes from 

COMSOL. The fundamental symmetric mode is sometimes referred to as contour modes, 

and anti-symmetric modes sometimes referred to as flexural modes. For single AlN thin 

films, the high modes are difficult to be observed because of their smaller coupling 

coefficient compared to fundamental modes. 

Among the Lamb wave modes, the lowest-order (fundamental) symmetric (S0) mode 

is being most widely explored in AlN Lamb wave resonators since the S0 mode 

propagating in the AlN thin plate exhibits weak phase velocity dispersion, high quality 

factor, and large electromechanical coupling coefficient compared to the other Lamb 

wave modes. 

 

Figure 2-7. Dispersion of the phase velocity for the three basic boundary conditions for AlN Lamb wave 

devices using the lowest symmetric Lamb wave mode S0. 
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2.4 Characteristics of the S0 Lamb Wave Mode in an AlN Film 

2.4.1 The vp of the S0 Lamb Wave Mode 

There are three fundamental boundary conditions (BCs) for AlN membranes: both 

surfaces free (open-circuited), one surface metallized (short-circuited) and the other free 

(open-circuited), and both surface metallized (short-circuited), as illustrated in Figure 2-

7: BCs a, b and c. Here the mechanical effect of the metallization is ignored, in other 

words the metallization is assumed to be infinitely thin.  

The phase velocities of the symmetric fundamental (S0) mode are computed for these 

three boundary conditions based on the approach by Nassar [18] and using the materials 

data for AlN listed in Table 2-2. The acoustic propagation properties are dispersive and 

are generally characterized by the normalized AlN thickness. The metallization slightly 

lowers the phase velocity (Figure 2-7), and the difference is actually determined by the 

intrinsic coupling coefficient (k
2
), which will be introduced later. Otherwise, since the 

phase velocities of the three scenarios are very close, we will use the open-open phase 

velocity when discuss phase velocities for simplicity later in this thesis. 

 
Figure 2-8. Calculated phase velocities of the first two Lamb wave modes comparing with the phase 

velocities of longitudinal, Rayleigh and shear waves propagating in an AlN membrane. 
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Figure 2–8 shows the calculated phase velocity dispersions of the first two Lamb 

wave modes propagating in an AlN membrane, comparing with the phase velocities of 

longitudinal, Rayleigh and shear waves in AlN. The S0 Lamb wave mode shows a phase 

velocity near 10,000 m/s which is close to the phase velocity of longitudinal wave 

(BAW), and it exhibits much weaker phase velocity dispersion than the A0 Lamb wave 

mode. The high phase velocity of the S0 mode in an AlN plate is suitable for high 

frequency devices and the weak phase velocity dispersion is preferred for fabrication 

robustness. When the plate is becoming thick, both the phase velocities of the A0 and S0 

Lamb wave modes approaches that of Rayleigh mode. 

2.4.2 The k
2
 of the S0 Lamb Wave Mode 

The intrinsic electromechanical coupling coefficient of Lamb waves is estimated 

based on the difference of the phase velocities for a free surface vo and metallized surface 

vm, as [66], [68]: 

2 2
2

2

o m

o

v v
k

v


 .          (2.23) 

 

Figure 2-9. Three basic surface electrical boundary conditions for Lamb wave devices: (a) single-IDT, (b) 

metallized-IDT, and (c) double-IDT. 
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For more exact simulations, the Green’s function method can be adopted to calculate 

the electromechanical coupling coefficient in the piezoelectric membrane [65]-[67]. 

This method of estimating k
2
 is valid as long as the plate thickness h is smaller than 

the wavelength λ, which is the case for all computed results presented in this chapter. 

More complicated cases will be discussed next chapter considering the potential of 

electrodes using Finite Element Analysis (FEA). The intrinsic coupling coefficients k
2
 for 

the three configurations are based on the respective configurations (a, b and c) for vo and 

vm illustrated for each of the cases in Figure 2-9 and shown in Figure 2-7. The results of 

the coupling for the three electrode configurations A, B and C are shown in Figure 2-10, 

with comparison to longitudinal wave and Rayleigh wave. 

Generally, the double-IDT configuration exhibits the largest k
2
 and single-IDT the 

smallest. Particularly, the single-IDT case has a peak k
2
 when λ~0.5 and is limited to 

1.5%, the metallized-IDT electrode configuration enables k
2
 as large as 3% when AlN is 

thin (hAlN < 0.2λ), and the double-IDT gives k
2
 above 3% as long as hAlN < 0.6 λ.  

The intrinsic coupling coefficients for the Lamb wave under different surface 

boundary conditions are mostly much larger than the Rayleigh wave, showing advantage 

in the application of enabling filters than the SAW devices in the AlN piezoelectric 

material. Although the k
2
 are smaller than the longitudinal wave used in BAW resonators, 

they are sufficient in the applications of oscillators and narrow-band filters. In addition, 

 
Figure 2-10. Comparison of the calculated k

2
 of Lamb wave S0 mode with different electrical surface 

boundary conditions and also the k
2

 of longitudinal and Rayleigh waves. 
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the dispersive characteristics in k
2
 of the S0 Lamb wave mode give more engineering 

freedom comparing to the Rayleigh wave and Longitudinal wave. 

2.4.3 The TCF of the S0 Lamb Wave Mode 

Most materials become softer when temperature increases, meaning that they have 

negative TCEs, including the AlN. This will lead to a decrease in frequency when 

temperature rises and an increase in frequency when temperature cools down. Table 2–3 

lists the temperature coefficients of AlN which are used to predict the frequency-

temperature behavior of the AlN LWR using the S0 mode. 

The frequency drift of the AlN LWR not only dependent on the changes in the 

stiffness constants with temperature and but also the thermal expansion coefficients. 

Under linear approximation of the temperature dependence of the stiffness constants, the 

TCF of the AlN LWR is [68]: 

0 0

1

( ) ( )1 1p p p

st x x

p p

v v T T v T
TCF

v T v T
 

  
   

 
,    (2.24) 

where 0( )pv T  is calculated from the material constants in Table 2-3, x  corresponds to 

the effective thermal expansion coefficient along the wave propagation direction (x 

direction) in this case. and 0( )pv T T  is calculated based on the new stiffness matrix 

0( )ijc T T : 

Table 2-3. Temperature coefficients of material constants of AlN used in the calculations. [69] 

 Symbol AlN Units 

Temperature 

coefficients of 

stiffness constants 

TC11 –37 

(10
–6

 1/°C) 

TC12 –1.8 

TC13 –1.8 

TC33 –65 

TC44 –50 

TC66 –57 

Thermal expansion 

coefficients 

α11 5.27 

(10
–6

 1/°C) 

α33 4.15 
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0 0( ) ( )(1 )ij ij ijc T T c T TCE   .       (2.25) 

The T  is assumed to be 10 ˚C in this dissertation.  

Therefore, the TCF of the AlN LWR can be theoretically predicted using the above 

formulas and the temperature dependence of material coefficients listed in Table 2–3. 

Since there are only first-order temperature coefficients of stiffness constants available in 

the literature, all theoretical calculations only considers the first-order effect on the TCF 

in this study. The calculated first-order TCFs of the Lamb wave S0 modes comparing 

with longitudinal and Rayleigh waves in AlN are shown in Fig. 2–11. The AlN LWR 

using the S0 mode shows a theoretical TCF range from -33 to –22 ppm/°C which is close 

to the experimental results [68]. What’s more, it is interesting to note that the first-order 

TCF shows a dispersive characteristic and reaches the worst case when the AlN 

membrane thickness is around 0.62λ. 

  

 

Figure 2-11. Calculated first-order TCFs of the Lamb wave S0 modes comparing with longitudinal and 

Rayleigh waves in AlN. 
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Chapter 3  

Design of AlN Lamb Wave 

Resonators Utilizing S0 Mode 

3.1 Equivalent Circuit and Typical Frequency Response  

As illustrated in Figure 3-1, a Lamb wave resonator usually consists of the AlN plate 

as the resonant cavity, the supporting tethers providing the rigid attachment to the 

substrate, and the IDT transducer that is two sets of electrodes connected alternatively to 

two bus bars placed on a piezoelectric substrate. The space p between two adjacent 

electrode fingers and their overlap length W are called pitch and aperture. The 

metallization ratio (η) is usually 0.5 and the IDT finger width is equal to quarter 

wavelength (λ/4) in this case. The resonance frequency is equal to the ratio of the phase 

velocity of the wave mode and the wavelength, thus determined by the wave 

characteristics and the IDT width: 

 

Figure 3-1. Illustration of one-port AlN Lamb wave resonator employing the edge-type reflector. 
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p p

s
2

v v
f

p
  .         (3.1) 

A piezoelectric resonator usually can be described using the Butterworth-Van Dyke 

(BVD) equivalent circuit which consists of a mechanical resonance branch including a 

motional resistance (Rm), a motional capacitance (Cm), and a motional inductance (Lm) in 

series and a static capacitance (C0) in parallel, as depicted in Figure 3-2. The static 

capacitance C0 is simply formed by the capacitance between the IDT finger electrodes 

and the plate capacitance sandwiched between the top and bottom electrodes. As shown 

in Figure 3-2, a modified Butterworth-Van Dyke (MBVD) equivalent circuit model 

including two loss resistors, Rs and R0, was proposed to improve matching for real 

piezoelectric BAW resonators [70]. Nominally, the series resistor Rs describes the 

resistance of routing pads and electrodes, and the parallel resistor R0 represents the 

parasitic resistance in the Si substrate [28]. Based on the six parameters in the MBVD 

equivalent circuit, the series and parallel resonance frequencies, fs and fp, the impedance 

Z(ω), and the quality factors at the series and parallel frequencies, Qs and Qp, can be 

expressed as [28], [70], [72] 
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Figure 3-2. Modified Butterworth-Van Dyke (MBVD) equivalent circuit model 

for the acoustic resonatorN. 
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 
,          (3.7) 

where ωs and ωp are the angular frequencies at the series and parallel resonance 

frequencies, respectively. It should be noted that the expressions of the Qs and Qp are 

loaded quality factors at fs and fp, respectively, since the parasitic Rs and R0 are included 

and hence lower the intrinsic mechanical quality factors. 

Figure 3-3 presents the typical frequency response of a resonator with associated 

MBVD parameters. At resonance the spectrum shows the maximum admittance and a 0 

degree phase, and at anti-resonance it exhibits the minimum admittance and a 0 degree 

phase. The real part of admittance (conductance) is near 0 at frequencies off resonance 

 

Figure 3-3. Typical frequency responses of a Lamb wave resonator. 
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and the imaginary part (susceptance) is highly dependent on the static capacitance. The 

opposite can be observed for the impedance spectrum of the frequency response. 

Figure 3-4 shows the approximated MBVD model at different frequency ranges. 

When off resonance, the resonator exhibits like a capacitor. When the resonator is at 

resonance, the current only goes through the motional branch. When the resonator is at 

anti-resonance, the current circulates in the motional and static branches and no signal out 

to be detected. 

3.2 Electrode Configurations of Lamb Wave Resonators 

3.2.1 The Resonance Frequency fs 

The short boundary condition on the surface of the piezoelectric membrane reduces 

the phase velocity, as discussed in the previous chapter and presented again in Figure 3-

5(b). Therefore, the electrical loading effect for different configurations of devices is very 

similar and the corresponding phase velocity for the different electrode configurations 

can be simulated and shown in Figure 3-5(a). The grounded-BE, floating-BE and double-

IDT electrode configurations show similar phase velocity, or normalized resonance 

frequency, and are only slightly lower than the single-IDT type. Thus, the phase 

velocities for different electrode configurations are assumed to be the same in the later 

discussions in this dissertation. 

 

Figure 3-4. Modified Butterworth-Van Dyke (MBVD) equivalent circuit model for the acoustic resonator 

at different frequency ranges. 
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3.2.2 The Effective Coupling Coefficient keff
2
 

As introduced in the previous chapter, the intrinsic electromechanical coupling 

coefficient k
2
 is a measure of the energy transduction efficiency between the electrical 

and mechanical domains, and can be calculated by the velocity difference equation. 

Nevertheless, the effective coupling coefficient keff
2
 for resonator devices from the 

measured results can be evaluated in several ways, among which the most often used 

definitions, is IEEE standard definition [71], [72]. 

2 1[tan( )]
2 2

s s
eff

p p

f f
k

f f

   .        (3.7) 

The most used approximation for the effective coupling coefficient is 

2
2 ( )

4

p s

eff

p

f f
k

f

 
 .        (3.8) 

The keff
2
 is in fully consistent with the k

2
 for BAW resonators by this definition. But 

for Lamb wave resonators there are small difference between these two measures. What’s 

more, although different metallization configurations are considered for the k
2
 as shown 

in Figure 3-6, the difference between grounded and floating bottom electrode should be 

considered for the keff
2
 from the device perspective.  

 

Figure 3-5. Comparison of the (a) simulated effective coupling coefficient keff
2
 using FEA for four 

electrode configurations (single-IDT, IDT-grounded BE, IDT-floating BE and double-IDTs) and (b) 

numerically calculated electromechanical coupling coefficients for three metallization conditions (single-

IDT, metalized-IDT, and double-IDTs). 
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The comparison between Figure 3-6(a) and Figure 3-6(b) reveals that the IDT-

metallization case for the calculation of k
2
 corresponds to the floating bottom electrode 

case for the simulation of keff
2
, and the difference between the corresponding k

2
 and keff

2
 

are within 10%. It should also be noted that in practice the measured keff
2 

is always 

smaller than the theoretical value, simply because the static capacitance causes a 

degradation of fp to be closer to fs. 

3.2.3 The Static Capacitance C0 

Figure 3-7 illustrates a simple physical model which can be used to describe the 

capacitive feedthrough to ground in the one-port AlN Lamb wave resonators and the 

corresponding C0 in the MBVD equivalent circuits for the resonators with the electrically 

single-IDT, grounded-bottom-electrode, floating-bottom-electrode, and double-IDT 

surface conditions, respectively. As depicted in Figure 3-7(a), the electric potentials in 

the IDT finger electrodes are presumed to be U and 0, and then the static capacitance C01 

is simply equal to the lateral in-line capacitance Cl in the single-IDT topology. For the 

grounded-bottom-electrode topology shown in Figure 3-7(b), the lateral and vertical 

electric fields induce the inline capacitance Cl and the cross-field capacitance Cv so the 

static capacitance C02 is simply assumed to be the summation of Cl and Cv. As for the 

floating-bottom-electrode topology presented in Figure 3-7(c), the electric potential in the 

bottom electrode is not set, and the C03 is assumed to be the summation of C1 and C2/2 

[72]. For the double-IDT topology shown in Figure 3-7(d), the lateral and vertical electric 

 

Figure 3-6. Comparison of the (a) simulated effective coupling coefficient keff
2
 using FEA for four 

electrode configurations (single-IDT, IDT-grounded BE, IDT-floating BE and double-IDTs) and (b) 

numerically calculated electromechanical coupling coefficients for three metallization conditions (single-

IDT, metalized-IDT, and double-IDTs). 
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fields happen in both ways and the static capacitance C04 is assumed to be the summation 

of 2Cl and 2Cv.  

The single-IDT topology would show weakest excitation efficiency and the double-

IDT configuration the strongest. The excitation efficiency would be the same for the 

grounded-bottom-electrode and the floating-bottom-electrode topologies, but the static 

capacitance C03 for the floating-bottom-electrode case is smaller than the C02 for the 

grounded-bottom-electrode topology, resulting in a larger k
2

eff in the resonator with the 

floating bottom electrode. 

