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Abstract
Experimental Study of Fine Frequency Selection Techniques
for Piezoelectric Aluminum Nitride Lamb Wave Resonators
by
Ting-Ta Yen
Master of Science, Plan II in Electrical Engineering and Computer Sciences
University of California, Berkeley
Professor Albert P. Pisano, Chair

Strong demand for high-Q resonators and filters in mobile wireless communication systems
has initiated various research on radio frequency microelectromechanical systems (RF MEMS).
Several CMOS-compatible RF MEMS resonator technologies, either electrostatic or
piezoelectric, can provide multi-frequency operation on a single substrate and have the potential
to realize a channel-select RF front-end architecture. However, utilizing a narrowband filter bank
in such an architecture as the key component for frequency selection leads to a major challenge:
fine frequency control. Depending upon the standard, it may entail the simultaneous fabrication
of tens to hundreds of filters with 0.05 to 0.1% bandwidth, and spacing.
Aluminum nitride (AlN) Lamb wave resonators (LWRs) utilize piezoelectric transduction to
ensure low motional resistance. The resonance frequency of a LWR is defined by interdigital
transducer (IDT) pitch and is thus decoupled from the overall device dimensions. This fine
frequency selection technique is enabled by adjusting the so-called AlN "overhang" dimension
allowing control of relative frequency of Lamb wave resonators in an array to 0.1%.
Experimental results suggest the center frequency of LWRs can be linearly adjusted by up to 5%
with no significant effect on other resonator parameters including Q, Rm, C0, and kt2. Closely and
evenly spaced AlN Lamb wave resonators, without post-process trimming, demonstrate the
potential to realize a pure mechanical, high performance, yet low power RF front-end system.
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Chapter 1
Introduction

Microelectromechanical systems (MEMS) benefiting from scaling have been researched
and successfully commercialized in many fields of technology, especially sensors and actuators.
Miniaturization in mechanical systems leads to higher speed, higher efficiency, higher degree of
integration, lower power consumption, and usually lower cost. In recent decades, radio frequency
microelectromechanical systems (RF MEMS) utilizing micro-mechanical structures vibrating at
specific frequencies (from kilohertz up to gigahertz range) have replaced on-chip electrical RF
devices to serve frequency control functions due to their high quality factor and performance.
With quality factor 103‒105 times higher than their on-chip electrical counterparts, RF MEMS
resonators offer promising building blocks to synthesize low-loss bandpass filters used in
contemporary wireless communication systems.
This chapter will start by introducing a novel channel-select RF front-end architecture. The
narrowband filter bank is the key component for the frequency selection function. Technical
challenges of this architecture will be addressed, followed by short descriptions of existing
technologies and their merits and demerits.

1.1 Motivation: An RF Channel-Select Architecture
In order to reduce power consumption and complexity of integration in next-generation
communication systems, resonators and filters based on MEMS technology have been
considered as direct replacements for off-chip passive components such as crystals, surface
acoustic wave (SAW) filters, and inductors for bias and matching networks [1, 2]. Figure 1
presents block diagrams of possible receiver front-end architectures adapting MEMS resonator
technology to realize a highly integrated system [2]. The direct conversion receiver architecture
1

[3, 4] uses minimum numbers of costly off-chip components including SAW band-select filters
and quartz crystals used for the frequency control/reference purposes. Although this architecture
has eliminated the need for IF filters and off-chip inductors, the use of RF low-noise amplifiers
(LNAs) and transistor mixers increases the complexity of integrated circuits (IC) as well as their
power consumption.
C. Nguyen et al. employed the advantages of high-Q MEMS resonator technology to
eliminate the need for RF LNAs and transistor mixers, and proposed a channel-select RF frontend architecture [2, 5]. The key feature of this architecture is the use of a multitude of closely
spaced narrowband filters, i.e., filter bank, paired with low loss switches to fulfill the frequency
selection function. Due to the elimination of LNAs and mixers, this channel-select architecture
significantly simplifies the circuits further down the receiver path and thereby reduces the power
consumption while increasing capabilities of the whole system [1].
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Figure 1.1 Two RF receiver front-end architectures via the use of MEMS resonators and filters [2].
Due to the elimination of LNAs and mixers, the channel-select architecture significantly simplifies
the circuits further down the receiver path and thus effectively reduces the power consumption.
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1.2 Technical Challenges
This multi-band RF front-end requires the ability to fabricate closely spaced narrowband RF
filters. Several MEMS resonator technologies, either electrostatic [1, 6] or piezoelectric [7, 8],
could provide multi-band operation on a single silicon substrate and have the potential to
implement this channel-select architecture. The technical challenges are discussed in this section.

1.2.1 Multiple Frequencies
The emerging demands of highly-integrated wireless communication systems have raised
the needs for monolithic integration of various passive frequency control elements on a single
substrate. For example, most current CDMA/GSM cellular phones, requiring a dozen or even
more bandpass filters from the intermediate frequency (IF) to the Bluetooth band, use off-chip
quartz, SAW devices, or thin-film bulk acoustic resonator (FBAR) components for the frequency
selection purpose. The proposed channel-select architecture will require the ability to fabricate
10 to 100 closely spaced narrowband RF filters which reinforces the necessity to integrate all
filters on a single die.

1.2.2 Impedance Match
Presently, most microwave hardware is specified to run in the 50-ohm characteristic
impedance system due to historical reasons [9, 10]. In dealing with AC signals, the maximum
power transfer from the source to the load occurs when the load impedance (ZL) is equal to the
complex conjugate of the source impedance (ZS). Impedance mismatch brings in reflections
between interconnected circuit elements which impede power transfer and therefore affect
system performance. For filter applications, large motional resistance of a resonator translates
into large insertion losses or the need for bulky matching elements which make them difficult to
be integrated with existing 50-ohm systems.

1.2.3 Post-CMOS Compatibility
Thermal budget is the total amount of thermal energy transferred to the wafer during a
given elevated temperature fabrication process. To prevent redistribution of dopants and damage
of CMOS electronics with aluminum or copper metallization, post-CMOS MEMS process
temperature should be limited to a maximum of 450°C [11]. To achieve the highest order of
integration, candidate technologies should adapt only CMOS-compatible structural materials.
The system performance could also benefit from the replacement of discrete crystal/filter
components with highly-integrated low-thermal-budget thin-film MEMS solutions by reducing
parasitic noises and packaging size.
3

1.2.4 Fine Frequency Selection
To correct deviations of operating frequency, post-process trimming is usually necessary for
commercialized products. Depending upon the standard, the channel-select architecture may
entail the simultaneous fabrication of tens to hundreds of narrowband filters with 0.05 to 0.1%
bandwidth and 0.05 to 0.1% center frequency spacing. Mass loading and laser trimming are two
commonly used methods for post-process fine frequency tuning; however they are costly and
impractical for a filter bank with more than ten filters. It would therefore be advantageous to
develop fine frequency selection techniques or active trimming techniques to define the relative
center frequency of each resonator in an array.