As shown in Figure 3-8, when 0.2λ-thick AlN thin plates with periodic lateral 

boundary conditions are employed with different electrical configurations, the 2D FEA 

 

Figure 3-7. Simple physical models for the capacitive feedthrough to ground in the one-port Lamb wave 

resonators with one pair of IDT under different bottom surface conditions and the equivalent static 

capacitances in the MBVD equivalent circuits for the resonators with the (a) single-IDT, (b) grounded-BE, 

(c) floating-BE, and (d) double-IDT surface topologies, respectively. 
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model predicts that the Lamb wave resonator with the double-IDT electrode 

configuration provides largest k
2

eff, the single-IDT case the smallest k
2

eff , and the 

floating-bottom-electrode topology offers a 1.8 times larger k
2

eff than that with the 

grounded bottom electrode. The existence of the bottom electrode (the grounded and 

floating bottom electrode topologies) also lowers the resonance frequency than the 

configurations only employing IDTs. 

The simulation results also reveal that the static capacitance of the transducer with 

double-IDT is the largest, then the grounded-bottom-electrode type, the floating-bottom-

electrode topology, and the single-IDT the smallest, which is in very good agreement 

with the approximation in Figure 3-7. The result confirms that even though the 

transduction efficiency of the IDTs over the floating and grounded bottom electrodes are 

the same, the smaller static capacitance of the floating-bottom-electrode configuration 

makes its k
2

eff larger than the grounded-bottom-electrode configuration. 

3.2.4 General Electrode Configurations 

As is mentioned in the previous chapter, although the double-IDTs configuration 

always offers the largest k
2
 or keff

2
, it requires much more complicated fabrication process 

which may consume more time and cost. As a result, the most widely used electrode 

configurations for the AlN Lamb wave resonators are the single-IDT type with relatively 

 
Figure 3-8. Simulated admittance spectra of the one-port AlN Lamb wave resonators with the single-IDT, 

grounded-BE, floating-BE, and double-IDT surface configurations using the 2D FEA model in COMSOL. 
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thick (hAlN/λ ~ 0.4-0.5) AlN and IDT-floating BE type with relatively thin (hAlN/λ < 0.2) 

AlN layer, shown in Figure 3-9, for they offer relatively large k
2
 or keff

2
 and simple 

fabrication process. More specifically, the former case (Figure 3-9 (a)) offers the large Q 

and the simplest fabrication process since the structure has only two layers, as well as 

medium keff
2
 (~ 2% in Figure 3-6 (a)); the latter configuration offers very large keff

2
 (~ 

3.5% in Figure 3-4 (a)) as well as medium Q, and its frication process requires only 2 

mask, much simpler than the IDT-grounded BE case which requires 4 mask involving the 

ground via. 

3.3 Temperature Compensation Technique 

Unlike quartz-based devices offering a variety of specific temperature compensation 

cuts for the bulk and surface acoustic waves, AlN exhibits the negative TCE, making it 

impossible to enable intrinsically temperature-compensated electroacoustic devices. The 

temperature compensation of the AlN-based devices is therefore achieved by employing 

thin film materials with opposite TCF. By adding a SiO2 layer with a TCF of +85 ppm/°C 

onto the piezoelectric AlN layer, a robust temperature compensation approach for the 

LWRs on an AlN/SiO2 bilayer plate has been successfully demonstrated at room 

temperature
 
and high temperature, as shown in Figure 3-10 [68], [73]. 

 

Figure 3-9. Simulated effective coupling of the Lamb wave S0 mode using COMSOL for four electrode 

configurations: single-IDT, with a grounded bottom electrode, with a floating electrode, and double-IDT. 
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Unfortunately, as is shown in Figure 3-11, the low elastic constants and non-

piezoelectricity of the SiO2 layer causes substantial reductions in the phase velocity and 

electromechanical coupling coefficient. Furthermore, the asymmetrical composite plate 

traps less acoustic waves in the AlN active layer so that the piezoelectric energy is 

Table 3-2. Material constants of AlN and SiO2 used in the calculations. [69] 

 Symbol AlN SiO2 Units 

Stiffness constants 

C11 345 78.5 

(10
9
 N/m

2
) 

C12 125 16.1 

C13 120 16.1 

C33 395 78.5 

C44 118 31.2 

C66 110 31.2 

Mass density ρ 3260 2210 (kg/m
3
) 

Piezoelectric constants 

e15 –0.48 – 

(C/m
2
) e31 –0.58 – 

e33 1.55 – 

Dielectric constants 
ε11 8.0 3.32 

(10
−11 

F/m) 
ε33 9.5 3.32 

 

 

Figure 3-10. Illustration of the temperature compensated AlN/SiO2 Lamb wave resonator and the 

calculated first-order TCFs for different AlN and SiO2 thicknesses 
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excited less efficiently to enable lower vp and smaller k
2
 for the S0 Lamb wave mode in 

the AlN/SiO2 membrane. Figure 3-11 also shows the phase velocities for different AlN 

and SiO2 thicknesses calculated using the material parameters listed in Table 3-2. It is 

very clear that the adding layer of SiO2 substantially lowers the phase velocity. When the 

normalized SiO2 thickness reached 0.3, the phase velocity of the structure is almost 

halved compared to the pure AlN membrane. 

 

Figure 3-12. Calculated electromechanical coupling coefficients of the QS0 mode for different electrode 

configurations listed when hSiO2/λ=0.2. 

 

Figure 3-11. Calculated phase velocities of the Lamb wave S0 modes for different AlN and SiO2 

thicknesses. 

hAlN

hSiO2

IDT

Configuration E

metallization

Configuration F

Configuration G Configuration H

Configuration I

0
0

0.8

0.2 0.4 0.6 0.8 1

Normalized AlN thickness, hAlN/λ

1.6

2

1.2

0.4

E
le

ct
ro

m
ec

h
a

n
ic

a
l 

co
u

p
li

n
g

, 
k

2
(%

)

hSiO2
/λ = 0.2

x

z

0.5λ AlN

0.2λ SiO2

λ

0 0.2 0.4 0.6 0.8 1
5000

6000

7000

8000

9000

10000
sio2=0

sio2=0.05

sio2=0.1

sio2=0.15

Normalized AlN thickness, hAlN/λ

P
h

a
se

 V
el

o
ci

ty
 (

m
/s

)

hSiO2
/λ = 0.3

hSiO2
/λ = 0.2

hSiO2
/λ = 0.1

hSiO2
/λ = 0

hAlN

hSiO2



46 

 

Because of the asymmetry in the z-axis direction, five different electrode 

configurations should be considered for the analysis of electromechanical coupling, as is 

listed in Figure 3-12, and the calculated electromechanical coupling from the material 

properties in Table 3-2 for a mostly used SiO2 thickness 0.2λ is also given in the figure. It 

is obvious that the double-IDT configuration always exhibit the largest coupling, the 

configurations when the IDTs are placed in the outer surface of AlN shows a larger 

coupling when the normalized AlN thickness is around 0.55, and the configurations when 

the IDTs are placed in the interface of AlN and SiO2 shows a larger coupling when the 

normalized AlN thickness is around 0.05.  

Figure 3-13 also compares the electromechanical coupling for different electrode 

configurations but at fixed normalized AlN thicknesses, which indicate that for thin AlN 

 

Figure 3-13. Calculated electromechanincal coupling coefficients for different electrode configurations at 

fixed normalized AlN thicknesses. 

 

Figure 3-14. Trade-offs between the first-order TCF and intrinsic k
2
 of the QS0 mode in the AlN/SiO2 

bilayer when hAlN/λ = 0.2 and hAlN/λ = 0.4. 
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the bottom electrode is highly preferred and for thick AlN placing the IDT at the interface 

can largely increase the k
2
. 

Furthermore, the trade-offs between the TCF and k
2
 can be observed in the same 

propagation medium. As shown in Figure 3-14, when the k
2
 on the AlN/SiO2 composite 

membrane achieve a locally minimum, it exhibits a locally maximal TCF, and vice versa, 

revealing the trade-off between the TCF and k
2
 in the piezoelectric LWRs [74]. 

The above discussions indicate that a correct transducer configuration with proper 

selections of the AlN and SiO2 thicknesses enables the AlN/SiO2 LWRs to have high 

phase velocity, large intrinsic electromechanical coupling coefficient, and good 

temperature-frequency stability at high temperatures. 

An improved temperature technique will be introduced in Chapter 6 based on the 

symmetric AlN/SiO2 sandwiched structure to enable better overall performance at near-

zero TCFs. 

Except for SiO2, tellurium dioxide (TeO2) [75] and highly-doped Si [76], [77] layers 

were also used as the compensating material. Recently, fluorine-doped silicon oxide 

(SiOF) was found to have better temperature compensation efficiency than undoped SiO2 

films [78]. TeO2 and SiOF both have larger positive TCFs than SiO2, meaning thinner 

compensation film will be needed to get zero TCF for a certain thickness of AlN than 

SiO2, but they are difficult of deposit and new etching process also need to be set up. 

3.4 Microfabrication Process 

3.4.1 The Process Flow 

The fabrication process employed for manufacturing the AlN Lamb wave resonators 

is based on surface micromachining techniques, which are compatible with the CMOS 

processes. A baseline two-mask fabrication process is described to manufacture the AlN 

LWRs with single-IDT using Pt electrodes. The fabrication process could be easily 

modified for other bottom electrode metals, such as Mo, Al, or W. If the grounded 

bottom electrode is included, the fabrication process could be a four-mask process. Given 

that the bottom electrode is unnecessary to be grounded as discussed in section 3.2, the 

fabrication process steps would be further reduced to a three-mask process for the AlN 

LWRs with floating bottom electrodes. All the resonators in this thesis use the single-IDT 

configuration, so the two-mask process is introduced as followings. 

First, as shown in step 1 in Figure 3–15, a 300-nm-thick LSN layer was deposited on 

Si (100) wafers in a LPCVD furnace under 835°C. The LSN stress depends on the film 

thickness and the film stress is around 300 MPa while the LSN thickness is 300–500 nm. 

The LSN layer is used for the electrical isolation with the Si substrates and eliminates 

unwanted current feedthrough and substrate losses.  
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A highly c-axis oriented AlN thin film was deposited at 300°C in a Tegal multi-

chamber dual ring sputtering system (Endeavor-AT sputtering tool) [79] locate in the 

Berkeley Marvell Nanofabrication Laboratory. After pumping to a base pressure below 

2x10
-6

 Torr, an in-situ surface treatment of the substrate under low-power RF 

environment is conducted prior to AlN deposition to remove native oxide and reduce the 

roughness of the surface. The process atmosphere is a mixture of the controlled constant 

flow of argon and nitrogen gases. The argon plasma is used to bombard the surface 

materials off from a high purity Al target. The sputtered Al ions react with N2 molecules 

to form AlN and then sputtered to the substrate by a potential difference between the 

target and the substrate where the target serves as the cathodes, while the substrate wafer 

acts as the anode [80]. The process enables the formation of columnar AlN thin film 

exhibiting strong (0002) texture on the silicon nitride or silicon substrate. However, if 

there are slopes or steps on the substrate, the growth tends to have random orientation and 

poor step coverage around that area. In the dual cathode S-Gun magnetron, regulation of 

the flux of the charged particles from AC (40 kHz) plasma discharge to the substrate 

enables effective control of both the AlN film crystallinity and the film intrinsic stress. 

An external stress control unit (adjustable high power resistor) provides coarse control of 

the film residual stress, while a 13.56 MHz RF-bias system and the gas flow rates of N2 

and Ar provide a fine tune of the residual stress. The A thin film stress abruptly changes 

from high compressive tress in relatively thin film (below 500 nm) to tensile stress with 

thickness near 1,000 nm. 

 

Figure 3-15. Cross-sectional process flow of the single-IDT AlN LWRs. 

1. Deposit Si3N4 using LPCVD

3. Pattern IDT by lift-off

4. Deposit SiO2 using LPCVD

2. Deposit AlN (0002) using sputtering

5. Pattern and etch LTO using ICP 

7. Release using XeF2

6. Etch AlN and Si3N4 using TCP
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The electromechanical coupling strength and quality factor is strong correlated to the 

crystalline orientation of the AlN. The correlation between k
2

eff and AlN grain orientation 

has been found and suggests that maximum coupling can be achieved if the rocking curve 

FWHM value of the AlN film is below 2°. In Figure 3-16 a typical normal coupled scan 

and a rocking curve scan of an AlN thin film deposited on a silicon nitride substrate are 

shown. The diffraction pattern from a highly c-axis oriented AlN thin film shows a peak 

at 2θ = 36.4° in the normal coupled scan, and a minimum FWHM value of the 0002 

rocking curve centered at ω = 18.2̊. These crystalline characterizations are done using a 

Siemens D5000 X-ray Diffractometer. Moreover, the residual stress of the AlN thin film 

can be measured by a laser interferometer (tool “flexus” in Berkeley Marvell 

Nanofabrication Laboratory), determining the curvature of the whole 4 inch wafer before 

and after the deposition of the AlN thin film. By adjusting the AC power or the Ar and 

nitrogen (N2) flow rates, the residual stress of the deposited AlN thin film can be 

controlled within tensile and compressive 100 MPa. It should be noted that the AC power 

and the gas flow rate also influence the deposition rate and the uniformity of the AlN thin 

film on the whole wafer. 

Then, a 180-nm-thick platinum (Pt) layer on a 20-nm-thick chromium (Cr) adhesion 

layer was sputtered on the AlN thin film. Consequently dual photoresist layers were 

coated and patterned for the lift-off process of the top finger electrodes on the AlN thin 

film as shown in step 3 in Fig. 3–15.  

Prior to the dry etching of the AlN thin film, as shown in step 4, a LTO layer was 

deposited using LPCVD at around 400°C, patterned using C4F8-based inductively 

coupled plasma (ICP) etching, and used as the hard mask for the following AlN etching 

process, as depicted as step 4 and 5.  

The photoresist used to define the patterns of the LTO hard mask has to be removed 

after the LTO dry etching step as the photoresist would generate some organic 

byproducts on the sidewalls in the dry etching chamber. The AlN film was patterned by 

 

Figure 3-16. XRD (a) normal-couple  scan and (b) rocking curve measurement of 4-μm thick AlN thin film 

deposited with nearly zero stress. 
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Cl2-based transformer coupled plasma (TCP) etching as depicted in step 6 in Figure 3–15. 

Based on the above etching recipes, the Cl2-based TCP etching selectivity of AlN to LTO 

is around 2.5. In addition to the etching rate, the sidewall of the AlN layer is critical for 

the performance of the LWRs, especially for the spurious mode issue. In order to achieve 

vertical the sidewalls of the AlN layer, the LTO hard mask should have sidewalls as 

vertical as possible since the sidewall angle of the LTO layer would be transferred to the 

AIN sidewalls. The Cl2-based TCP etching yields a sidewall angle of roughly 82° for the 

AlN thin film [81]. 

A CF4-based reactive ion etching (RIE) process was used to remove the remaining 

oxide hard mask. Finally, as shown in step 7 in Figure 3–15, the AlN plate structure was 

released by using xenon difluoride (XeF2)-based isotropic dry etching of the Si substrate, 

and the LSN layer beneath the AlN layer can be also removed by XeF2 during the device 

release process. 

Fig. 3-12 (a) shows the SEM images of the resonators on the 4-μm-thick AlN 

membranes and Figure 3-17 (b) presents the released air cavity. 

3.4.2 Possible Failures 

Broken anchor 

The most commonly seen failure in the Lamb wave resonators is the broken anchors. 

As is shown in Figure 3-18, the anchor can broke in the middle (a), from the anchor-

substrate interface (b), and from the anchor-device interface. This can be largely avoided 

in two approaches: 1. from the design side try not to design too thin and short anchors, 

and not too large devices since large and heavy resonators are tend to break the 

 

Figure 3-17. SEM image of the fabricated Lamb wave resonator and the air cavity structure. 

(a) (b)
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supporting tethers; 2. from the fabrication side try to minimize the stress in the AlN and 

metal layer. By carefully designing the geometry and optimize the fabrication process, 

these type of failures can be largely minimized. Otherwise all the devices can be broken 

on a wafer in the worst case. 

Bad lift-off 

As shown in Figure 3-19 (a), sometimes the metal electrodes stick to the AlN layer 

and not fully shaped by lift-off. The device performance will be largely deteriorated if the 

IDT fingers are not separated. The Figure 3-15 (b) shows the well-shaped IDT electrodes 

using lift-off. The width of the IDT finger should be equal to the width of the separation, 

since we use the IDT of 50% metal cover ratio.  

 

Figure 3-18. SEM image of the fabricated Lamb wave resonator with broken anchors: (a) anchor broken in 

the middle, (b) anchors broken from the anchor-substrate interface, and (c) anchor broken from the anchor-

device interface. 
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Generally the metals that are evaporated are much easier to lift-off than sputtered and 

light metals like Al are not as sticky as heavy metals like Pt. Nevertheless, with careful 

lithography process step before the deposition of the metal and a long time of soak and 

ultrasonic in the solution, it is achievable to totally avoid this type of failure. 

Etching Depth 

Another problem that engineers widely encounter is getting the precise thicknesses of 

etching depth. One set of device that I have made are with residual AlN, as shown in 

Figure 3-20. The residual AlN layer connected the device to the substrate and thus largely 

 

Figure 3-19. SEM image of the fabricated Lamb wave resonator with broken anchors: (a) bad lift-off IDTs, 

(b) .good lift-off IDTs 

 

Figure 3-20. SEM image of the fabricated Lamb wave resonator with AlN layer not etched through. 

(a) (b)

(a) (b)
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decrease the Q and other performance parameters. Since the XeF2 gas went through this 

very thin residual layer and successfully released the structure, these residual layers were 

found only after the bad measurement data was got and went back to do the SEM. 

Although this simple fabrication process does not include the precise etching depth, 

careful calculation is still needed before the etching to avoid the residual and at the same 

time not leave the wafer in the etching chamber for too long and harm the devices. 

On the other hand, deposition with precise thicknesses and maximum flatness is also 

required to ensure good device performance and the yield. The other problems that need 

to pay attention are like the stress, wall straightness, contamination and so on. 

3.5 Testing Setup 

All AlN Lamb wave resonators studied in this dissertation are measured in a Janis RF 

probe station, with 200 µm micro-manipulated ground-signal-ground (GSG) probes from 

Cascade (Model ACP40-AW-GSG-200). A short-open-load-through (SOLT) calibration 

is performed on a precision reference substrate prior to the testing for a 50 Ω termination. 

All tests in this dissertation are performed in air at atmospheric pressure and ambient 

temperature. 

 

Figure 3-21. Testing setup used in this dissertation. Devices are probed by GSG probes connecting to a 

vector network analyzer directly. 
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The micro-acoustic frequency response characteristics of AIN Lamb wave resonators 

are measured directly using an Agilent E5071B vector network analyzer (VNA) with 0 

dBm (1 mW) of signal power, as shown in Figure 3-21. All of the measured results are 

reported exactly as measured, without subtracting the parasitics are subtracted or de-

embedding at the ports. All the resonators in this dissertation are one-port devices, so 

only S11 reflection parameters are recorded by the network analyzer. The admittances are 

calculated using equation (3.9): 

11
1

0 11

11

1

S
Y

Z S





,         (3.9) 

where the characteristic impedance Z0 = 50 Ω as the standard reference. 

Then, the performance parameters can be calculated and equivalent circuit parameters 

can be extracted by fitting into the MBVD model discussed previously. 

For two-port Lamb wave resonators, one can just connect one side of IDT to one port 

and one port to the other. S11 and S22 can be considered as return loss, or the input and 

output impedance mismatch respectively, while S12 and S21 are interpreted as power 

gain/loss in forward and reverse directions, respectively. 
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Chapter 4  

 

Influence of Electrode Materials and 

Thicknesses on AlN Lamb Wave 

Resonator Characteristics 

The Lamb wave resonators usually show a moderate k
2

eff of around 3% due to the 

lack of careful selection of the electrode configurations, materials, and thicknesses. So an 

optimization on the electrodes of the piezoelectric AlN Lamb wave resonators is highly 

desirable to further enable the high-fs and large bandwidth filters. Although the 

technology about electrodes is mature for SAW resonators and FBARs, there hasn’t been 

systematic study of the electrode materials for Lamb wave resonators. As the Lamb wave 

has dispersive characteristics, it will be different from SAWs and FBARs and more 

complicated. This study adopts the finite element analysis (FEA) to investigate the 

influence of electrodes on the dispersive characteristics of the S0 mode propagating in the 

multi-membranes. The effects of electrodes configurations, AlN film thicknesses, 

electrode materials and electrodes thicknesses on the performance of Lamb wave 

resonators are also explored.  

Four types of electrode configurations for the AlN Lamb wave resonators are 

considered here: the single-IDT type, the IDT with a floating bottom electrode type, the 

IDT with a grounded bottom electrode type, and the double-IDT type, as shown in Figure 

1. Each electrode configuration has been widely explored and reported recently. For each 

electrode configuration, the impact of the metal electrodes on the phase velocities and 

effective coupling coefficients are calculated and analyzed in this study. The density (ρ), 

equivalent acoustic impedance (Z’), and equivalent phase velocity (
pv ) of the metal are 

the main factors that directly impact the characteristics. 

4.1 Electrode Materials 

4.1.1 The phase velocity 
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The impact of different electrode materials on the phase velocity when hmetal/λ = 0.02 

is shown in Figure 3 (a).The material constants used for calculation are listed in table 2. It 

is intuitive that heavier metal has stronger loading effect on the phase velocity, which is 

the case when the AlN is relatively thick (hAlN/λ > 0.5), in which case the decrease of the 

phase velocity is proportional to the metal density. 

Table 4-1. Material constants of AlN and metal materials used in the simulations [82]. 

 Symbol AlN Al Ti Mo Cu W Pt Au Units 

Stiffness 

constants 

C11 345 111 166 462 211 590 374 220 

(GPa) C12 125 59 92 158 107.8 200 251 160 

C44 110 261 44 109 51 135 77 30 

Mass density ρ 3260 2700 4500 10200 8960 19250 21400 19300 (kg/m
3
) 

Young’s 

modulus 
E 345 70 116 312 120 489 168 70 (GPa) 

Equivalent 

phase velocity pv  10290 5090 5070 5530 3650 5040 2800 1900 (m/s) 

Acoustic 

impedance 
Z 1061 436 722 1784 1037 3067 1896 1162 (C/m

2
) 

 

 
Figure 4-1. FEA simulations of phase velocities of the AlN Lamb wave resonators with different IDT electrodes when 

the electrode thickness is equal to 0.02λ. 
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When the AlN is thin (hAlN/λ < 0.1), the stiffness of the metal also impact the loading 

effect, and the Lamb wave phase velocity in the bilayer is proportional to the equivalent 

phase velocity in the metal. Here we define the equivalent phase velocity as: 

p

E
v


            (4.1) 

It should be noted that the vp here is not the actual phase velocity of the Lamb wave 

or other wave modes. Since the Lamb wave phase velocity dependent on several stiffness 

constants, it is difficult to compare it with different metal materials. However, the 

Young’s modulus is usually in the same level of the stiffness constants, so we simply the 

problem here and use the Young’s modulus to calculate the equivalent phase velocity for 

comparison here.  

The density of the metal materials inversely normalized to AlN and the equivalent 

acoustic velocity for the metals normalized to the equivalent acoustic velocity of AlN are 

shown in Figure 4-2. Comparing the vp of different metal materials in Figure 4-1 to the 

densities and acoustic velocities in Figure 4-2, it can be observed that when the AlN is 

relatively thin (hAlN/λ < 0.2), the vp is in positive correlation with the normalized acoustic 

velocity vmetal/vAlN, implying that the phase velocities in the multilayers are limited by the 

acoustic velocity in the metals. On the other hand, when the AlN is relatively thick 

(hAlN/λ >0.5), the phase velocities shown in Figure 4-1 are proportional to the inversely 

normalized density of the metals ρAlN/ρmetal, indicating the heavier metal has stronger 

loading effect on the phase velocity.  

 
Figure 4-2. FEA simulations of phase velocities of the AlN Lamb wave resonators with different IDT electrodes when 

the electrode thickness is equal to 0.02λ. 
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When the thickness of AlN is medium (hAlN/λ = 0.1~0.5), the loading effect of the 

metal layer is not proportional to the density or the equivalent phase velocity, but the 

effect of both factors. As the equivalent phase velocity in the metal is proportional to 

stiffness and inversely proportional to the density, heavy and soft metals load the phase 

velocity more in general. 

4.1.2 Electromechanical Coupling Coefficient 

Figure 4-3(a)-(d) show the effect of different electrode materials on the effective 

coupling coefficients of the Lamb wave resonator with different electrode configurations. 

It is apparent that the electrode layers decrease the k
2

eff when AlN is very thin and 

enhance the k
2

eff when AlN becomes thick. When the AlN is thin, the piezoelectric-dead 

metal deviate the acoustic wave field away from the piezoelectric AlN layer and thus 

 

Figure 4-3. FEA simulations of effective coupling coefficients of AlN Lamb wave resonators for the (a) single IDT 

electrode configuration, (b)the IDT-grounded BE electrode configuration, (c) the IDT-floating BE electrode 

configuration, and (d) the double-IDT electrode configuration when the electrode thickness is equal to 0.02λ. 
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reduce the k
2

eff, and the heavier metal have stronger loading effect. When the AlN 

becomes thick, the existence of the metal layer can boost the k
2

eff due to the large acoustic 

impedance, and the strength of k
2

eff is proportional to the acoustic impedance of the metal. 

The equivalent acoustic impedance can be calculated from [83], [84], [86]: 

Z E            (4.2) 

Again, we use the Young’s modulus instead of the stiffness constant here calculate 

the effective acoustic impedance for directly comparing different metal materials. 

The density and acoustic impedance for different metals normalized to the density 

and acoustic impedance are shown in Figure 4-4. Comparing the k
2

eff of different metal 

materials in Figure 4-3 to the densities and acoustic impedances in Figure 4-4, it can be 

found that when the AlN is relatively thin (hAlN/λ < 0.2), the k
2

eff is in positive correlation 

with the reverse normalized density ρAlN/ρmetal, indicating the loading effect of the metal 

electrodes on the k
2

eff is proportional to the density of the metal. On the other hand, when 

the AlN is relatively thick (hAlN/λ >0.4), the strength of the k
2

eff in Figure 4-3 is in 

positive correlation with the normalized acoustic impedance Zmetal/ZAlN of the metal 

material, implying that the large difference between the acoustic impedance of the metal 

and AlN enhance the k
2

eff proportionally. 

It is interesting to notice that for the single-IDT and double-IDT type (Figure 4-3(a), 

(d)), the k
2

eff is largely improved if large-acoustic-impedance material is used. Especially 

 

Figure 4-4. FEA simulations of phase velocities of the AlN Lamb wave resonators with different IDT electrodes when 

the electrode thickness is equal to 0.02λ. 
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for the double-IDT configuration, the k
2

eff can be boosted to near 7%, showing potential 

to enable very large coupling resonators. 

4.1.3 Different Materials Combination 

It can be noticed that for the electrode configurations that with a bottom electrode: the 

grounded and floating BE type, the coupling coefficients are not increased as much as the 

single-IDT and double-IDT configurations, this is due to the strong loading effect of the 

bottom electrode layer. Although the floating bottom electrode increase the k
2

eff a large 

amount from the single-IDT type for the pure AlN, the additional heavy metal layer draw 

the k
2

eff back intensively. Therefore, light metal can be used for the bottom electrode 

while the large-acoustic-impedance metal employed in the IDT to get the largest k
2

eff.  

To demonstrate this approach, the k
2

eff is compared for different combinations of W 

and Al as the IDT or bottom electrode material, since Al has small density and small 

acoustic impedance while W has large density and large acoustic impedance. Figure 4-5 

presents the comparison of different metal material combinations for the grounded and 

floating bottom electrode types, showing good agreement with the previous analysis. 

When AlN is very thin, the k
2

eff simply depends on the density of the metal material. As 

AlN becomes thick, when large-acoustic-impedance material as the IDT while light metal 

(Al) as the bottom electrode, this combination gives the largest k
2

eff. 

As a result, light (low ρ) metals are preferable to be chosen as the bottom electrode 

and large acoustic impedance metals are suitable for IDTs in general to ensure a large 

k
2

eff.  

 

Figure 4-5. Calculated effective coupling coefficients of AlN Lamb wave resonators with the IDT-floating BE 

configuration using different combinations of electrode materials (Al, W) for the IDT and bottom electrodes. 
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4.2 Electrode Thicknesses 

Generally the electrode thickness of the Lamb wave resonators is around 0.01-0.03. 

The effect of thicker electrodes is similar to using heavier metals.  

Figure 4-6 presents the k
2

eff of the LWRs with single-IDT type using the Pt 

(representing the heavy metal case) and Al (representing the light metal case) as the IDT 

for a metal thickness range of 0.01-0.05. Thicker electrodes decrease the k
2

eff more when 

AlN is relatively thin(hAlN/λ < 0.2), as shown in Figure 4-6(a), but for light metals the 

reduction is trivial, as shown in Figure 4-6(b). On the other hand, thicker electrodes using 

either heavy or light metal enhance the k
2

eff more when AlN is thick (hAlN/λ > 0.5). The 

reason is that for the heavy metal case, when AlN is thin, thicker metal deviates the 

acoustic wave field more from the piezoelectric layer and reduce the electro-mechanical 

transduction efficiency, but light metal don’t effect the acoustic wave field much. 

However, for the both case, when the AlN is relatively thick, the thicker metal gives 

stronger stiffening effect that enhance the k
2

eff. However, there is also a limit of the 

largest k
2

eff. For example, when hPt/λ ≈ 0.04 and hAlN/λ ≈ 0.5, the k
2

eff reaches a top value 

of around 3.4%, as shown in Figure 4-6(a), and when hPt/λ increased to 0.05 the top value 

of k
2

eff decreased because of the stronger loading effect. 

Another consideration for determining the electrode thickness is the static capacitance. 

Thinner metals generally give slightly large C0 under the same area, which can 

potentially enable small devices. Whats more, although electrode resistance is a 

secondary consideration, too thin metal electrodes would not be preferable to avoid 

additional circuit elements [28]. 

  
Figure 4-6. FEA simulations of (a) phase velocities and effective coupling coefficients of AlN Lamb wave resonators 

for the (b) single IDT electrode configuration, (c) the IDT-floating BE electrode configuration, and (d) the double-IDT 

electrode configuration when the electrode thickness is equal to 0.02λ. 
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4.3 Other Considerations and Comparison 

4.3.1 Other Considerations  

For the bottom electrode, the lattice mismatch between the metal and AlN should also 

be considered to ensure a good quality of AlN. Except for the texture and surface 

roughness of the underlying electrode metals, the degree of c-axis orientation of AlN thin 

films is strongly dependent on their crystal structures and lattice mismatch with AlN [85]. 

Table 4–2 summarizes and compares the physical properties of several common metal 

materials used for the bottom surface metallization of AlN-based devices. Although Mo 

and W show less lattice mismatch than Al, W usually tends to have a high level of 

residual film stress and large surface roughness and Mo would be attacked by XeF2 

during the structure release process of the AlN LWRs. The lattice mismatch issue can be 

addressed by using an AlN seed layer.  