1.3 Existing Approaches
The discovery of piezoelectricity by the Curie brothers in 1880 led to the emerging research
and applications of electro-acoustic (EA) devices. By imposing different boundary conditions to
the equation of motion, different types of acoustic waves can be obtained. They can be roughly
categorized into: surface acoustic waves (SAW), bulk acoustic waves (BAW), and plate acoustic
waves (PAW). Except for the piezoelectric transduction, electrostatic MEMS resonators made of
poly-silicon, poly silicon-germanium, or metals also provide promising solutions. This section
will give a short introduction to four current resonator technologies. A short comparison based
on previously mentioned technical challenges will also be presented.

1.3.1 Surface Acoustic Wave Devices
In 1885, Lord Rayleigh first described the acoustic waves with longitudinal and vertical
shear components and named them surface acoustic waves (SAW) [12]. These discoveries
remained scientific research topics until the breakthrough invention of using interdigital
transducer (IDT) on piezoelectric substrates by R. White and F. Voltmer in 1965 [13]. Since
then, this technology has dominated the market for decades.
Figure 1.2 shows two commonly used SAW resonator topologies and the laser
interferometer images of the propagating surface acoustic waves. This type of acoustic wave
only propagates near the surface of a semi-infinite solid and the amplitude decays exponentially
with depth into the substrate. They can be confined by reflector structures or gratings at either
end of the IDT array and form standing waves. Besides, SAW can couple with any media in
contact with the surface and is therefore widely used in non-destructive defect testing. One of the
earliest successful applications was the intermediate frequency (IF) bandpass filter for television
4

receivers [14]. Single crystalline quartz, lithium niobate (LiNbO3), and lithium tantalate
(LiTaO3) are commonly used substrate materials for SAW devices.

(a)

(b)

(c)

(d)

Figure 1.2 SAW resonators and the laser interferometer images: (a) and (b) are two
commonly used topologies for SAW resonators [15]; (c) shows a laser interferometer image
of a SAW propagating on an aluminum surface [16]; (d) corresponds to the side acoustic
radiation of a shear horizontal leaky SAW (SH-LSAW) by using the polarization detection
method [15].

In a given substrate, the frequency of SAW devices is determined by the IDT electrode
pitch which in turn is limited by the resolution of the lithography tool. For higher frequency
applications, substrates with higher acoustic velocity are necessary. H. Nakahata and G. Iriarte
et al. have demonstrated SAW devices with phase velocity exceeding 10,000 m/s using
AlN/poly-diamond composite layers [17, 18].

1.3.2 Bulk Acoustic Wave Devices
Among all types of acoustic waves, the bulk acoustic wave (BAW) is the first one to have
practical applications due to its simple generating/detecting structure. P. Langevin first utilized
the BAW in a steel-quartz-steel transducer for a submarine sonar system during World War I.
Since then, quartz has been of primary importance in both frequency control and sensor
applications due to its superior low acoustic losses and excellent temperature stability. The
5

quartz crystal microbalance (QCM) is another widely used sensor utilizing BAW for the
detection of mass loading from atomic and molecular species.
In the microwave region, the traditional EA technologies use bulk single-crystalline
piezoelectric substrates. Although having excellent performance and temperature stability, these
bulk materials are not compatible with existing CMOS processing and are difficult to scale to
higher frequency applications. The successful synthesis of high quality zinc oxide (ZnO) thin
film on silicon by reactive sputter deposition initiated thin-film EA technologies. Solidly
mounted resonators (SMR) and thin-film bulk acoustic resonators (FBAR) are two
commercialized technologies utilizing BAW in piezoelectric thin films. Figure 1.3 describes
these two technologies.

(a)

(b)

Figure 1.3 Two commercially available bulk acoustic wave resonator technologies: (a) Top view
of a 2-stage π ladder filter and the cross-section view of five λ/4-reflector stacks of the SMR [19];
(b) A top view of a receiver (Rx) chip used in a PCS duplexer composed of three series and four
shunt FBARs [20] and the side view of the AlN membrane stretching over a micromachined silicon
pit [21].
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For SMR technology, the piezoelectric thin film is deposited on a Bragg reflector stack
which consists of alternating pairs of high and low acoustic impedance materials [22]. The
operation is based on transducing standing bulk acoustic waves across the thickness direction of
an acoustically isolated piezoelectric thin film. Those layers in the Bragg reflector are of quarter
wavelength thickness of the desired frequency to reflect most of the acoustic energy leaking to
the substrate. Though this non-free-standing structure is very resistant to shack damage, the
precise thickness control dramatically increases the fabrication costs. On the other hand, the
FBAR structure is a released and free-standing piezoelectric membrane which is also sandwiched
between top and bottom electrodes. FBAR resonators utilize the (0002)-oriented AlN films since
this direction exhibits the highest piezoelectric coefficients. The boundaries between the
piezoelectric layer and the air gap enable a high reflectance of the acoustic waves and high Q
values. Common applications using FBAR technology are RF filters and duplexers at 1.9 GHz
for cellular phone applications.

1.3.3 Contour-Mode Aluminum Nitride MEMS Devices
AlN contour-mode resonator technology has been developed in Berkeley Micromechanical
Analysis and Design (BMAD) research group since 2002. Similar to FBAR, these resonators
consist of a piezoelectric AlN structure layer sandwiched between top and bottom electrodes, and
normally anchored with quarter-wavelength long tethers to the surrounding materials. An
isotropic xenon difluoride (XeF2) dry release step is applied to remove the silicon substrate
beneath each resonator to form the acoustic isolation. Figure 1.4 shows some of these contourmode resonators developed in BSAC. The in-plane device dimensions determine the resonance
frequencies of these devices: device A is a width-extensional mode rectangular plate and the
resonance frequency is defined by its width dimension, whereas device E adapts a circular ring
topology and sets the frequency by its inner- and outer-radius ratio.
On the other hand, the motional resistance of a contour-mode resonator is in reciprocal
proportion to the effective transduction area. A resonator operating at VHF (30 – 300MHz) or IF
bands has a typical motional resistance value less than 100 Ω and the quality factor Q above
1,000 (measured in the atmosphere) [8, 23-26]. Decreasing the lateral dimensions corresponding
to the standing wavelength for higher frequency applications results in increasing the motional
resistance and thus poses a design dilemma.

7
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F

Gianluca Piazza & Philip Stephanou, BSAC, 2002-2006

Figure 1.4 AlN contour-mode resonators with different topologies: A is a two-port widthextensional mode rectangular resonator; B is an AlN disk excited in a wineglass contour mode
[23]; C is a dual mode annular resonator [24]; D shows two rectangular plate resonators
mechanically coupled through a λ/4 coupling beam [25]; E and F are single-support circular- and
rectangular-shaped ring resonators [26].

1.3.4 Electrostatic Vibrating MEMS Devices
Electrostatic MEMS resonators using single-crystal silicon, poly-silicon (poly-Si), or
polycrystalline silicon-germanium (poly-SiGe) as device layers have been studied since the
1990s. Most of these devices are fabricated using surface micromachining processes. The
transduction is based on introducing electrostatic force across a sub-micron air-gap [5] or a
dielectric-filled gap [27-29], and then transducing acoustic waves across the acoustically isolated
disks or plates.
The resonance frequency is determined by the lateral dimensions and can be set at the
layout level. These electrostatic resonators typically have Q greater than 10,000 and are excellent
solutions to replace quartz oscillator crystals in reference clock circuits [30, 31]. However the
small electromechanical coupling and high motional impedance make their interface with 50ohm systems very difficult and limit the applications for RF filters.
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A

B

D

C

E

Figure 1.5 Electrostatic resonators: device A is a poly-Si clamped-clamped beam flexural-mode
resonator [32] and B is a wine-glass disk resonator [33]; device C is a hafnium dioxide-on-silicon
bar shear mode resonator [6]; device D and E are a bulk-longitudinal resonator and a double-ended
tuning fork (DETF) resonator both made of poly-SiGe [34].

1.3.5 Comparison
The SAW devices are one of the most mature EA technologies and have been dominated
the market for decades owing to their simple fabrication process (usually less than two masks).
The piezoelectric transduction ensures high electromechanical coupling and low motional
resistance. Certain cuts of quartz even have extremely good thermal stability and is widely used
for timing references. Although some research groups have started investigating the fabrication
of SAW devices on piezoelectric thin films deposited on silicon wafers [35, 36], single
crystalline substrates currently used in conventional SAW devices are still exotic and
incompatible with current CMOS process and have precluded the monolithic integration with
circuits. The low phase velocity of SAW also requires the use of a high resolution lithography
tool for high frequency applications.
9

Although having the highest acoustic velocity and the lowest motional resistance among all
piezoelectric resonator technologies, the FBAR or SMR devices define the resonance frequency
by the thin film thickness and cannot fulfill the needs for building multitude channels on a single
chip without post-process trimming. Besides, the high electromechanical coupling of BAW
devices enables the wide bandwidth applications such as duplexers and band select filters.
However, this feature also indicates the difficulty to synthesize narrowband filter banks proposed
here.
AlN contour-mode MEMS resonator technology sets the operation frequencies by in-plane
dimensions and enables building multiple frequency devices on a single chip. As with other
piezoelectric transduction AE devices, AlN contour-mode resonators typically have a motional
resistance less than 200 Ω and can be designed close to 50 Ω for easy impedance matching. High
quality AlN thin film can be synthesized by AC reactive sputtering at 350°C, a low-thermalbudget, post-CMOS-compatible deposition process. Although with very high Q at IF band, it is
impractical to adapt this topology for UHF (300 MHz ‒ 3 GHz) applications and fine frequency
selection with 0.1% relative frequency shifting by each channel.
The electrostatic resonators having extremely high Q are very suitable as replacements of
oscillator crystals. However, devices with high motional resistance are very difficult to match to
50-ohm circuits or antennas by using on-chip matching networks which only provide a
termination impedance of the order of 1 kΩ. Besides, in order to avoid damaging CMOS
electronics with metal interconnects, the post-CMOS MEMS process temperatures is
recommended to be limited to a maximum of 450°C. This constraint rules out the conventional
poly-Si as a candidate structural material for post-CMOS integrated MEMS [11]. Low
temperature processes such as poly-SiGe or metal processes are alternative solutions for modular
integration of MEMS with electronics due to the much lower deposition temperature.

1.4 Thesis Outline
This research thesis is laid out in four chapters. Chapter 1 has presented the research
motivation, technical challenges, and existing solutions. Chapter 2 will provide the fundamentals
of piezoelectric transduction, material properties of aluminum nitride, and characteristics of
Lamb waves propagating in a piezoelectric thin film. Resonator basics, design, and the
fabrication process will be discussed in Chapter 3. Experimental study of four fine frequency
selection techniques by adjusting electrode number n, device length L, electrode coverage η, and
the overhang OH will also be demonstrated in this chapter. Chapter 4 will conclude the whole
work and point out the potential research directions.
10

Chapter 2
Fundamentals of Piezoelectric Transduction

Piezoelectricity is a well studied and widely used physical effect that has its name derived
from the Greek word piezein, meaning "to press". Crystals which acquire charges when
compressed, twisted, or distorted are said to be piezoelectric. This effect is an inherent material
property in crystals having no center of symmetry. In this chapter, fundamental piezoelectric
transduction will be discussed. It will start with basic governing equations of piezoelectric
transduction, and then discuss the characteristics of Lamb waves propagating in the AlN thin
film. Electrical and piezoelectric material properties of AlN will also be discussed at the end of
the chapter.

2.1 Piezoelectricity
2.1.1 Piezoelectric Effect
Piezoelectricity is described as the formation of the electric polarization or electric charges
induced by a mechanical strain. Conversely, a mechanical deformation is produced when an
electric field is applied to a piezoelectric substance. This is an inherent property of a material that
has a non-symmetrical crystallographic structure with respect to a point (lacks a center of
symmetry) and provides a convenient transduction between electrical and mechanical
oscillations. Crystals with a center of symmetry, such as cubic crystals, are not piezoelectric
because the net electric dipole within the primitive unit cell is always zero, no matter how the
structure deforms.
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
11

imaginary line that pointing through the center of the negative and positive charges in the dipole.
In a monocrystal, the polar axes of all the dipoles lie in one direction. This crystal is called
symmetrical since no matter how the crystal is cut, the polar axes will remain in the same
direction as the original. A polycrystal is called asymmetrical since within which the polar axes
are pointing randomly in different regions. Adding up these individual dipoles over the entire
crystal gives a net polarization and an effective electric field within the material.
A typical experimental configuration is shown in Figure 2.1. When a voltage is applied
across along one of the major axes, the eii term piezoelectric coefficient maps the electric field to
the induced stress along that direction, while the eij term maps the electric field to the induced
stress along orthogonal axes.

eii
eij

Figure 2.1 Qualitative determination of piezoelectric constants: eii
maps the electric field to the stress along the same direction, and eij maps
the electric field to stress along orthogonal axes.

If an oscillating electric field is applied to a piezoelectric substrate, the substrate will
respond with mechanical vibrations and produce mechanical waves. Distortions of the these
crystals restore the system to equilibrium through internal elastic forces. The potential energy
restored from particle distortions combine with particle inertia produces an oscillation. These
motions are on the order of nanometers and have been used in the precise control of scanning
tunneling microscopes (STM) tips.