If a metal has large density and high resistivity, it would be difficult to get a balance 

between suppressing the strong loading effect and getting low impedance. 

In addition, low acoustic impedance, especially the “soft” material also has low 

acoustic Q that may deteriorate the Q of the resonator. 

4.3.2 Comparisons 

Aluminum (Al) is the most readily available material and is easily deposited with a 

standard DC-sputter deposition. But Al cannot stand high temperature. If the device 

needs low resistance and does not need to stand high temperature, aluminum is a good 

Table 4-2. Physical properties of selected metals [2]. 

 Al Pt Mo W Units 

Bulk resistivity 2.8 10.7 5.7 5.39 (10
–6

 Ω∙cm) 

Mass density 2700 21400 10200 19250 (kg/m
3
) 

Longitudinal acoustic 

wave velocity 
~6400 ~4200 ~6700 ~5500 (m/s) 

Thermal expansion 18 8.9 5.1 4.3 (10
–6

/°C) 

Crystal structure Cubic (FCC) Cubic (FCC) Cubic (BCC) Cubic (BCC) – 

Crystalline orientation (111) (111) (110) (110) – 

Lattice constant 4.0494 3.9231 3.1472 3.16 (Å) 

Lattice mismatch to 

AlN 
8.68 12.18 1.12 1.52 (%) 
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choice for the bottom electrode. If there is no requirement on the coupling coefficient, Al 

can also be used as IDT material. 

Titanium (Ti) has hexagonal (0001) structure and is most suitable for AlN to grow on 

it. However, Ti has only small acoustic impedance and talked before and it shows a high 

bulk resistivity up to 55 μΩ・cm which is not preferred for low-impedance acoustic 

wave devices. 

Copper (Cu) has even better conductivity than Al, but the deposition process for it is 

complex and the cost is high. It has small acoustic impedance as discussed before, and it 

also has low acoustic Q, which makes is a unfavorable electrode material for micro-

acoustic devices. Cu can also potentially contaminate the CMOS process. 

Molybdenum (Mo) has been widely used in commercial manufacturing of BAW 

resonators since it is a very acoustically stiff material and has moderately low resistance. 

Mo can easily be deposited by either DC or AC sputtering. It has thermal expansion 

coefficient similar to AlN which minimizes impact from thermal mismatch and residual 

stress from Mo/AlN interface. Mo can also enable highly oriented AlN grown on it 

because of the small mismatch between the surfaces of the two crystalline structures. As 

a result, Mo is very good material used for IDT electrodes, and can also be used as 

bottom electrode. The only concern is that Mo would be attacked by XeF2 during the 

structure release process of the AlN LWRs, so additional protection process is needed 

which will complicate the fabrication process. 

Tungsten (W) has very high acoustic impedance that can enable high k
2

eff  and similar 

thermal expansion coefficient to AlN that minimize the thermal mismatch. The high 

acoustic impedance and similar thermal expansion coefficient to AlN makes W an 

excellent candidate as part of the acoustic mirror in SMRs. Unfortunately, W is both 

dense and has high resistance, which makes it difficult to get a balance between the 

strong loading effect and low impedance. It also has poor surface roughness, making an 

additional CMP process is required to ensure good crystallized AlN grown on it. So W is 

not good for the bottom electrode but can be used as IDTs if low-impedance is not 

emphasized and the AlN cannot be too thin as discussed before to get large k
2

eff. 

Platinum (Pt) is a face-centered cubic (FCC) structure and can be easily deposited. It 

has very high acoustic impedance that can enable high k
2

eff  when AlN is relatively thick 

as discussed before. It can also stand high temperature. However, similar with tungsten 

that has both high density and high resistance, Pt electrodes are required to be thin to 

avoid the strong loading effect but becomes high resistive, which makes is less successful 

in commercial BAW industry. For Lamb wave resonators, Pt are very suitable for IDT 

electrodes to enhance the high k
2

eff and stand high temperature for harsh environment 

applications. It should be noticed that Pt electrodes can be shaped by lift-off but very 

difficult by chemical etching. 

Gold (Au) is a typical “soft” material and has large acoustic loss. It is also expensive 

and a contaminant of the CMOS process, even though it is very conductive. So similar to 

copper, it is usually not considered for electrodes in micro-acoustic devices [28]. 
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Potential alternatives for electrode materials are like the iridium (Ir) [87] and 

ruthenium (Ru) [84], [86]. Especially Ru has been widely studied nowadays. It has 

hexagonal structure and can enable high Q and large k
2

eff at the same time, which are very 

attractive properties. In practice, Ru tends to oxidize fairly quickly especially when it has 

poor crystal orientation. Once heavily oxidized, it is critical to remove the oxide before 

depositing AlN. Ru is very expensive and is seldom used in high-volume application now. 

4.4 Conclusions 

The selection of electrode materials and thicknesses has large impact on the 

performance of micro-acoustic resonators. Although the effect of electrode materials and 

thicknesses has been intensively studied for the SAW resonators and FBARs, the 

dispersive characteristic of the Lamb wave makes it complicated and different from SAW 

resonators or FBARs, and there is yet no systematic study for the Lamb wave resonators. 

For the first time, this study adopts the finite element analysis to investigate the influence 

of electrodes on the Lamb wave resonators using the S0 mode. Four types of electrode 

configurations for the AlN Lamb wave resonators are considered here and compared for 

the pure AlN structure. For each electrode configuration, the effect of metal electrodes on 

the phase velocities and effective coupling coefficients are calculated and analyzed. The 

phase velocity is directly related to the density and equivalent phase velocity in the metal, 

while the coupling coefficients depend on the density and acoustic impedance of the 

metal. Large-Z material is preferred for the IDT and light material is favored for the 

bottom electrode to optimize the effective coupling coefficient. The impact of the 

electrode thickness is also analyzed: thicker metal for the IDT loads the k
2

eff more when 

AlN is thin and enhance k
2

eff more when AlN is relatively thick. These results reveal the 

potential of high-fs and large–k
2

eff AlN Lamb wave resonators by careful selection of 

electrodes for frequency selection applications. 
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Chapter 5  

 

Q Enhancement of AlN Lamb Wave 

Resonators Using Butterfly-shaped 

Plates 

The small-in-size and CMOS-compatible MEMS resonators are likely to be the 

driving core of a new generation of electronic devices such as RF filters, sensors, and 

timing references [4], [45]. Thanks to the high frequencies, low Rm, and capability of 

multiple frequencies operation on a single chip, the AlN Lamb wave resonators utilizing 

the S0 mode have attracted attention among various micromechanical resonator 

technologies. However, the AlN Lamb wave resonator usually shows a Q below 2,000 

due to complicated energy dissipation mechanisms, so an improvement in its Q is highly 

desirable to further enable low-loss filters, high-sensitivity sensors, and low-phase-noise 

oscillators. 

5.1 Loss Mechanisms 

Unlike the capacitive resonators that tend to show a very high Q but a huge Rm, 

piezoelectric resonators usually exhibit a large coupling which leads a small Rm, but 

unfortunately they show a medium Q [45], [88]. Different loss mechanisms [89] in 

piezoelectric MEMS resonators have been investigated recently, and the interfacial loss, 

causing from the stress jump at the material interface [90]–[92] as well as the anchor loss, 

representing the acoustic energy leakage via the support tethers into the substrates [92]–

[100], are now suspected of the primary energy dissipation mechanisms. Fortunately, the 

electrode-to-piezoelectric stress can be minimized with the optimized metal deposition 

conditions [72] or separating the piezoelectric layer from its metal electrode [91] to 

reduce the interfacial loss. By suppressing the acoustic wave leakage through the tethers, 

the Q of the piezoelectric resonators can be improved [94]–[100]. 

Generally, the anchor loss of the MEMS resonators can be minimized by many 

strategies, such as positioning the tethers at nodal locations of the resonance mode, 
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narrowing the width of the support tethers, using different materials for the support and 

vibrating body to form an acoustic impedance mismatch, and designing the tether length 

with an odd multiple of a quarter-wavelength (λ/4) [93]. Another effective way of 

reducing the anchor loss is to reflect the acoustic waves leaky via the tethers back to the 

resonant structure [95], [99], [100] or to concentrate the acoustic wave displacement far 

from the supporting area [96]. Recently, the suspended biconvex edges were 

demonstrated to efficiently concentrate the Lamb wave distributions in the resonance 

plate and then boost the Q. However, some unwanted spurious vibration modes were also 

introduced due to the curved reflecting edges [96]. 

To effectively reduce the anchor loss without introducing unwanted spurious modes, 

for the first time, a novel AlN Lamb wave resonator utilizing a butterfly-shaped plate is 

investigated to enhance the anchor Q in this work. Fig. 1(a) illustrates a conventional AlN 

Lamb wave resonator based on a rectangular thin plate consisting of one interdigital 

transducer (IDT) and two suspended free edges. As shown in Fig. 1(b), another AlN α = 

90º α = 59º.a rectangular plate with tether-to-plate angle α = 90º, and (b) an AlN Lamb 

wave resonator with a butterfly-shaped plate with α = 59º. Lamb wave resonator 

composed of the same IDT electrode configuration and free-edge reflector, but the 

butterfly-shaped plates with a tether-to-plate angle α = 59º is employed as the vibrating 

structure. 

 

Figure 5-1. Illustration of (a) a conventional AlN Lamb wave resonator employing a rectangular plate with 

tether-to-plate angle α = 90º, and (b) an AlN Lamb wave resonator with a butterfly-shaped plate with α = 

59º. 

α = 90º α = 59º

AlN film

(a) (b)

IDT



67 

 

5.2 Q Enhancement by Using the Butterfly-Shaped Plate 

5.2.1 Resonator Design and Finite Element Analysis 

As is well known, the mechanical Q describes how under-damped a resonator is and 

can be generally expressed as: 

 

stored

dissipated

2 ,
E

Q
E

          (5.1) 

where Estored is the vibration energy stored in the resonator and Edissipated denotes the 

energy dissipated per cycle of vibration, respectively. It is clear that to obtain a higher Q, 

it requires more energy stored in the resonator and less energy dissipation, indicating that 

the magnitude of Q ultimately depends on the energy loss in resonators. The most 

relevant loss mechanisms in piezoelectric resonators are the anchor loss, interface loss, 

thermoelastic damping (TED), material damping, and other unknown losses [89]. Then, 

the total Q can be estimated by adding the impact of each specific energy loss 

mechanism:  

total anchor interface TED material unknown

1 1 1 1 1 1
.

Q Q Q Q Q Q
         (5.2) 

The interface loss, Qinterface, is caused by the plane stress jump at the material interface 

and can be minimized by controlling the interfacial stresses during the deposition 

process. The thermoelastic damping, QTED, means the energy dissipation during vibration 

which produces a strain gradient, which leads to a temperature gradient, yielding the heat 

flow as well as the energy loss. The material damping, Qmaterial, is related to the crystal 

defects in the material, surface roughness, or grain size so it is difficult to estimate the 

Qmaterial. In this work, we simply assume that the anchor loss, Qanchor, is the main energy 

dissipation source in the resonator so we simplify the Qtotal is contributed by the Qanchor 

Table 5-1. Geometric dimensions of the AlN Lamb wave resonators. 

 Conventional Butterfly-shaped 

IDT finger electrode 13 13 

IDT aperture 180 μm 180 μm 

IDT electrode width 3 μm 3 μm 

IDT electrode thickness 200 nm 200 nm 

Tether-to-plate angle 90° 59° 

Tether length 33 μm 33 μm 

Tether width 8 μm 8 μm 

AlN plate length 210 μm 252 μm 

AlN plate width 78 μm 78 μm 

AlN plate thickness 4.0 μm 4.0 μm 
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and other losses, Qother, as following: 

 

total anchor other

1 1 1
.

Q Q Q
 

        

(5.3) 

In this work, we propose a novel AlN plate geometry to reduce the tether vibration 

caused by the resonant structure to increase the Qanchor. In order to study the effect of the 

plate shape on Q, the Lamb wave resonators on AlN plates utilizing a rectangular plate 

and a butterfly-shaped plate are designed and compared as summarized and listed in 

Table 5-1. 

Recently, a new finite element analysis (FEA) simulation approach which is based on 

the perfectly matched layer (PML) technique is introduced to evaluate Qanchor in MEMS 

resonators [99]–[101]. The PML can rapidly attenuate the acoustic waves leaky via the 

support tethers and also perfectly match the rest of the domain so there is no spurious 

reflection caused by the substrate/PML interface as shown in Fig. 5-2. Herein, we employ 

the PML-based FEA approach and the commercially available FEA software, COMSOL 

Multiphysics®, to analyze the Qanchor of two resonators using different plate geometries. 

The Qanchor can be obtained by using the equation [88],[98]–[101]:  

anchor

Re( )
,

2 Im( )
Q






         

(5.4) 

 

Figure 5-2. Illustrations of half an AlN plate with a simple beam tether attaching to a substrate layer 

covered by PMLs and the mesh adopted in FEA. 

PML

Symmetric face

Support tetherSubstrate layer
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where ω is the eigen-frequency of the desired mode solved in the FEA model. 

Fig. 2 illustrates the FEA model of half an AlN plate with one simple beam tether 

attaching to the semi-cylinder substrate plate which is covered by the PML to assume the 

substrate is a semi-infinite plate. The radius of the substrate plate is set as 2λ while the 

radius of the PML equals 4λ (i.e., the PML thickness is equal to 2λ). The mesh adopted in 

the FEA model is also shown in Figure 4-2. A symmetric boundary condition is applied 

to the center face of the AlN plate to ensure the eigen modes are solved for a whole plate. 

Figure 4-3 (a) presents the mode shape (displacement profiles) of the S0 Lamb wave 

at resonance in the conventional rectangular AlN plate. There is obvious displacement in 

the support tether, indicating a part of mechanical energy would lose via the tether 

vibration. The predicated Qanchor is equal to 7,910 based on the PML-based FEA model. 

In addition, Figure 4-3 (b) depicts the mode shape of the same S0 mode at resonance in 

the butterfly-shaped AlN plate and the displacement in the tether is apparently less than 

that in the conventional rectangular plate. The simulated Qanchor of the S0 mode in the 

butterfly-shaped AlN plate is increased to 28,601. Interestingly, the butterfly-shape plate 

can effectively reduce the displacement occurring in the tethers and further offer a 3.62× 

improvement in the Qanchor. 

5.2.2 Experimental Results and Discussions 

All the resonators reported in this work were fabricated on the same wafer and placed 

in the vicinity. The Lamb wave resonators were tested in air and S11 parameters were 

 

Figure.5-3. Resonance mode shapes (displacement profile) of (a) a conventional rectangular AlN plate with 

tether-to-plate angle α = 90º and (b) a butterfly-shaped AlN plate with α = 59º. 

Max.Min.

(a) Conventional rectangular plate (b) Butterfly-shaped plate

Qanchor = 7,910 Qanchor = 28,601
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extracted using an Agilent E5071B network analyzer. The measured Q was extracted 

from the admittance plot by dividing the resonance frequency (fs) by the 3 dB bandwidth.  

The Q’s measured from Lamb wave resonators using the butterfly-shaped plates are 

consistently higher than those using the rectangular plates. Figure 5-5 compares one set 

of the measured frequency responses of the resonators with 13 finger electrodes on the 4-

 

Figure 5-4. SEM images of the fabricated AlN Lamb wave resonators utilizing the (a) rectangular plate and 

(b) butterfly-shaped plate with α = 59º. 