2.1.2 Constitutive Equations
For a linearly elastic media, the well-known Hooke's Law is used to describe the relation of
stress T and strain S as

T = cS

or

S = sT
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(2.1)

where c is the elastic stiffness constant and s is the elastic compliance constant. Similarly, in the
electrical domain, Equation 2.2 relates the electric charge density displacement D and electric
field E,

D = εE

or

(2.2)

E = βD

Piezoelectricity is the combined effect of the Hooke's Law and the electrical behavior of the
material. Depending on the variable choice (mechanical stress T, mechanical strain S, electrical
field E, and electrical displacement D), Equation 2.3 represents the constitutive relations of
piezoelectricity:

T = c D S − hD

E = β S D − hS
S = s ET + dE

D = ε T E + dT
D
S = s T + gD

E = β T D − gT
T = cE S − eE

D = ε S E + eS

h-form

d-form

(2.3)
g-form

e-form

These four sets of equations represent the same piezoelectric relations but are expressed with
different forms named after the piezoelectric coefficients coupling the electrical and mechanical
domains. Piezoelectric coefficients h, d, g, and e can be converted into each other. Equation 2.4
relates these four piezoelectric coefficients [37]:

hij = −(∂Ei / ∂S j ) D = −(∂T j / ∂Di )S
dij = (∂Di / ∂T j ) E = (∂S j / ∂Ei )T
gij = −(∂Ei / ∂T j ) D = (∂S j / ∂Di )T

(2.4)

eij = (∂Di / ∂S j ) E = −(∂T j / ∂Ei ) S
The first set of four terms correspond to the direct piezoelectric effect and the second set of four
terms describe the converse piezoelectric effect.
The e-form is used to describe the piezoelectric phenomenon throughout this thesis,
E
Τ
Tij = cijkl
Skl − ekij
Ek

Di = ε ikS Ek + eikl Skl
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(2.5)

where the two equations are coupled through the stress-charge piezoelectric tensor e. The
superscripts E and S in the stiffness constant and dielectric constant denote that they have been
measured at constant electric field and constant strain, respectively; whereas the superscript T in
the in the piezoelectric coefficient represents the transpose of the tensor e. The full expression of
Equation 2.5 is shown below:

T1  c11 c12 c13
T  
c22 c23
 2 
T3  
c33
 =
T4  
T5  
  
T6  

c14
c24
c34
c44

c15
c25
c35
c45
c55

c16   S1  e11
c26  S2  e12
c36   S3  e13
  − 
c46  S4  e14
c56  S5  e15
  
c66  S6  e16

e21
e22
e23
e24
e25
e26

e31 
e32 
 E1 
e33   
 E2
e34   
 E3 
e35   

e36 
(2.6)

 D1  ε1 ε 6 ε 5   E1  e11 e12 e13 e14 e15
D  = 
ε 2 ε 4   E2  + e21 e22 e23 e24 e25
 2 
 D3  
ε 3   E3  e31 e32 e33 e34 e35

 S1 
S 
e16   2 
S 
e26   3 
 S
e36   4 
 S5 
 
S6 

For a piezoelectric medium with hexagonal symmetry (point group 6mm) such as c-oriented
columnar-growth AlN or ZnO, the constitutive relation can be further simplified in Equation 2.7
as

T1  c11 c12 c13 0 0 0   S1   0 0 e31 
T  
c11 c12 0 0 0  S2   0 0 e31 
 2 

  E1 
T3  
c33 0 0 0   S3   0 0 e33   
c11 − c12
  − 
 E2 , c66 =
 =
c44 0 0  S4   0 e15 0 
2
T4  
 E3 
T5  
c44 0  S5  e15 0 0 
  
  

c66  S6   0 0 0 
T6  

 D1  ε1 0 0   E1   0 0 0 0 e15
D  = 
ε1 0   E2  +  0 0 0 e15 0
 2 
 D3  
ε 3   E3  e31 e31 e33 0 0

14

 S1 
S 
0  2 
S 
0  3 
 S
0  4 
 S5 
 
S6 

(2.7)

There are 10 non-zero independent coefficients: c11, c12, c13, c33, c44, e15, e31, e33, ε1(ε11), ε3(ε33).
For example, the e31 term piezoelectric coefficient maps the thickness electric field to contour
stress in the mechanical constitutive equation (or maps the contour strain to thickness charge flux
in the electrical constitutive equation).
It is worth mentioning that the strain S and stress T are second rank tensors, but possess only
six independent terms. Therefore they are expressed as 6×1 column vectors in Equation 2.7 for
convenience. For example, these six independent strain components can be written as the product
of a differential operator matrix on a vector as in Equation 2.8 [38],
∂
 ∂x

 S1   0
S  
 2 
S   0
S =  3 = 
S 4   0
 S5  
  ∂
 S6   ∂z

∂
 ∂y


0

0

∂  u 
x
∂z  ⋅ u 
∂   y

∂y  u z 
∂

∂x 
0


0
∂
∂y
0
∂
∂z
0
∂
∂x

(2.8)

The in-plane equivalent Young's modules and Poisson's ratio of crystals with hexagonal
symmetry can also be expressed in terms of the stiffness coefficients by Equation 2.9 and
Equation 2.10 respectively:

E1 =

2c132 c12 − 2c132 c11 + c112 c33 − c33c122
c11c33 − c132

(2.9)

c12 c33 − c132
c11c33 − c132

(2.10)

ν 12 =

Equation 2.11 lists the stiffness matrix, piezoelectric stress matrix, and dielectric matrix of AlN
thin film used in this thesis [39]:
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0
0
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0
0
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0
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2
[c ] = 
 (10 N / m )
0
0 1.18 0
0 
 0
 0
0
0
0 1.18 0 


0
0
0
0 1.10
 0
0
0
0
− 0.48 0
 0

[e] =  0
0
0
− 0.48
0
0 (C / m2 )
− 0.58 − 0.58 1.55
0
0
0

(2.11)

0
8.0 0

[ε ] =  0 8.0 0  (10−11 F / m)
0 9.5
 0

2.2 Lamb Waves Characteristics
By imposing different boundary conditions to the equation of motion, different types of
acoustic waves can be obtained in a substrate or in a thin film. The BAW and SAW devices have
been studied for decades and successfully implemented in wireless communication applications.
For a given substrate, the resonance frequency for SAW devices is determined by the IDT
electrode pitches and in turn is limited by the lithography resolution. On the other hand, the
resonance frequency for BAW devices is defined by the thin film thickness and allows very
restricted fabrication tolerances. With the drive towards higher frequency applications, acoustic
waves with high phase velocity (symmetric Lamb wave for example) attracted research
attentions and triggered thin film electro-acoustic technologies, which occurred after the
successful synthesis of high-quality zinc oxide (ZnO) thin films on silicon by reactive sputter
deposition. This section discusses the characteristics of Lamb waves propagating in a thin film,
and explains the reasons we employ the AlN Lamb wave technology.
When surface acoustic waves are guided laterally into a thin plate, they are referred to as
Rayleigh–Lamb waves or Lamb waves [40]. The Lamb waves only exist in thin plates with
thickness comparable or smaller than the acoustic wavelength and cause a wave-guide effect.
Depending on the phase difference of particle displacements between top and bottom surfaces,
Lamb waves are divided into symmetric and anti-symmetric modes as illustrated in Figure 2.2.
The anti-symmetric modes are referred to as higher-order flexural modes in some literature. For
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sufficiently thin plates, only the lowest order symmetric mode (S0) and anti-symmetric mode
(A0) are observed [41].

Symmetric mode
Figure 2.2

Anti-symmetric mode

Symmetric and anti-symmetric Lamb wave modes.

Figure 2.3 plots the phase velocities of the S0 and A0 modes as a function of normalized
plate thickness (1 µm). Compared with the A0 mode, the S0 mode shows a phase velocity over
9800 m/s and is therefore suitable for the fabrication of high-frequency devices. The dispersive
curves in Figure 2.3 also indicate that the phase velocities of the Lamb waves are not solely
determined by the material constants but also by the ratio of the thickness of the thin film to the
wavelength. More importantly, the flat dispersion of S0 mode betokens the insensitivity of the S0
phase velocity to the AlN thin film thickness. In other words, the use of an S0 mode Lamb wave
instead of BAW helps to improve the fabrication tolerance towards AlN thickness variations.
12000

Phase Velocity [ m/s ]

10000
8000

S0 mode

6000

A0 mode

4000
2000
0

0

0.1

0.2
0.3
0.4
Normalized Thickness T AlN/λ

0.5

0.6

Figure 2.3 Phase velocity of S0 and A0 modes versus normalized AlN
plate thickness (1 µm).

Generally, a thin plate can support a number of Lamb waves depending on the ratio of the
plate thickness to the wavelength and also the strength of electromechanical coupling. Inspired
from SAW devices, Lamb wave resonators also utilize interdigital transducer (IDT) electrodes to
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excite Lamb waves propagating in the piezoelectric thin films. For a given thickness, the
resonance frequency is determined by the IDT electrode pitch and is thus effectively decoupled
from the overall device dimensions.
To locally confine Lamb waves, Bjurstőm, Yantchev, and Katardjiev [7] use distributed
Bragg reflectors formed by quarter-wavelength metal strips and periodically placed on each side
of the transducer as shown in Figure 2.4. In this thesis, all Lamb wave resonators adapt the edge
type reflectors to confine Lamb waves in the resonant cavity, which is also useful for reducing
energy dissipation and device size.

Metal
Reflectors

Figure 2.4 Top views of (a) an IDT-based thin film plate acoustic resonator (FPAR) and
(b) an LW-LFE-based FPAR [7]. Both devices use quarter-wavelength metal strips as
distributed Bragg reflectors placed on each side of the transducer.

2.3 Material Properties of Aluminum Nitride
Aluminum nitride (AlN) is an intrinsically-poled, non-ferroelectric material (no Curie point)
which has been reported to retain its piezoelectric properties at temperatures above 1000°C [42,
43]. AlN does not occur in nature and was first synthesized by F. Briegleb and A. Geuther in
1862 by heating aluminum in a nitrogen atmosphere at 700°C [44]. This section reports on
general properties of thin-film AlN.
AlN can crystallize in both wurtzite and zinc-blende structures. The hexagonal wurtzite
crystal structure is shown in Figure 2.5 with covalent bonds and lattice constants a = 3.112 Å and
c = 4.982 Å [45].
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Nitride

c

Aluminum

a

Figure 2.5 Wurtzite hexagonal AlN crystal structure [46]. The yellow
spheres represent aluminum atoms and the gray ones represent nitride
atoms.

For this (0002)-oriented AlN film, the c-axis is normal to the substrate surface and the plane
parallel to the substrate surface is the closest-packed basal plane, with either all Al or N atoms.
Due to its unique properties, aluminum nitride is a potential material for many applications.
Table 2.1 lists some important material properties of the wurtzite AlN. AlN is stable to very high
temperature in inert atmospheres and has a relatively high mechanical strength up to 500 MPa
even at 1400°C [47]. In air, surface oxidation occurs above 700°C. But this thin layer of
aluminum oxide protects the material up to 1370°C at which the bulk oxidation occurs. In
hydrogen and carbon dioxide atmospheres, AlN is stable up to 980°C. Together with its
exceptional chemically stability, AlN is a an excellent candidate for developing MEMS
technology for harsh environment applications.
For optoelectronic applications, AlN thin film is a common buffer layer in the growth of
gallium nitride (GaN) film on silicon due to its small lattice and thermal mismatches with the
silicon substrate. Hexagonal wurtzite structured single-crystalline AlN has a wide direct bandgap
of 6.2 eV. When alloyed with GaN, it spans a continuous range of direct band gap energy
corresponding to the visible green/blue light spectrum into the ultraviolet (UV) wavelength. This
group III-nitride system (GaN, AlN, and InN) is promising for optoelectronic devices, such as
light-emitting diodes (LEDs), laser diodes, and photo-detectors [48]. Besides, these wide
bandgap III-nitride semiconductors usually have a very high breakdown voltage and electron
saturation drift velocity [45, 47]. Together with the negative electron affinity, AlN demonstrates
tremendous potential applications for high-power electronic devices.
Like Al2O3 and HfO2, AlN has very high dielectric constant and is therefore commonly
used as a gate dielectric and insulation layer which is responsible for eliminating parasitics.
Besides, AlN is one of the few non-metallic solids with a high thermal conductivity of 320
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W/m· K theoretical value [49]. This properties makes AlN a successful packaging material to
dissipate heat generated in microelectronic devices.
In recent decades, the hexagonal polycrystalline AlN film exhibiting high quality
piezoelectric properties for the transduction of acoustic waves has attracted great attention for RF
applications because it can provide a simultaneous solution for high acoustic phase velocity, low
motional resistance, and post-CMOS compatibility [50, 51]. Compared with other piezoelectric
thin films, AlN has nearly twice the acoustic wave velocity and is therefore better than quartz,
LiNbO3, PZT, and ZnO with respect to high frequency applications. For RF applications, the
temperature coefficient of the piezoelectric layer affects the thermal drift of the resonator. AlN
has a lower temperature coefficient compared with ZnO and can be compensated by introducing
a specific thickness of silicon dioxide (SiO2) layer. A high thermal conductivity mentioned
previously also enhances the power handling capability of the device.
A thin-film AlN S0 mode Lamb wave shows a slightly lower piezoelectric coupling when
compared to other piezoelectric films, such as ZnO or LiNbO3. This property limits the synthesis of
bandpass filters used for current cellular phone front-end architectures which typically require
2 to 5% fractional bandwidth. However, it offers the building blocks to synthesize narrowband filters
used in the filter bank architecture discussed in Chapter 1. In these aspects, AlN thin film shows
excellent properties and is therefore employed for the demonstration of CMOS-compatible RF
resonator/filter technology in this thesis.