 

Figure 5-5. Measured admittance spectra of the conventional and butterfly-shaped AlN Lamb wave 

resonators. The inset depicts the MBVD model. 
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μm-thick rectangular and butterfly-shaped AlN plates. The 863.6 MHz resonator on the 

butterfly-shaped plate with α = 59º yields a Q of 2,433, representing a 1.27× 

enhancement over the 862.0 MHz resonator on the rectangular plate. An effective 

coupling (keff
2
) of the butterfly-shaped resonator is 0.3%, slightly lower than 0.34% 

observed in the rectangular one, but the keff
2
 is still sufficient for oscillators, sensors and 

narrowband filters. Moreover, the butterfly-shaped AlN plate neither introduces any other 

spurious mode nor shifts the resonance frequency significantly in comparison to the 

Lamb wave resonator with biconvex free edges [88]. 

Figure 5-6 shows the fitted curves comparing to the measured spectra of the AlN 

Lamb wave resonators on the rectangular and butterfly-shaped plates. The corresponding 

MBVD parameters are also listed in Figure 5-6. The extracted Rm of the conventional and 

butterfly-shaped AlN Lamb wave resonators are 256 Ω and 202 Ω, respectively. The 

resonator based on the butterfly-shaped plate exhibits a smaller Rm than the conventional 

 

Figure 5-6. Close-up view of the frequency spectra of the resonators with the (a) conventional, (b) 

butterfly-shaped plates and their six equivalent circuit parameters of the MBVD model. 

Table 5-2. Performance of the AlN Lamb wave resonators. 

 Conventional Butterfly-shaped 

Motional resistance, Rm 256 Ω 202 Ω 

Motional inductance, Lm 128.27 µH 168.06 µH 

Motional capacitance, Cm  0.2658 fF 0.2021 fF 

Static capacitance, C0 96.39 fF 83.06 fF 

Static resistance, R0 268 Ω 321 Ω 

Series resistance, Rs 193 Ω 193 Ω 

Loaded Q 1,916 2,433 

Unloaded Q 3,360 4,758 

Simulated Qanchor 7,910 28,601 

Extracted Qother 5,841 5,707 

Rm = 202 Ω

Lm = 168.06 µH
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resonator thanks to the higher Q. It should be noted that the series resistance (Rs) in the 

resonators is huge, implying imperfect metal contact condition and poor metal deposition 

in the resonators, resulting in a considerable loading effect on Q’s. The unloaded Q can 

be extracted by the following expression 

, ( )m s
s unload s

m

R R
Q Q

R


 .        (5.5) 

The unloaded Q of the butterfly-shaped resonator is 4,758, showing a 1.42× increase 

in the unloaded Q compared to the conventional Lamb wave resonator. 

Table 5-2 summarizes the performance of the AlN Lamb wave resonators on the 

rectangular and butterfly-shaped plates, including the six extracted MBVD [72] 

parameters as well as the loaded and unloaded Q. As listed in Table 5-2, based on the 

loaded Q and simulated Qanchor, the extracted Qother are around 5,800 for both resonators, 

implying that either the conventional resonator or the butterfly-shaped resonator are 

suffered from the same level of the other loss mechanisms. As a result, although the 

Qanchor of the Lamb wave resonator has been boosted to 28,601 using the butterfly-shaped 

plate, the measured Q is still limited by the other loss mechanisms. Among all the loss 

mechanisms, the interfacial damping is suspected of another main loss mechanism in the 

AlN Lamb wave resonator since the Pt/Cr metal contact in the resonators is not perfect as 

discussed above[72],[90]–[92]. 

 

Figure 5-7. Measured admittance spectrum for the butterfly-shaped Lamb wave resonator in a wide 

spectrum. 
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Most importantly, as shown in the measured frequency response in the wide spectrum 

in Figure 5-7, the butterfly-shaped plate didn’t introduce spurious modes on a wide 

spectrum, compared to other Q increase techniques. 

By using the butterfly-shape AlN plate, the displacement in the tethers is efficiently 

suppressed and the energy loss via the tethers is then reduced. The butterfly-shaped 

resonator enables an unloaded Q up to 4,758, showing a 1.42× enhancement over the 

conventional resonator. In addition, the experimental results are in good agreement with 

the simulated predictions by the 3D PML-based FEA model, confirming that the 

butterfly-shaped AlN thin plate can efficiently eliminate the anchor dissipation. The Q of 

the Lamb wave resonators is expected to be significantly boosted using the butterfly-

shaped plate if the interfacial loss can be minimized by well-controlled interface stresses 

under optimized metal deposition conditions. 

5.3 Butterfly-Shaped Resonator Using Rounded Tether-to-Plate 

Transition 

5.3.1 Resonator Design and Modeling 

Figure 5-8(a) illustrates a conventional AlN LWR employing the orthogonal tether-

to-plate transition and with one IDT and two straight suspended free edges. As shown in 

Figure 5-8(b) and (c), butterfly-shaped AlN LWRs are composed of the same IDT 

electrode configuration and straight free-edge reflectors, but with a 45º beveled tether-to-

plate transition and a rounded tether-to-plate transition, respectively [97]. 

Figure 5-9(a) indicates the position of the tether-to-plate plane that we investigate in 

the FEA model, and Figure 5-9(b) illustrates the half AlN plate with one simple beam 

 
Figure 5-8. Illustrations of (a) a conventional AlN Lamb wave resonator (LWR), (b) a butterfly-shaped 

AlN LWR with a beveled tether-to-plate transition angle of 45º, and (c) a butterfly-shaped AlN LWR with 

a rounded tether-to-plate transition. 

(a) (b) (c)

AlN film
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rounded
tether
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tether attaching to the semi-cylinder substrate which is covered by the PML to model the 

substrate as the semi-infinite plates. The radius of the substrate plate is set as 2λ while the 

PML thickness is equal to 2λ. The mesh adopted in the FEA model is also shown in 

Figure 5-9(b). A symmetric boundary condition is applied to the center face in the FEA 

model. 

The anchor loss can be directly evaluated by the vibration strength in the tether. For 

the conventional LWR with the orthogonal tether-to-plate transition, there are relatively 

strong vibrations delivered to the tether from the resonant plate, so that the mechanical 

energy is dissipated through the tethers. In this work, we propose a novel AlN plate 

geometry to reduce the tether vibration caused by the resonance body. In order to study 

the effect of the plate shape on the tether vibration, the LWRs on AlN plates utilizing a 

rectangular plate, a beveled butterfly-shaped plate and a rounded butterfly-shaped plate 

are designed and compared as summarized and listed in Table 5-3. 

 
Figure 5-9. Illustrations of (a) the position of the tether-to-plate plane and (b) the half AlN plate with a 

simple beam tether attaching to a substrate layer covered by PMLs and the mesh adopted in FEA. 

Table 5-3. Geometric dimensions of the AlN Lamb wave resonators with different tether-to-plate 

transitions. 

 Orthogonal Beveled Rounded 

IDT finger electrodes 13 13 13 

IDT aperture 180 μm 180 μm 180 μm 

IDT electrode width  3 μm 3 μm 3 μm 

IDT electrode thickness 200 nm 200 nm 200 nm 

Tether-to-plate angle 90° 45° – 

Tether length 33 μm 33 μm 33 μm 

Tether width 8 μm 8 μm 8 μm 

AlN plate length 210 μm 252 μm 252 μm 

AlN plate width 78 μm 78 μm 78 μm 

AlN plate thickness 4.0 μm 4.0 μm 4.0 μm 

PML

symmetric 

face

tether-to-plate plane
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As is shown in Figure 5-10, the FEA model simulates the displacement profile on the 

tether-to-plate plane for the different resonator designs. The vibration in the center of the 

plane directly goes to the substrate through the tether. The displacement profiles indicate 

that the butterfly-shaped design can efficiently reduce the vibration in the center by 

pushing the displacement to the sides, so that the wave dissipated through the tether can 

be reduced. Also, the rounded tether-to-plate transition shows a more efficient 

 
Figure 5-11. Simulated displacement profiles on the top edge of the tether-to-plate plane at the S0 mode 

resonance for the three designs of AlN LWRs. 

 
Figure 5-10. Displacement profiles at the S0 mode resonance of the tether-to-plate plane for the AlN LWRs 

with the (a) orthogonal (b) beveled, and (c) rounded tether-to-plate transitions. 

AlN plate width x (μm)

90

60

45

90

60

45

90

60

45

1

4

2

0
0 39 78

orthogonal

beveled

rounded

3

xz

T
o
ta

l 
d

is
p

la
ce

m
en

t 
(a

.u
.)

orthogonal

beveled

rounded

(a)

(b)

(c)

Max.

Min.

tether location



76 

 

suppression on the center vibration, due to a smaller tether-to-plate angle (0˚) than the 

beveled transition (45˚). To be more specifically, Figure 5-11 gives the displacement 

level on top of the tether-to-plate plane. Again, it can be observed that the butterfly-

shaped design push the displacement level to the sides, and the rounded transition has a 

stronger pushing effect especially at the plane center, where the tether locates. 

Figure 5-12 presents the mode shape of the S0 Lamb wave at resonance in the AlN 

plates employing different tether-to-plate transition types. In Figure 5-12(a), there is 

obvious wave leaky through the support tether of the orthogonal transition type, 

indicating a part of mechanical energy loss via the tether. The predicated Qanchor is equal 

to 7,910 using the PML-based FEA approach. In Figure 5-12(b) and (c), the displacement 

field in the supporting area is weaker than that in the conventional rectangular plate. In 

addition, the rejection of the leaky wave is most effective for the rounded transition type 

and the vibration in the tether is the minimum. The simulated Qanchor of the S0 mode in the 

butterfly-shaped AlN plate using the beveled transition is increased to 16,605, and the 

rounded transition upwards to 43,652. Interestingly, the butterfly shape employing the 

rounded tether-to-plate transition can effectively reduce the displacement occurring in the 

tether and further shows a 5.52× improvement in anchor Q. 

 
Figure 5-12. Resonance mode shapes of (a) conventional rectangular AlN LWRs utilizing an orthogonal 

tether-to-plate transition, and butterfly-shaped AlN LWRs with (b) a 45º beveled tether-to-plate transition, 

and (c) a rounded tether-to-plate transition. 

Qanchor=7,910 Qanchor=16,605 Qanchor=43,652
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5.3.2 Experimental Results and Discussions 

Figure 5-13 shows the SEM images of the rectangular and butterfly-shaped resonators 

on 4.0-μm-thick AlN membranes. To diminish the fabrication error, all the resonators 

were fabricated on the same wafer and placed in the vicinity. LWRs were all tested in air 

and S11 parameters were extracted using an Agilent E5071B network analyzer. The 

measured Q was extracted from the admittance plot by dividing the resonance frequency 

(fs) by employing the 3 dB bandwidth.  

The Q’s measured from the butterfly-shaped Lamb wave resonators with small tether-

to-plate angle are consistently higher than conventional rectangular resonators using 

 
Figure 5-13. SEM images of the fabricated (a) conventional rectangular AlN LWRs utilizing an orthogonal 

tether-to-plate transition, and butterfly-shaped AlN LWRs with (b) a 45º beveled tether-to-plate transition, 

and (c) a rounded tether-to-plate transition. 
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orthogonal tether-to-plate transition. Figure 5-14 presents one set of the one-port 

admittance response spectra for the LWRs using orthogonal, 45˚ beveled and rounded 

tether-to-plate transitions. The reduction of the tether-to-plate angle successfully 

suppresses the vibration in the supporting area, offering reduction of the anchor loss and 

boost of the Q. 

The 863.3-MHz resonator on the butterfly-shaped plate with 45˚ beveled tether-to-

plate transition yields a Q of 1,979, upwards 30% over a conventional rectangular 

resonator using the orthogonal transition, and the rounded tether-to-plate transition 

enables a Q over 2,500, representing a 67% improvement. The effective coupling (keff
2
) 

of the resonators on the butterfly-shaped plates are slightly lower than observed in the 

conventional AlN LWR, but still sufficient for oscillators and narrowband filters. 

Moreover, the butterfly-shaped AlN plate neither introduces any other spurious mode nor 

shifts the resonance frequency fs significantly.  

 

Figure 5-14. Measured admittance spectra of the AlN LWRs using the orthogonal, beveled, and rounded 

tether-to-plate transitions. 

854 858 862 866 870 874
-80

-70

-60

-50

Frequency (MHz)

A
d

m
it

ta
n

ce
 (

d
B

) f s = 863.6 MHz

Q = 2531

Zmin = 398 Ω

keff
2=0.36%

f s = 863.3 MHz

Q = 1979

Zmin = 429 Ω

keff
2=0.41%

f s = 862.8MHz

Q = 1518

Zmin = 556Ω

keff
2=0.42%

90

60

45

90

60

45

90

60

45

orthogonal

beveled

rounded



79 

 

5.5 Effect of the Number of Electrodes (NE) 

Figure 5-15 summarizes the measured quality factors and resonance impedances of 

the AlN Lamb wave resonators using the orthogonal, beveled, and rounded tether-to-plate 

transitions for different number of electrodes (NE). By comparing the Q’s and Zmin’s 

with different number of electrodes, it can be observed that the butterfly shape shows 

constant enhancement on the Q, and a constant reduction on Zmin, especially the rounded 

tether-to-plate transition case. When number of electrodes increases, the resonance 

 

Figure 5-16. Measured admittance spectra of the AlN LWRs using the orthogonal, beveled, and rounded 

tether-to-plate transitions when (a) NE = 33 and (b) NE = 43. 

 

Figure 5-15. Measured (a) quality factors and (b) resonance impedances of the AlN LWRs using the 

orthogonal, beveled, and rounded tether-to-plate transitions for different number of electrodes (NE). 
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impedance is smaller thanks to the smaller resistance of the IDT electrodes (larger area) 

and better transduction (larger k
2

eff). The measured loaded Q becomes smaller as the NE 

increases. This because the motional impedance of the device Rm decreases much faster 

than the resistance of the electrodes Rs as the the NE increases, resulting in stronger 

electrical loading effect that suppresses the Qloaded. 

Figure 5-16 presents two sets of measured admittance spectra of the AlN LWRs using 

the orthogonal, beveled, and rounded tether-to-plate transitions when NE = 33 and NE = 

43. It can be noted that when number of electrodes becomes too large, the internal reflection 

will bring spurious modes. When NE = 43, the spurious mode is almost as strong as the main S0 

mode. As a result, we generally use number of electrodes that below 30 for the AlN Lamb wave 

resonators. 

5.6. Conclusions 

A new design approach for improving the anchor loss of the Lamb wave resonators is 

presented. By using the butterfly-shape AlN plate, the displacement in the tethers is 

efficiently suppressed and the energy loss via the tethers is then reduced. The 59˚ 

butterfly-shaped resonator enables an unloaded Q up to 4,758, showing a 1.42× 

enhancement over the conventional resonator. In addition, the experimental results are in 

good agreement with the simulated predictions by the 3D PML-based FEA model, 

confirming that the butterfly-shaped AlN thin plate can efficiently eliminate the anchor 

dissipation. The Q of the Lamb wave resonators is expected to be significantly increased 

using the butterfly-shaped plate if the interfacial loss can be minimized by well-

controlled interface stresses under optimized metal deposition conditions. In addition, the 

butterfly-shaped plate didn’t introduce spurious modes on a wide spectrum, compared to 

other Q increase techniques 

By employing the butterfly-shape AlN plates with rounded tether-to-plate transition 

which has smaller tether-to-plate angle, the suppression in the anchor loss and 

enhancement in the Q is even more effective. The simulated displacement profiles show 

that the butterfly-shaped plate significantly reduces the displacement at the plane center, 

and the rounded one offers a better efficiency on the displacement suppression at the 

plane center. The simulated Qanchor using the 3D PML-based FEA model also confirm 

that the rounded butterfly-shape plates can successfully minimize the anchor loss and 

boost the Qanchor. The butterfly-shaped resonator with 45˚ beveled tether-to-plate 

transition yields a Q of 1,979 which upwards 30% over a conventional rectangular 

resonator; another AlN LWR on the butterfly-shaped plate with rounded tether-to-plate 

transition yields a Q of 2,531, representing a 67% improvement.  