Table 2.1 AlN material properties
Property

Symbol

Value

Reference

Density (kg/m )

ρ

3260

[39]

Melting point (°C )

Tm

> 2200

[52, 53]

Band gap (eV)

Eg

6.2

[39]

Breakdown voltage (kV/mm)

EB

~ 140

[54]

Dielectric constant (F/m)

εr

8.2 ‒ 8.9

[39]

Thermal conductivity (W/ m·K)

κ

200 ‒ 320

[52, 53]

Resistivity (Ω-cm)

ρe

1013

[52, 53]

Reflective index

n

2.15

[54]

Temperature coefficient (longitudinal) (ppm/°C)

TCF

‒25

[55]

Acoustic wave velocity (longitudinal) (m/s)

vl

11000

[39]

Acoustic wave velocity (shear) (m/s)

vs

5800

[39]

6.5

[55]

3

BAW coupling coefficient (%)

kt
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Chapter 3
Fine Frequency Selection Techniques for
AlN Lamb Wave Resonators

Chapter 3 provides an overview of resonator basics and the equivalent circuit model. The
Butterworth-VanDyke (BVD) model is commonly used to represent a one-port resonator.
Quality factor Q and electromechanical coupling kt2 are two important properties used to
describe device performance and will be discussed. This chapter will also present a baseline
silicon micromachining process used to fabricate Lamb wave resonators studied in this thesis.
Experimental study of four different fine frequency selection techniques will be discussed,
including the overhang adjustment. At the end of this chapter, fine control of the relative center
frequency of resonators in an array will be demonstrated.

3.1 Resonator Basics
A piezoelectric MEMS resonator is an elastic micro-structure utilizing piezoelectric
transduction to excite acoustic vibrations at certain frequencies and transfer energy between
electrical and mechanical domains. This micro-structure (resonator) can be made into various
shapes, together with different electrode topologies to pick up or suppress specific vibration
modes at different frequencies. The electric fields drive the piezoelectric resonator into a specific
mode through the converse piezoelectric effect; when it vibrates, the deformations of the
resonator induce periodic charges which can be picked up by output electrodes through the direct
piezoelectric effect. Establishing the equivalent circuit model of an electromechanical resonator
is useful to evaluate device performance and to apply in the circuit analysis. Some material
properties can also be calculated from the extracted lumped parameters from the measurement.
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3.1.1 Mason Model
The Mason model is a well-known electromechanical transfer model used to describe the
electrical behavior of an acoustic resonator. It separates the piezoelectric material into two
acoustic ports and one electric port, and converts the interaction between electrical and
mechanical domains through an ideal electromechanical transformer with a turn ratio Γ.
Figure 3.1(a) shows the Mason model of a piezoelectric layer used in the network theory
approach. Most of the difficulties in deriving the wave propagation through the acoustic layer
can be overcome by applying this network theory approach [56]. This model can be further
simplified as in Figure 3.1(b) to represent a single-degree-of-freedom (1-D) electromechanical
resonator. The impedance is replaced by the R-L-C elements corresponding to their equivalent
c-m-k mechanical terms.

ZA1

ZA2

Acoustic
port 1

Acoustic
port 2

Z
‒C0
Iin
+

Zin

Vin
_

C0

:Γ
1
Electric
port

Mason model

(a)

I

+
V

+
ceq

C0

_
Electrical domain

u&

1:Γ

meq 1/keq F
_

Electromechanical
transformer

Mechanical domain

(b)
Figure 3.1 (a) The Mason model of a piezoelectric layer used in the
network theory approach. (b) A lumped equivalent parameter model for a
1-D electromechanical resonator.

When an AC signal is applied to the left side of Figure 3.1(b), the electric field induces
corresponding mechanical strain (also stress) at the right side which causes the dilation or
22

contraction of the resonator through the ideal electromechanical transformer. If the signal
frequency coincides with one of the natural frequencies of the structure, the specific vibration
mode will be excited. The static capacitance C0 is due to the dielectric property of the material
contained between electrodes and is in parallel to the electromechanical resonator represented by
its equivalent electrical elements.

3.1.2 One-Port Resonator Circuit Model
A one-port 1-D electromechanical resonator using metal electrodes can be presented by the
Butterworth Van Dyke (BVD) equivalent model shown in Figure 3.2.
A

1:Γ

+
V

+
ceq

C0

meq

1/keq

_ B

F
_

Rm
A

Lm
C0

Cm
B

Equivalent one-port lumped electrical model
Figure 3.2 Lumped BVD equivalent model for a one-port 1-D
electromechanical resonator.

The resonator is represented with a motional resistor Rm, a motional inductor Lm, and a motional
capacitor Cm in parallel with a geometric (static) capacitance of the structure C0 which is
irrelevant to the vibration of the resonator. The elements Rm, Lm, and Cm in the "motional branch"
are determined by the acoustic properties of the resonator and account for the motional
resistance, the inertia, and the elasticity respectively. Equation 3.1 expresses the motional
admittance between nodes A and B as

YAB

C0
+ jωC0 Rm − ω 2C0 Lm + 1
1
Cm
= Yin =
=
1
Z in
Rm + jωLm +
jωCm
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(3.1)

Assuming the ideal case with no resistive element (Rm = 0), when the admittance is infinite, the
series resonance frequency fs (or just "resonance frequency") occurs and can be expressed by Cm
and Lm as given in Equation 3.2. When the admittance is zero, the parallel resonance frequency fp
(also called as anti-resonance frequency) occurs and can be expressed by Lm, Cm, and C0 in
Equation 3.3.

fs =

ωs
1
=
2π 2π

1
Lm C m

fp =

ωp
1
=
2π 2π

C0 + C m
LmC0Cm

(3.2)

(3.3)

3.1.3 Quality Factor (Q)
A typical resonator response is illustrated in Figure 3.3. The quality factor Q is a
dimensionless parameter that is generally expressed as the ratio of the energy stored and the
energy dissipated during one oscillation cycle [38]:

Q ≡ω⋅

energy stored
energy stored
= 2π
power dissipated
energy dissipated per cycle

(3.4)

A higher Q indicates a lower rate of energy dissipation relative to the oscillation frequency. For a
resonator, the quality factor indicates how well the input mechanical energy is confined in the
system during the oscillatory motion. Practically, the device Q can be derived from the resonator
impedance,
Qs =

f dφz
2 df

(3.5)

where φz is the impedance phase [57]. An alternative method is to directly derive Q from the
‒3dB bandwidth measurement of the admittance response at the series resonance as shown in
Figure 3.3. The quality factor can also relate to the resonator's equivalent electrical parameters as
expressed in Equation 3.6:
Qs =

Lm / Cm
Rm
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(3.6)

Admittance [ dB ]

3dB
∆f3dB

Qs =

fs
∆ f 3dB

fs

fp

Frequency

Figure 3.3 A typical admittance response of a resonator. The series
resonance frequency is defined as the frequency at maximum
conductance, and the parallel resonance is defined as the frequency at the
maximum resistance [58].

3.1.4 Electromechanical Coupling Coefficient (kt2)
Electromechanical coupling coefficient kt2 is another important resonator parameter which
is a measure of the energy transduction efficiency between the electrical and mechanical
domains. For sufficiently high Q resonators with small fractional difference between fs and fp
(i.e., fs ≈ fp), the electromechanical coupling coefficient can be calculated by Equation 3.7 from
the impedance spectra obtained from the measurement, or from the equivalent electrical
parameters Cm and C0, for the device design perspective [38]:

π 2 f p − f s π 2 Cm
k ≈
≈
4
fp
8 C0
2
t

(3.7)

Since kt2 is defined by the fractional difference between resonance and anti-resonance
frequencies, this value determines the bandwidth of a ladder-type filter. For filter design, the
effective coupling coefficient and the resonator figure of merit (FOM) have been used to describe
the resonator performance as in Equations 3.8 and 3.9 [58]:
keff2 =

f p2 − f s2

FOM =

f p2
k eff2 ⋅ Q
(1 − keff2 )

(3.8)

(3.9)

Notice that for kt2 < 6% cases, Equations 3.7 and 3.8 only have a small difference of about 10%.
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3.2 Lamb Wave Resonator Design
A one-port AlN Lamb wave resonator (LWR) and its equivalent Butterworth-VanDyke
(BVD) model are presented in Figure 3.4. The resonator consists of an AlN thin film sandwiched
between top and bottom platinum (Pt) electrodes. The top electrode is patterned as IDT fingers to
excite Lamb wave propagating in the AlN plate, while the bottom electrode is a single piece
rectangular plate. In this eight-electrode case, the whole resonator can be modeled as eight subresonators connected in parallel with length L, width w, and thickness T. Notice that the capital
letters indicate the whole resonator dimension while the small letters refers to the sub-resonator
dimension. The resonance frequency is primarily defined by the IDT pitch p (equal to w), and is
effectively decoupled from the AlN plate dimension. In this thesis, all Lamb wave resonators use
a single bottom electrode to avoid cracks formed in the AlN plate during deposition, and also the
edge type reflectors to reduce device size.

B

W

A

x

y
AlN

L=l
y

Rm
C0

w= p

x

Lm
Cm

T=t

B
A

sub-resonator

Figure 3.4 A one-port 8-electrode Lamb wave resonator and its equivalent lumped equivalent circuit.
The whole resonator can be modeled as eight sub-resonators connected in parallel with length L, width w,
and thickness T.

G. Piazza et al. have derived the equivalent parameters for contour-mode rectangular plate
resonators by the energy method introduced in [26]. By thinking of the LWR as sub-resonators
electrically connected in parallel, a one-port LWR can be characterized by the BVD model with
device geometry and material properties as
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1/ 2

1 π T ρ eq
Rm =
n 8 L Eeq3 / 2 d 312 Q
Lm =

1 1 wT ρ eq
n 8 L Eeq2 d 312

8 wL
Eeq d 312
2
π T
wL
C0 ≈ nε 0ε 33
T
1 Eeq
fs =
2 w ρ eq
Cm = n

(3.10)

where L (=l), T (=t), and w refer to the length, thickness, and width of the sub-resonator
respectively; n is the number of sub-resonators (IDT numbers); ε0 is the permittivity in the free
space, ε33 is the dielectric constant of AlN along the c-axis; Eeq and ρeq are the equivalent elastic
modulus and mass density of the Pt/AlN/Pt layers; d31 is the piezoelectric coefficient maps the caxis electric field to in-plane strain.
The design of a Lamb wave resonator usually starts from the selection of the required center
frequency by defining the in-plane geometry and the required IDT pitch, and then adjusting the
motional resistance for impedance matching to the applied RF circuit.

3.3 Device Fabrication
In the last two decades, semiconductor manufacturing processes used to fabricate integrated
circuit have been adapted to fabricate MEMS devices for sensor and actuator applications. The
major concepts and principles include: thin film deposition, doping, microlithography, etching,
polishing, bonding, and molding. This section describes the five-mask baseline process flow to
fabricate AlN Lamb wave resonators by means of silicon micromachining processes.
The five-mask baseline process flow proposed in Figure 3.5 is a modification from previous
work used to fabricate contour-mode resonators [26]. Although aluminum (Al), molybdenum
(Mo), and tungsten (W) all have been widely used in the fabrication of AlN resonators, this study
uses platinum (Pt) as the electrode material since it is inert to all gasses and acids used in the
microfabrication process.
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The five-mask baseline microfabrication process flow for AlN LWRs.
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Au