By comparing the performances with different number of electrodes it is found that 

the butterfly shape shows constant enhancement on Q and a reduction on Zmin. When the 

NE becomes larger, the Zmin becomes smaller and the loaded Q decreases because the 

lower Rm causes an obvious electrical loading effect on the Q. When NE becomes too 
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large (> 40), there are strong spurious modes due to internal reflection of the IDTs, which 

is not preferable. 
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Chapter 6  

 

Thermally Stable SiO2/AlN/SiO2 

Lamb Wave Resonators 

AlN and SiO2 bilayer structure has been widely utilized in temperature-compensated 

micromechanical resonators as SiO2 has unique positive temperature coefficients of 

elasticity. However, the thermal expansion mismatch would cause large bending 

deformation and stress distribution in the resonant plate. In this study, a symmetrical 

SiO2/AlN/SiO2 sandwiched structure is proposed to reduce the temperature-induced 

deformation in the asymmetrical AlN/SiO2 bilayer plate. The thermal compensation at 

high temperatures for the Lamb wave resonators utilizing the S0 mode in the 

SiO2/AlN/SiO2 sandwiched structure is theoretically investigated herein. While operation 

temperature rises from room temperature to 600 ˚C, the temperature-induced bending 

deformation in the symmetrical SiO2/AlN/SiO2 composite plate is much less than that in 

the AlN/SiO2 composite plate conventionally used for temperature compensation. 

Furthermore, the different material properties of the AlN and SiO2 layers make the 

displacements of the S0 mode not purely symmetric with respect to the neutral axis, 

whereas the symmetrical SiO2/AlN/SiO2 sandwiched membrane still can enable a pure S0 

mode which shows higher phase velocity and larger electromechanical coupling 

coefficient than the lowest-order quasi-symmetric (QS0) mode traveling in the AlN/SiO2 

bilayer membrane. With proper thickness selection of AlN and SiO2, the S0 mode in the 

symmetrical SiO2/AlN/SiO2 sandwiched membrane can simultaneously offer excellent 

thermal compensation, high phase velocity, large electromechanical coupling coefficient, 

and small thermally induced deformation at high temperatures. 

6.1 Introduction 

In recent years, piezoelectric micro-acoustic devices capable of operating in high 

temperature environments have attracted great interest in various industries, such as 

automotive, aerospace, gas and petroleum exploration, and power electronics [102]-[106]. 

The choice of the constitutive materials is critical for these high-temperature devices. 

Only few piezoelectric media can withstand high temperature operations above 600°C. 

For example, quartz is the most widely used piezoelectric material for resonators and 

sensors, but its applications at high temperatures are limited by the phase transition at 
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nearly 573°C [102]. Langasite (LGS) can work at high temperatures but suffer from a 

few drawbacks, such as its rapid increased propagation loss at high temperatures [105]. 

From this perspective, AlN is one of the most interesting piezoelectric materials for harsh 

environment applications since AlN retains its piezoelectric properties up to 1150°C and 

maintains good wave propagation properties at the melting point exceeding 2000°C in a 

nitrogen atmosphere [103]. Furthermore, the low deposition temperature of the AlN thin 

film shows the potential for the integration of micro-acoustic devices and CMOS circuits 

on a single silicon chip. 

While the AlN Lamb wave resonator technology constitutes a promising way to 

enable bandpass filters [106], timing references [46], and passive wireless sensors for 

harsh environment applications, the capacity for keeping stable resonance frequency (fs) 

in high temperature environments is essential [107]-[109]. Unlike quartz-based devices 

offering a variety of specific temperature compensation cuts for the bulk and surface 

acoustic waves, AlN exhibits the negative temperature coefficient of elasticity (TCE), 

making it impossible to enable intrinsically temperature-compensated electro-acoustic 

devices [49]. The temperature compensation of the AlN-based devices is therefore 

achieved by employing thin film materials with opposite TCF. By adding a SiO2 layer 

with a TCF of 85 ppm/°C [49] onto the piezoelectric AlN layer, a robust temperature 

compensation approach for the LWRs on an AlN/SiO2 bilayer plate has been successfully 

demonstrated at room temperature [73] [110] and high temperatures [107]-[109].  

However, these piezoelectric resonators suffer from the frequency instability due to 

the deformation induced by thermal expansion mismatch between the AlN thin film and 

SiO2 layer when operating at high temperatures [109]. Since the thermal expansion 

coefficients α11 of AlN and SiO2 are 5.27×10–6 °C
–1

 and 0.55×10–6 °C
–1

 [69], 

respectively, the distinct thermal expansion mismatch of the two materials in the in-plane 

directions results in large bending deformation which can contribute to spurious modes 

and frequency instability in the AlN/SiO2 bilayer structure when the operation 

temperature arises from room temperature to 600°C. Unfortunately, the low elastic 

constants and non-piezoelectricity of the SiO2 layer also causes substantial reductions in 

the phase velocity (vp) and electromechanical coupling coefficient (k
2
) [68], [73], [108]-

[110]. 

In this work, we propose to integrate the passive SiO2 layers with the same thickness 

on both sides of the AlN active layer instead of one single side, forming a symmetrical 

SiO2/AlN/SiO2 sandwiched structure, to lessen the substantial reduction in the vp and k
2
 

caused by the SiO2 layer. As illustrated in Figure 6-1(a), the conventional temperature-

compensated LWR consists of one IDT on the AlN surface and two suspended flat edges 

at the both sides of the AlN/SiO2 composite plate. Figure 6-1(b) shows the proposed 

temperature compensated LWR which also consists of the same IDT configuration on the 

AlN surface but two edge-type reflectors at the both sides of the symmetrical 

SiO2/AlN/SiO2 sandwiched plate. The SiO2/AlN/SiO2 structure experiences much less 

bending deformation induced by the thermal expansion mismatch than the AlN/SiO2 

bilayer plate because of the symmetry in vertical direction as shown in Figure 6-2. 

Furthermore, the symmetrical composite plate traps more acoustic waves in the AlN 

active layer [111], [112], so that the piezoelectric energy can be excited more efficiently 
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to enable higher vp and larger k
2
 for the S0 Lamb wave mode in the SiO2/AlN/SiO2 

membrane. By designing a proper thickness ratio of SiO2 to AlN, the temperature-

compensated and high-k
2
 LWRs can be achieved at high temperatures. 

6.2 Characteristics of the S0 Lamb wave mode in the SiO2/AlN/SiO2 

membrane 

The physical characteristics that make the lowest-order symmetric (S0) Lamb wave 

mode propagation in the AlN plate attractive for practical implementation in piezoelectric 

resonators are possible simultaneous employment of high phase velocity, weak dispersion, 

and moderate electromechanical coupling strength [45], [72]. In this study, the S0 Lamb 

wave modes propagating in the symmetrical SiO2/AlN/SiO2 sandwiched membrane are 

theoretically investigated. 

6.2.1 Displacement symmetry 

In general, Lamb waves only have the displacements in the x- and z-directions and 

the S0 mode shows the symmetric x-displacement and antisymmetric z-displacement 

[113], [114]. However, in the conventional AlN/SiO2 bilayer structure, the different 

material properties of the AlN and SiO2 layers make the displacements of the S0 mode 

not purely symmetric with respect to the neutral axis, which is usually classified as the 

lowest-order quasi-symmetric (QS0) mode [115], as shown in Figure 6-3(a). As depicted 

    

Figure 6-1. Illustrations of (a) a conventional temperature-compensated LWR on an AlN/SiO2 bilayer plate 

and (b) a temperature-compensated LWR on a symmetrical SiO2/AlN/SiO2 composite plate. 
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SiO2

AlN

IDT



85 

 

in Figure 6-3(b), in the SiO2/AlN/SiO2 sandwiched structure, the S0 mode still shows 

symmetric x-displacement and antisymmetric z-displacement with respect to the neutral 

axis. The S0 mode in the symmetrical SiO2/AlN/SiO2 sandwiched plate traps more 

acoustic wave fields in the AlN active layer [111] than the QS0 mode in the AlN/SiO2 

bilayer plate so that the acoustic energy is maximal in the piezoelectric layer to ensure a 

larger k
2
.  

6.2.2 Phase velocities 

The phase velocity dispersion of the Lamb wave mode propagating in the composite 

plates can be theoretically computed using Adler’s matrix approach [113] or finite 

element analysis (FEA) method [116]. In the simulation, the Lamb waves propagate in 

 

Figure 6-2. Finite element analysis simulation of the deformation of (a) AlN/SiO2 and (b) SiO2/AlN/SiO2 

layered structures induced by thermal stress when temperature changes from 25°C to 600°C. 

 

Figure 6-3. The resonance mode shapes of (a) the QS0 Lamb wave mode in the AlN/SiO2 bilayer plate and 

(b) the S0 Lamb wave mode in the symmetrical SiO2/AlN/SiO2 sandwiched plate. 
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the plane normal to the c-axis of AlN and the material constants of the AlN and SiO2 thin 

film employed in the calculation are obtained from the literature [69] and listed in Table 

3-2. The electrical effect of the IDTs and bottom electrodes are ignored because the phase 

velocity is insensitive to the electrical condition [73].  

The SiO2 layer loads the AlN thin film and significantly reduces the vp of the QS0 

mode in the AlN/SiO2 membrane [68], as shown in Figure 6-4(a). For instance, at the 

normalized SiO2 thickness (hSiO2/λ) of 0.3, the vp of the QS0 mode in the AlN/SiO2 

membrane nearly decreases to the half vp of the S0 mode in the AlN membrane for the 

normalized AlN thickness (hAlN/λ) equal to 0.4. The vp of the QS0 mode in the AlN/SiO2 

membrane is no longer higher than that of the Rayleigh mode (5760 m/s) in the c-plane 

oriented AlN substrate [117] while the hSiO2/λ increases up to 0.3. As are shown in Fig. 6-

4(b), the vp of the S0 mode in the symmetrical SiO2/AlN/SiO2 membrane are much higher 

than that in the AlN/SiO2 bilayer structure, especially when the thicker SiO2 layer is 

utilized for temperature compensation at high temperatures. The S0 mode in the 

SiO2/AlN/SiO2 membrane shows the phase velocity of roughly 2000 m/s higher than the 

QS0 mode in the AlN/SiO2 bilayer structure at hSiO2/λ = 0.3 and hAlN/λ = 0.3. Apparently 

the symmetrical SiO2/AlN/SiO2 sandwiched membrane shows the capability to enable 

high-frequency LWRs utilizing the S0 mode. 

6.2.3 Electromechanical coupling coefficients 

The intrinsic electromechanical coupling coefficient k
2
 is strongly correlated to the 

piezoelectric constants of the materials and the acoustic wave modes employed for the 

electro-acoustic resonators [118]. The intrinsic k
2
 can be computed using an 

approximation method which is based on the vp difference between the Lamb waves 

propagating under the electrically open and short boundary conditions [68]. Again, as 

described in Chapter 2, the intrinsic k
2
 of the Lamb wave is defined as 

 

Figure 6-4. Simulated vp dispersion of (a) the QS0 mode in the AlN/SiO2 bilayer membrane and (b) the S0 

mode in the symmetrical SiO2/AlN/SiO2 composite membrane. 
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where vo and vm are the phase velocities for the electrically open and metallized surface 

conditions, respectively. The electrode thickness is assumed to be infinitely thin so the 

mass loading effect is neglected herein. Three transducer configurations for the LWRs 

based on the AlN/SiO2 and SiO2/AlN/SiO2 composite plates are illustrated in Figure 6-5. 

To ensure a large intrinsic k
2
, all the IDTs are placed on the surface of the piezoelectric 

AlN layer. Configuration A represents an IDT on one surface of the AlN layer with the 

other open-circuited interface; configuration B represents an IDT placed on one surface 

the AlN layer with the other short-circuited interface; configuration C represents two 

IDTs arranged on the both sides of the AlN layer.  

As depicted in Figures. 6-6, 6-7 and 6-8, the intrinsic k
2
 dispersion curves of the three 

transducer configurations on the AlN/SiO2 and SiO2/AlN/SiO2 composite membrane are 

compared. Generally speaking, the intrinsic k
2
 is deteriorated by the additional SiO2 layer 

because of the acoustic energy absorption by the non-piezoelectric SiO2 layer. Since the 

acoustic wave field tends to be more involved in the AlN layer of the symmetrical 

SiO2/AlN/SiO2 plate, the acoustic energy can be confined in the AlN plate to enable a 

higher k
2
 for the S0 mode [111], [64]. As a result, especially when the thick SiO2 layers 

are employed on the both sides of the AlN layer, the intrinsic k
2
 of the S0 mode in the 

SiO2/AlN/SiO2 sandwiched plate is much larger than the QS0 mode in the AlN/SiO2 

bilayer structure.  

 
Figure 6-5. Three transducer configurations for the Lamb wave excitation using (a) an IDT on one surface 

of the AlN layer with the other open-circuited interface, (b) an IDT on one surface of the AlN layer with 

the other short-circuited interface, and (c) double IDTs on both sides of the AlN layer. 
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Intriguingly, unlike the k
2
 deterioration in the AlN/SiO2 composite membrane, the k

2
 

of the S0 mode in the SiO2/AlN/SiO2 sandwiched plate is even larger than that in the AlN 

thin plate when hAlN/λ = 0.4–0.5 is employed in the propagation medium. Therefore, all 

the three transducer configurations on the symmetrical SiO2/AlN/SiO2 sandwiched plate 

exhibit the maximal intrinsic k
2
 at hSiO2/λ < 0.2 and hAlN/λ = 0.4–0.5 where the growing 

contribution of the e15 piezoelectric constant is more than the loading effect of non-

piezoelectric material [49]. 

 

Figure 6-6. Calculated k
2
 dispersion of the configuration A utilizing (a) the QS0 mode in the AlN/SiO2 

bilayer membrane and (b) the S0 mode in the symmetrical SiO2/AlN/SiO2 composite membrane. 

 

Figure 6-7. Calculated k
2
 dispersion of the configuration A utilizing (a) the QS0 mode in the AlN/SiO2 

bilayer membrane and (b) the S0 mode in the symmetrical SiO2/AlN/SiO2 composite membrane. 
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Figure 6-9 compares the intrinsic k
2
 dispersion curves of the S0 Lamb wave mode in 

the SiO2/AlN/SiO2 composite membrane for the three transducer configurations at hSiO2/λ 

= 0.1, 0.2, and 0.3. For any thickness ratio of AlN to SiO2, configuration A always 

exhibits a smaller k
2
 than configurations B and C because the electric field strength 

through the AlN plate of configurations B and C is higher, promoting the intrinsic k
2
 

strength of the S0 mode [47], [72]. The acoustic wave excitation of configurations B and 

C is usually dominated by the e31 piezoelectric constant so the k
2
 decreases steadily with 

the SiO2 thickness in contrast to the excitation in configuration A, but fortunately they 

still exhibit relatively large k
2
 strength when a thick SiO2 layer is utilized for thermal 

compensation.  

In particular, at the relatively thin AlN thickness region (i.e., hAlN/λ < 0.1), 

configurations B and C offer a similar k
2
 characteristic which is much larger than 

configuration A. Moreover, configurations A and B only require simple fabrication 

processes, whereas configuration C needs more complicated fabrication processes due to 

the required well alignment of the IDTs on the both sides of the AlN layer or an 

additional CMP process [40]. As a result, configuration B is preferred at the thin AlN 

thickness region (i.e., hAlN/λ < 0.1) considering the microfabrication complexity. 

However, at the thick AlN thickness region (i.e., hAlN/λ = 0.4–0.5), configuration C 

exhibits a very large k
2
 up to 4% even when a thick SiO2 layer is employed for thermal 

compensation at high temperatures; therefore, the double-sided IDTs configuration is 

favored while a large k
2
 is desirable for the high temperature-compensated LWRs.  

 

Figure 6-8. Calculated k
2
 dispersion of the configuration A utilizing (a) the QS0 mode in the AlN/SiO2 

bilayer membrane and (b) the S0 mode in the symmetrical SiO2/AlN/SiO2 composite membrane. 
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6.3 Thermally stable SiO2/AlN/SiO2 Lamb wave resonators at high 

temperatures 

The temperature-induced frequency drift of the resonator is related to the decrease in 

the material stiffness constants and thermal expansion coefficients. Neglecting the 

electrode thickness effect, the first-order TCF of the LWRs can be theoretically predicted 

using the method described in literatures [107]-[109]. The temperature coefficients of the 

material constants of AlN and SiO2 used in the simulation are obtained from literature [69] 

and listed in Table 3-2.  

 

Figure 6-9. k
2
 comparison of the S0 mode in the symmetrical SiO2/AlN/SiO2 composite membrane with 

different transducer configurations at hSiO2
/λ = (a) 0.1, (b) 0.2, and (c) 0.3. 
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The room temperature first-order TCFs of the QS0 mode in the AlN/SiO2 bilayer 

membrane and the S0 mode in the SiO2/AlN/SiO2 sandwiched membrane for hAlN/λ equal 

to 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6 are depicted in Figure 6-10. By adding the SiO2 layers 

onto the AlN thin film, the first-order TCF is generally increased with the thicker SiO2 

layer as shown in Figure 6-10. The turnover temperature can be determined by the first-

order, second-order, and higher-order TCF terms. It should be noted that only when the 

second-order TCF is close to zero, the higher-order TCF terms would affect the turnover 

temperature.  

To achieve temperature compensation at high temperatures, the first-order TCFs of 

the composite membrane could be intentionally positive at room temperature by 

designing hAlN/λ and hSiO2/λ [110]. Since the second-order TCFs of AlN and SiO2 are both 

 

Figure 6-11. Trade-off between the first-order TCF and intrinsic k
2
 of (a) the QS0 mode in the AlN/SiO2 

bilayer membrane and (b) the S0 mode in the SiO2/AlN/SiO2 sandwiched membrane at hAlN/λ = 0.2. 

 

Figure 6-10. Simulated room temperature first-order TCFs of (a) the QS0 mode in the AlN/SiO2 bilayer 

membrane and (b) the QS0 mode in the SiO2/AlN/SiO2 sandwiched membrane under different AlN and 

SiO2 thicknesses. 
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negative [109], the turnover temperature is expected to be above room temperature, 

implying the SiO2/AlN/SiO2 LWRs become thermally stable at high temperatures. 

However, the first-order TCFs of the S0 mode in the SiO2/AlN/SiO2 plate are slightly 

smaller than that of the QS0 mode in the AlN/SiO2 plate at the same hAlN/λ and hSiO2/λ, 

which means that the SiO2/AlN/SiO2 structure requires thicker SiO2 layers for achieving 

temperature compensation at the same temperatures. Moreover, since reliable second-

order TCEs of AlN and SiO2 are not available in current literatures, the second-order 

TCFs and turnover temperatures are not predicable so far. Once reliable TCE data of AlN 

and SiO2 are available in the future, the turnover temperature of the SiO2/AlN/SiO2 LWR 

can be accurately predicted. 

In addition, there is a general trade-off relation between the first-order TCF and k
2
 in 

the piezoelectric resonators [119]. For example, the k
2
 of the QS0 mode in the AlN/SiO2 

bilayer plate is smaller than the S0 mode in the SiO2/AlN/SiO2 sandwiched plate, whereas 

 

Figure 6-13. Trade-off between the first-order TCF and intrinsic k
2
 of (a) the QS0 mode in the AlN/SiO2 

bilayer membrane and (b) the S0 mode in the SiO2/AlN/SiO2 sandwiched membrane at hAlN/λ = 0.6. 

 

Figure 6-12. Trade-off between the first-order TCF and intrinsic k
2
 of (a) the QS0 mode in the AlN/SiO2 

bilayer membrane and (b) the S0 mode in the SiO2/AlN/SiO2 sandwiched membrane at hAlN/λ = 0.4. 
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the first-order TCF of the QS0 mode in the AlN/SiO2 composite membrane is closer to 

zero larger than the S0 mode in the symmetrical SiO2/AlN/SiO2 membrane, as can be 

compared between (a) and (b) in Fig. 6-11, Fig. 6-12 and Fig.6-13. Furthermore, the 

trade-off between the TCF and k
2
 can be observed in the same propagation medium. As 

shown in Fig. 6-12(a), the transducer configuration C on the AlN/SiO2 composite 

membrane exhibits a locally minimal TCF at hSiO2/λ = 0.18 and hAlN/λ = 0.4 where the 

transducer has a locally maximal k
2
. As illustrated in Fig. 6-11(b), all of the three 

transducer configurations on the symmetrical SiO2/AlN/SiO2 sandwiched plate show 

their maximal k
2
 but a locally minimal first-order TCF at hAlN = 0.4λ and hSiO2 = 0.2λ, 

revealing the trade-off between the TCF and k
2
 in the piezoelectric LWRs. The similar 

phenomena can also be found in Figure 6-11 and Figure 6-13 for different normalized 

AlN thicknesses. Despite the general trade-off, the sandwiched structure still provides the 

larger k
2
 under the same TCF than the bilayer structure. For example, as for the case of 

hAlN/λ = 0.4 and transducer configuration B, the SiO2/AlN/SiO2 sandwiched membrane 

achieves zero TCF at k
2
 =2.24% and the AlN/SiO2 bilayer membrane achieves zero TCF 

at k
2
 =1.50%. From the discussions above, a correct transducer configuration with proper 

selections of the AlN and SiO2 thicknesses enables the SiO2/AlN/SiO2 LWRs to have 

high phase velocity, large intrinsic electromechanical coupling coefficient, and good 

temperature-frequency stability at high temperatures. 

6.4 Conclusions 

In this chapter, we present the theoretical investigation on the acoustic characteristics 

of the thermally stable SiO2/AlN/SiO2 LWRs utilizing the S0 mode for high temperature 

applications. The symmetrical SiO2/AlN/SiO2 sandwiched plate experiences the less 

temperature-induced bending deformation than the conventional AlN/SiO2 bilayer plate 

when the operation temperature arises from room temperature to 600°C. The symmetrical 

SiO2/AlN/SiO2 sandwiched plate also enables the pure S0 mode which shows the higher 

vp and larger k
2
 than the QS0 mode in the AlN/SiO2 bilayer plate. In the SiO2/AlN/SiO2 

sandwiched membrane, the single IDT with the bottom electrode configuration offers a 

simple process flow and a large k
2
 at the relatively thin hAlN region (hAlN = 0.1λ). The 

double-sided IDTs configuration provides a large k
2
 up to 4% at the relatively thick hAlN 

region (hAlN/λ = 0.4λ) even when the thick SiO2 layers are employed for thermal 

compensation at high temperatures. Based on the correct choices of the AlN and SiO2 

thicknesses in the symmetrical SiO2/AlN/SiO2 sandwiched membrane, the LWRs can be 

thermally stable and retain a large k
2
 at high temperatures. 
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Chapter 7  

 

High-Frequency and Low-

Resonance-Impedance Lamb Wave 

Resonators Utilizing the S1 Mode 

In this work, a high-frequency (fs) and low-resonance-impedance (Zmin) Lamb wave 

resonator utilizing the first order symmetric (S1) mode propagating in highly textured 

AlN layers is presented. In order to achieve the larger electromechanical coupling 

coefficient and high phase velocity as well as avoid the negative group velocity in the S1 

Lamb wave mode, the 4-μm-thick AlN layer and 3-μm-wide finger electrodes are 

employed in the Lamb wave resonator design. The experimental results show that despite 

the S1 mode shows a slightly lower Q than the S0 mode, the S1 mode presents a Zmin of 94 

Ω at 1.34 GHz, lower than the Zmin equal to 224 Ω of the S0 mode at 878.3 MHz. 

7.1 Introduction 

MEMS resonators offer fascinating prospects for many important applications 

including frequency selection, timing reference, and physical sensing. In general, a low 

resonance impedance (Zmin) at high resonance frequency (fs) are the invariably requests 

for MEMS resonators since the low Zmin can provide a low phase noise for timing 

applications or convenient impedance match for electronic systems. The high operation 

frequency can increase the data rate for electronics and enhance the sensitivity for 

sensing applications [88]. However, while scaling down the dimensions of MEMS 

resonators enables a high resonance frequency, the miniaturization of excitation area 

would significantly decrease the coupling coefficient and deteriorate the losses, which 

increase the motional impedance. Consequently, a long-standing interest in the MEMS 

resonators is the ability to achieve high fs and low Zmin at the same time. 

Among various MEMS resonators, piezoelectric AlN Lamb wave resonators which 

are transduced by the IDTs recently capture attentions since they possess both advantages 

of SAW devices and FBARs [28]: the lithographically defined resonance frequency and 
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the high phase velocity, respectively. For all Lamb wave modes propagating in an AlN 

thin plate, the S0 mode is particularly preferred because it shows a phase velocity close to 

10,000 m/s, a moderate electromechanical coupling coefficient, and a low dispersive 

phase velocity characteristic [40], [72], [120]. However, the quality factor of the Lamb 

wave resonator using the S0 mode is degraded to 500 while the IDT finger width is 

decreased to the nanometer scale for a super-high fs at 3.46 GHz [121], [122]. 

The use of high-order Lamb wave modes in the AlN plate is an alternative approach 

to achieve a high fs for the piezoelectric resonators. Recently the first-order symmetric (S1) 

Lamb wave mode in an AlN thin plate has been demonstrated have a high phase velocity 

exceeding 20,000 m/s; however, the S1 mode showed three resonance peaks because they 

exhibit a negative group velocity when the AlN plate thickness (hAlN) normalized to the 

wavelength (λ) is equal to 0.167 [38]. In addition, the Q of 1100 in the S1 mode is not 

satisfied. In this work, in order to achieve a larger electromechanical coupling coefficient 

and a positive group velocity in the S1 Lamb wave mode, the 4-μm-thick AlN layer and 

3-μm-wide finger electrodes are employed in the Lamb wave resonators, resulting in a 

normalized AlN thickness (hAlN/λ) equal to 0.333. The experimental results show that the 

Lamb wave resonator utilizing the S1 mode presents a Zmin = 94 Ω at 1.34 GHz, lower 

than the Zmin = 224 Ω of that utilizing the S0 mode at 878.3 MHz. 

 
Figure 7-1. Simulated frequency response for a wide spectrum of a Lamb wave resonator on 0.4λ thick 

AlN and with floating bottom electrode. 
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7.2 Lamb Wave Modes Propagating in an AlN Plate 

7.2.1 The Multi-Modes Resonance 

As introduced in chapter 2, there are a series of Lamb wave modes for the symmetric 

and antisymmetric mode shapes. For a Lamb wave resonator, all these modes coexist at 

specific frequencies. Figure 7-1 shows an example of the frequency response for some of 

the modes in a Lamb wave resonator with floating bottom electrode on a 0.4 thick AlN 

plate simulated using FEA. The A1 mode is missing in this plot because the intrinsic 

electromechanical coupling coefficient is near-zero at this AlN thickness under the 

floating-bottom-electrode configuration, which can be found in Figure 7-4(b). Since the 

quality factors are not considered and the data in the plot is limited, the height of each 

mode in the simulated admittance plot doesn’t indicate any parameter and does not match 

with the measured result.  

The MBVD circuit model for a resonator that with multi- Lamb wave modes is 

depicted in Figure 7-2. Each motional branch corresponds to a resonance mode. The 

static arm is common to all Lamb wave modes. So the resonance frequency and effective 

coupling coefficient for a mode is: 

s,i

s,i

m,i m,i

1 1
( 1,2,3...)

2 2
f i

L C



 
   ,      (7.1) 

 

Figure 7-2. Multi-resonant MBVD circuit. Each leg corresponds to a resonance mode. 
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2
m,i2

eff,i

0

( 1,2,3...)
8

C
k i

C

  
  

 
,       (7.2) 

where i is the i-th resonance corresponding the Lamb wave mode shown in Figure 7-2. 

7.2.2 Phase Velocities 

The simulated phase velocities for the first ten Lamb wave modes are shown in 

Figure 7-3. The higher modes (S1, A1, S2, A2, …) other than the fundamental modes have 

very large phase velocities and very steep dispersions when the AlN is relatively thin 

(hAlN/λ < 0.3). Although the large phase velocities can enable ultra-high frequencies, the 

steep dispersion makes it almost impossible to fabricate the device working at a specific 

accurate frequency, which means the fabrication tolerance is terrible so that the higher 

modes are not applicable when the AlN is thinner than 0.3λ. 

Fortunately, when AlN becomes relatively thick (hAlN/λ > 0.3), the dispersion slope 

becomes flat that can give reasonable fabrication tolerance. What’s more, the phase 

velocities of the higher modes are much larger than the S0 mode, showing potential in 

enabling the ultra-high frequency devices (fs>2 GHz). 

7.2.3 Electromechanical Coupling Coefficients 

 
Figure 7-3. FEA simulations of the phase velocities of the first ten modes in the AlN Lamb wave 

resonators 
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The simulated effective coupling coefficients for the first ten Lamb wave modes and 

resonators for the single IDT electrode configuration, the IDT-floating BE electrode 

configuration, and the double-IDT electrode configuration are shown in Figure 7-4(a)-(c). 

It can be observed that except the S0 mode, some other modes also show moderate or 

high electromechanical coupling coefficients under some electrode configurations. For 

example, the A1 mode shows slightly larger k
2

eff under the single-IDT configuration when 

the AlN is relatively thin (hAlN/λ > 0.3) and relatively thick (hAlN/λ > 0.3). Intriguingly, 

the S1 mode generally shows comparable k
2

eff with the S0 mode. Under the floating-

bottom-electrode and double-IDT configurations, the k2eff of the S1 mode is larger than 

1% as long as AlN is thinner than 0.4 , which is the common AlN thickness range for a 

Lamb wave resonator (Figure 7-4(b), (c)). 

 

Figure 7-4. FEA simulations of effective coupling coefficients of AlN Lamb wave resonators for the (a) 

single IDT electrode configuration, (b) the IDT-floating BE electrode configuration, and (c) the double-

IDT electrode configuration for the first ten Lamb wave modes. 
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7.2.4 Temperature Coefficients of Frequency 

The TCFs for the first ten Lamb wave modes are also simulated for different 

thicknesses of AlN plates, as shown in Figure 7-5. All the TCFs of the first ten Lamb 

wave modes propagating in the AlN membrane that is thinner than λ are between -35 

ppm/˚C and -18 ppm/˚C. In contrast to the S0 mode that exhibits larger TCF when the 

AlN is thicker, the S1 mode exhibits larger TCF when the AlN is thicker. The dispersion 

of the TCFs is due to the dispersion of the phase velocities of the Lamb wave modes. 

Nonetheless, there is little difference between all the TCF values, meaning the 

consideration of TCF is not needed when we design the Lamb wave resonator based on 

pure AlN utilizing different modes.  

7.3 Lamb Wave Resonators Utilizing the S1 Mode 

Recently the S1 Lamb wave mode in the AlN thin plate has been demonstrated have a 

high phase velocity exceeding 20,000 m/s; however, the S1 mode showed three resonance 

peaks because they exhibit a negative group velocity when the AlN plate thickness (hAlN) 

normalized to the wavelength (λ) is equal to 0.167 [38]. In addition, the Q of 1100 in the 

S1 mode is not satisfied. In this work, in order to achieve a larger electromechanical 

coupling coefficient and a positive group velocity for the S1 Lamb wave mode, the 4-μm-

thick AlN layer and 3-μm-wide finger electrodes are employed in the Lamb wave 

 
Figure 7-5. Simulated TCFs of the first ten Lamb wave modes in AlN plate. 
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resonators, creating a normalized AlN thickness (hAlN/λ) equal to 0.333. The experimental 

results show that the Lamb wave resonator utilizing the S1 mode presents a Zmin = 94 Ω at 

1.34 GHz, smaller than the Zmin = 224 Ω of that utilizing the S0 mode at 878.3 MHz. 

Again, Figure 7-6(a) shows the phase velocity dispersion of the first four Lamb wave 

modes propagating in an AlN plate. As depicted in Figure 7-6(a), the first-order 

antisymmetric (A1) and S1 Lamb wave modes in an AlN thin plate have steep phase 

velocities when the AlN plate thickness is thin, making them not preferred for MEMS 

resonators although they have much higher phase velocities than the S0 mode. It is noted 

that the phase velocity dispersion of the S1 Lamb wave mode becomes much smooth 

while a thicker AlN plate (i.e., hAlN/λ > 0.3) is employed. As a result, it is possible to 

enable the acoustic resonators utilizing the S1 Lamb wave mode in the piezoelectric AlN 

plate. 

 

Figure 7-6. (a) Phase velocity dispersion, (b) electromechanical coupling dispersion, and (c) the phase 

velocity curve normalized to the shear BAW velocity of the first four Lamb wave modes propagating in an 

AlN plate. 
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Figure 7-6(b) illustrates the electromechanical coupling dispersion of the first four 

Lamb wave modes in an AlN plate with a non-metallized (open-circuited) bottom surface. 

As shown in Figure 7-6(b), when the normalized AlN thickness is close to 0.3, the S1 

Lamb wave mode exhibits a larger k
2
, enabling the electroacoustic resonators utilizing the 

S1 mode in the AlN plate. 

In order to investigate the group velocity of the first four Lamb wave modes in the 

AlN plate, the phase velocity curve can be normalized to the wavelength and the phase 

velocity of shear bulk acoustic wave (vshear = 6,106 m/s) as shown in Figure 7-6(c) [38]. 

When the normalized AlN thickness hAlN/λ is about 0.3, the S1 mode shows a zero group 

velocity [123] and while the hAlN/λ is larger than 0.3, the S1 mode can exhibit a positive 

group velocity, indicating the S1 mode is able to propagate out the IDT region. It 

concludes that the S1 mode exhibits a smooth phase velocity dispersion, a larger k
2
, and a 

positive group velocity if the hAlN/λ is larger than 0.3. Therefore, 4-μm-thick AlN plate 

and 3-μm-wide electrodes are employed in the Lamb wave resonator and result in a hAlN/λ 

equal to 0.333 in this work. 

7.4 Experimental Results 

To obtain highly c-axis oriented AlN thin films and prevent the interface loss induced 

by the bottom electrodes [72], the Lamb wave resonators are intentionally designed with 

no backside metallization in this study. The 4-μm-thick c-axis oriented AlN films were 

deposited on the substrate using AC reactive magnetron sputtering at approximately 350 

 

Figure 7-7. The measured frequency spectrum of the Lamb wave resonator on a 4-μm-thick AlN plate. 
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°C. The AlN film was examined by XRD and the 4-μm-thick AlN film shows a FWHM 

value of 1.13°, implying the AlN film owns excellent crystallinity. 

The AlN Lamb wave resonators in this study were fabricated using a two-mask 

fabrication process flow which was previously published in [34]. The AlN Lamb wave 

resonator has 13 strips of 100-nm-thick Pt IDT electrodes, the electrode width is 3 μm, 

and the IDT aperture is 180 μm. 

Figure 7-7 depicts the measured broadband frequency spectrum of the AlN Lamb 

wave resonator measured from 200 MHz to 2 GHz. COMSOL FEA multiphysics 

software was used to simulate the resonance mode shapes of the Lamb wave modes 

propagating in the AlN plate and the corresponding resonance mode shapes are inserted 

as insets in Figure 7-7. The experimental results show that the S1 mode has a Zmin lower 

than the other three modes. 

Figure 7-8 shows the measured admittance spectrum of the Lamb wave resonator 

using the S0 mode in the 4-μm-thick AlN plate and it shows a low k
2

eff of 0.28%, a Q of 

2,210, and a Zmin of 224 Ω at 878.3 MHz. However, there are several unwanted spurious 

modes occurring around the S0 Lamb wave mode and the sources of these spurious 

modes are still under investigation. 

In addition, as shown in Figure 7-7, the Lamb wave resonator utilizing the S1 mode in 

the 4-μm-thick AlN plate shows a larger k
2

eff of 0.42%, a slightly lower Q of 1,837, a 

smaller Zmin of 94 Ω, and a higher fs of 1.34 GHz than the S0 Lamb wave mode. The 

experimental results show that the S1 mode exhibits a superior performance over the S0 

mode while the hAlN/λ is equal to 0.333. Moreover, in comparison to the previous work in 

[38], the piezoelectric resonator using the S1 mode shows a clean frequency spectrum in 

this work as the S1 mode has a positive group velocity at hAlN/λ = 0.333. It should be 

noted that the Q and k
2

eff reported herein are not optimal and can be improved to a large 

extent. For example, the Q of the S1 Lamb wave mode can be boosted by reducing the 

anchor loss [34], [100] or interface loss [124]. 

 

Figure 7-8. The measured frequency spectrum of the Lamb wave resonator on a 4-μm-thick AlN plate. 
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7.5 Temperature Compensation of the S1 mode 

By adding a compensating layer of SiO2 with an appropriate thickness, a Lamb wave 

resonator based on a stack of AlN and SiO2 layers can achieve a zero first-order TCF. By 

calculation the electromechanical coupling coefficient and the group velocity at of the S1 

Lamb wave mode, a relatively thin AlN and SiO2 thickness combination can be chosen 

that offers a low-TCF, large k
2
 and a positive group velocity simultaneously. This new 

SiO2/AlN structure utilizing the S1 Lamb wave mode simultaneously offers superior 

temperature stability, high fs, large k
2
, and low spurious mode level. 

Figure 7-9 shows the k
2
 and first-order TCF at different AlN and SiO2 thickness 

combinations. By designing the SiO2/AlN thickness ratio a near-zero TCF at room 

temperature can be obtained. For example, for hAlN/λ ~ 0.2, a thickness for SiO2 of hSiO2/λ 

~ 0.04 can be chosen, as shown in Figure 7-9(a). What’s more, from Figure 7-9(b), the 

electrode configuration C, which has a top IDT on the AlN layer and an electrode at the 

interface, offers large k
2
 at the preferred AlN and SiO2 thickness combination and also a 

simple fabrication process, since the IDT electrode is not in the interface. These 

simulation results lay the foundation for temperature-compensated, high-fs and k
2
 

SiO2/AlN Lamb wave resonators utilizing the S1 mode. 

 

Figure 7-9. Simulated (a) first-order TCF and (b) electromechanical coupling strength of the S1 mode in 

AlN/SiO2 composite plates. 
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7.6 Conclusions 

The use of high-order Lamb wave modes in the AlN plate is an alternative approach 

to achieve a high fs for the piezoelectric resonators. Recently the S1 Lamb wave mode in 

the AlN thin plate has been demonstrated have a high phase velocity exceeding 20,000 

m/s; however, the S1 mode showed three resonance peaks because they exhibit a negative 

group velocity when the AlN plate thickness (hAlN) normalized to the wavelength is equal 

to 0.167 [38]. In addition, the Q of 1100 in the S1 mode is not satisfied. In this work, in 

order to achieve a larger electromechanical coupling coefficient and a positive group 

velocity for the S1 Lamb wave mode, the 4-μm-thick AlN layer and 3-μm-wide finger 

electrodes are employed in the Lamb wave resonators, creating a normalized AlN 

thickness (hAlN/λ) equal to 0.333. The experimental results show that the Lamb wave 

resonator utilizing the S1 mode presents a Zmin = 94 Ω at 1.34 GHz, smaller than the Zmin 

= 224 Ω of that utilizing the S0 mode at 878.3 MHz. 

In addition, the compensation technique for the Lamb wave resonators using the S1 

mode is explained and the simulation result is presented. 
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Chapter 8  

 

Conclusions 

The piezoelectric AlN LWRs present a promising resonator technology which offers 

post-CMOS compatibility, multiple frequencies on a single chip, small size, low motional 

impedance, medium keff
2
 and medium Q. The AlN LWRs show prospects to revolutionize 

the current wireless communication systems, such as the application in the frequency 

references or bandpass filters. Enjoying the merits of both SAW resonator and FBAR, the 

low deposition temperature of the AlN thin film and the Si-based fabrication processes of 

the LWRs show potential integration with the CMOS circuits, and the AlN LWRs can 

offer multiple frequencies on one die for future realization of a single chip RF front-end. 

Moreover, the LWRs present a superior in low motional resistances to the electrostatic 

resonators, allowing interfacing with the standard 50 Ω RF systems. In order to enhance 

the performance of the electronic system, the integration of micromechanical resonators 

directly onto the circuitry is an excellent approach to avoid unnecessary energy loss. 

However, the performance parameters needs to be further improved to further enable the 

low-loss, thermally stable, and wide bandwidth filters, and the low-loss, precise and 

stable oscillators. This dissertation addresses a number of issues and demonstrated the 

high-performance (high-fs., large-k
2
, high-Q, low-TCF, and low-resonance impedance 

(Zmin)) piezoelectric AlN LWRs to fulfill the technical requests for the RF front-end. 

The selection of electrode materials and thicknesses has large impact on the 

performance of micro-acoustic resonators. Although the effect of electrode materials and 

thicknesses has been intensively studied for the SAW resonators and FBARs, the 

dispersive characteristic of the Lamb wave makes it complicated and different from SAW 

resonators or FBARs, and there is yet no systematic study for the Lamb wave resonators. 

For the first time, this study adopts the finite element analysis to investigate the influence 

of electrodes on the Lamb wave resonators using the S0 mode. Four types of electrode 

configurations for the AlN Lamb wave resonators are considered here and compared for 

the pure AlN structure. For each electrode configuration, the effect of metal electrodes on 

the phase velocities and effective coupling coefficients are calculated and analyzed. The 

phase velocity is directly related to the density and equivalent phase velocity in the metal, 

while the coupling coefficients depend on the density and acoustic impedance of the 

metal. Large-Z material is preferred for the IDT and light material is favored for the 

bottom electrode to optimize the effective coupling coefficient. The impact of the 

electrode thickness is also analyzed: thicker metal for the IDT loads the k
2

eff more when 

AlN is thin and enhance k
2

eff more when AlN is relatively thick. These results reveal the 
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potential of high-fs and large–k
2

eff AlN Lamb wave resonators by careful selection of 

electrodes for frequency selection applications. 

A new design approach for improving the anchor loss of the Lamb wave resonators is 

presented. By using the butterfly-shape AlN plate, the displacement in the tethers is 

efficiently suppressed and the energy loss via the tethers is then reduced. The 59˚ 

butterfly-shaped resonator enables an unloaded Q up to 4,758, showing a 1.42× 

enhancement over the conventional resonator. In addition, the experimental results are in 

good agreement with the simulated predictions by the 3D PML-based FEA model, 

confirming that the butterfly-shaped AlN thin plate can efficiently eliminate the anchor 

dissipation. The Q of the Lamb wave resonators is expected to be significantly increased 

using the butterfly-shaped plate if the interfacial loss can be minimized by well-

controlled interface stresses under optimized metal deposition conditions. In addition, the 

butterfly-shaped plate didn’t introduce spurious modes on a wide spectrum, compared to 

other Q increase techniques. By employing the butterfly-shape AlN plates with rounded 

tether-to-plate transition which has smaller tether-to-plate angle, the suppression in the 

anchor loss and enhancement in the Q is even more effective. The simulated 

displacement profiles show that the butterfly-shaped plate significantly reduces the 

displacement at the plane center, and the rounded one offers a better efficiency on the 

displacement suppression at the plane center. The simulated Qanchor using the 3D PML-

based FEA model also confirm that the rounded butterfly-shape plates can successfully 

minimize the anchor loss and boost the Qanchor. The butterfly-shaped resonator with 45˚ 

beveled tether-to-plate transition yields a Q of 1,979 which upwards 30% over a 

conventional rectangular resonator; another AlN LWR on the butterfly-shaped plate with 

rounded tether-to-plate transition yields a Q of 2,531, representing a 67% improvement. 

By comparing the performances with different number of electrodes it is found that the 

butterfly shape shows constant enhancement on Q and a reduction on Zmin. When the NE 

becomes larger, the Zmin becomes smaller and the loaded Q decreases because the lower 

Rm causes an obvious electrical loading effect on the Q. When NE becomes too large (> 

40), there are strong spurious modes due to internal reflection of the IDTs, which is not 

preferable. 

We also presented the theoretical investigation on the acoustic characteristics of the 

thermally stable SiO2/AlN/SiO2 LWRs utilizing the S0 mode for high temperature 

applications. The symmetrical SiO2/AlN/SiO2 sandwiched plate experiences the less 

temperature-induced bending deformation than the conventional AlN/SiO2 bilayer plate 

when the operation temperature arises from room temperature to 600°C. The symmetrical 

SiO2/AlN/SiO2 sandwiched plate also enables the pure S0 mode which shows the higher 

vp and larger k
2
 than the QS0 mode in the AlN/SiO2 bilayer plate. In the SiO2/AlN/SiO2 

sandwiched membrane, the single IDT with the bottom electrode configuration offers a 

simple process flow and a large k
2
 at the relatively thin hAlN region (hAlN = 0.1λ). The 

double-sided IDTs configuration provides a large k
2
 up to 4% at the relatively thick hAlN 

region (hAlN/λ = 0.4λ) even when the thick SiO2 layers are employed for thermal 

compensation at high temperatures. Based on the correct choices of the AlN and SiO2 

thicknesses in the symmetrical SiO2/AlN/SiO2 sandwiched membrane, the LWRs can be 

thermally stable and retain a large k
2
 at high temperatures. 
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The use of high-order Lamb wave modes in the AlN plate is an alternative approach 

to achieve a high fs for the piezoelectric resonators. Recently the S1 Lamb wave mode in 

the AlN thin plate has been demonstrated have a high phase velocity exceeding 20,000 

m/s; however, the S1 mode showed three resonance peaks because they exhibit a negative 

group velocity when the AlN plate thickness (hAlN) normalized to the wavelength is equal 

to 0.167. In addition, the Q of 1100 in the S1 mode is not satisfied. In this work, in order 

to achieve a larger electromechanical coupling coefficient and a positive group velocity 

for the S1 Lamb wave mode, the 4-μm-thick AlN layer and 3-μm-wide finger electrodes 

are employed in the Lamb wave resonators, creating a normalized AlN thickness (hAlN/λ) 

equal to 0.333. The experimental results show that the Lamb wave resonator utilizing the 

S1 mode presents a Zmin = 94 Ω at 1.34 GHz, smaller than the Zmin = 224 Ω of that 

utilizing the S0 mode at 878.3 MHz. In addition, the compensation technique for the 

Lamb wave resonators using the S1 mode is explained and the simulation result is 

presented. 
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