First, a 300 nm low-stress nitride (LSN) layer, used to reduce electrical feed-through and
deleterious parasitics, and a 1 µm low temperature oxide (LTO) layer, used for thermal
compensation, were deposited on 10000 Ω-cm high resistivity six-inch silicon wafers (Figure
3.5(a)~(c)). Then, 1 µm OCG-825 (G-line) photoresist was spin coated on the wafer followed by
another 1 µm OiR-10i (I-line) photoresist. This dual layer PR lift-off process results in small
undercut and ensures a clean metal edge since G-line is more sensitive to the UV-light. A
0.1 µm-thick Cr/Pt bottom electrode was deposited by evaporation on the patterned dual layer
PR. Figure 3.5(d) applies after the ultrasonic bath lift-off process. If using aluminum as the
bottom electrode material, an extra etch stop layer (Figure 3.5(e)) is necessary before sputter
deposition of the AlN layer since the wet etch selectivity between Al and AlN is relatively low.
The crystal orientation of AlN films and, consequently, the piezoelectric response, depend
strongly on surface roughness and texture of the bottom electrode, so an in-situ surface treatment
of the bottom Pt electrode in low-power RF discharge, prior to AlN deposition, was performed to
reduce the Pt surface roughness. Then, as shown in Figure 3.5(f), the 1,500 nm thick
piezoelectric AlN film was deposited using an AC reactive sputtering tool with a dual cathode
S-Gun magnetron from Tegal Corporation. Good surface roughness and process control enabled
formation of AlN films exhibiting a strong (0002) texture with a rocking curve Full-Width HalfMaximum, or FWHM, of 1.3° and intrinsic stress less than ±50 MPa.
After the AlN deposition, vias were patterned and opened by wet isotropic etch (Figure
3.5(g)). Standard I-line developer OCG-4262 at 50°C and phosphoric acid at 160°C are two
etchants suitable for AlN wet etching. Then, the dual layer photoresist was applied and patterned
for top electrode lift-off process. The top IDT electrode made of Cr/Pt was deposited and
patterned on the AlN and also the via to reach the bottom electrodes as illustrated in Figure
3.5(h). If aluminum is the chosen material for top electrode, a thin layer of niobium (Nb) can be
deposited right after Al deposition to protect the surface from damage in the silicon dioxide hard
mask deposition step.
A PECVD (Plasma Enhanced Chemical Vapor Deposition) silicon dioxide layer was then
deposited at 350°C and patterned in a C4F8-based etch system as the hard mask (Figure
3.5(i)~(l)). The sidewall angle of the oxide hard mask can be transferred to the AlN sidewall
angle, which is critical for the quality factor of the Lamb waver resonators. Photoresist used to
define the hard mask is then removed to prevent re-sputtering of organics on the sidewall. AlN
dry etch is performed in a chloride-based Reactive Ion Etching (RIE) to define AlN resonators.
Figure 3.5(m) results after these steps. After the AlN etch, the remaining oxide hard mask is
removed by a CF4-based dry etch which also simultaneously defines the thermal compensation
oxide layer (Figure 3.5(n)). A thick layer of Al or Au was deposited on certain parts of top
electrodes as bond/probe pad to improve the conductivity as shown in Figure 3.5(o).
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Finally, in Figure 3.5(p), the devices were diced and released from the substrate using a dry
isotropic XeF2 etching. Figure 3.6 shows the SEM images of a typical Lamb wave resonator and
its cross-section. All the above mentioned steps were processed in the Berkeley Marvell
Nanofabrication Laboratory.

AlN via
Tether
IDT top
electrode

AlN etch pit
Signal

Ground
(a)

Pt IDT electrode

AlN thin film
SiO2 thin film
2µm

(b)
Figure 3.6 SEM images of (a) a typical LWR and (b) its cross-section
view with a thin silicon dioxide layer for temperature compensation.

3.4 Fine Frequency Selection Study for AlN Lamb Wave Resonators
The resonance frequency of a typical AlN LWR shown in Figure 3.7 is mainly determined
by the IDT electrode pitch p, and the width of the resonant cavity W. The use of IDT electrodes
and S0 mode Lamb wave in a thin film AlN structure effectively decouple the resonance
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frequency of the device from its overall dimension and enable lithography-based frequency
selection [51]. In the conventional design, resonator width W and electrode pitch p are optimized
to create an ideal cavity for the desired wavelength and thus the desired center frequency.
However, 0.05 to 0.1% channel spacing for the proposed filter bank architecture (Figure 1.1)
requires changes in the IDT dimensions of a few nm per channel, which is impractical.
To achieve fine control of the relative frequency of each resonator in an array to 0.05 to
0.1% without post-process trimming poses a tremendous challenge. In this section, four possible
fine frequency selection techniques for AlN LWRs were studied, including adjusting electrode
number n, device length L, electrode coverage η, and the AlN overhang OH. All of these
techniques utilize lithography-based dimensional or design changes without relying on postprocess trimming. Conclusions are based on experimental results from measurements of over
200 devices fabricated for this study.

Ground
AlN overhang, OH
Resonator width, W
Electrode pitch, p
Electrode width, a
Signal
W
OH
oh

λ

η = a/p

a

p= w

T
Displacement Amplitude
Electric Potential

Figure 3.7 Micrograph and cross-section of a typical AlN Lamb wave
resonator. The maximum electrode potential coincides with IDT
electrode position, while the displacement maximum occurs at the
midpoints of two adjacent electrodes and also at the edges of the AlN
plate.
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3.4.1 Adjusting Electrode Number, n
For the first study, three groups of resonators with different frequencies were designed and
fabricated, all with AlN thickness of 1.5 µm and fixed dimensions except the electrode number n.
If mass loading is neglected, there should be no effect on the resonance frequency while n
increases. However, when it is considered, the resonance frequency shows a strong dependence
on n as shown in Figure 3.8. For 800 MHz resonators, when n increases from 3 to 18, the
normalized device mass (normalized to 3-electrode devices) ∆M increases by 500%, and the
normalized frequency ∆f decreases by 4%. Increasing electrode number n causes more spurious
modes to appear within a small range of frequency. Resonator parameters, including C0 and Rm,
both vary, which makes this technique difficult to use in filter design.
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0

0
18

Electrode
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Number
of Electrode
Figure 3.8 Frequency shift versus electrode number, n. The dashed lines are
a polynomial fit to the data.

3.4.2 Adjusting Device Length, L
For the second study, data from three groups of resonators designed at 500, 800, and 1000
MHz were collected. In each group, resonator dimensions are all fixed except the length L, which
varies from 3λ to 18λ. According to the theoretical analysis, the resonance frequency of LWR is
not a function of L. Although not very clear, the trend presented in Figure 3.9 shows that the
normalized device mass (normalized to L = 3λ devices) ∆M increases by 240%, and the
normalized frequency ∆f decreases by only 0.6% when L increases from 3λ to 18λ. These results
indicate that this technique is inefficient and very difficult to use to predict the frequency shift.
From Equation 3.10, it is clear that C0 and Rm are proportional and inversely proportional to L
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respectively. It is also important to point out that the resonator performance (Q and kt2) degraded
significantly when L > 10λ.
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Frequency shift versus device length, L.

3.4.3 Adjusting Electrode Coverage, η
The electrode coverage, η, is defined by η = a/p = 2a/λ, where a is the electrode width.
Experimental data of 500, 800, and 1000 MHz resonators with Pt electrode coverage ranging
from 0.1 to 1.0 are shown in Figure 3.10. When η increases from 0.3 to 1.0, the normalized
device mass (normalized to η = 0.5 = λ / 4) ∆M increases by 35% (for the 500 MHz case), and the
normalized frequency ∆f decreases by 12%. This frequency shift is mainly due to the mass
loading of the electrodes, and is thus very sensitive to the electrode material and thickness
chosen.
Although η is usually not considered as a parameter that affects the center frequency during
the resonator design, it plays an important role for calculating the electromechanical coupling kt2.
Figure 3.11 plots the predicted and measured normalized kt2 and Rm versus electrode coverage η.
Although large η results in smaller Rm, the maximum kt2 occurs when the electrode coverage
η = 0.74 [51]. Note that device performance degrades significantly when η is less than 0.3. For
design consistency, electrode coverage elsewhere in this thesis is designed to be 0.5. This
technique affects many other resonator parameters in terms of Q, C0, Rm, and kt2 and therefore is
not a good option for fine frequency control.
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All of these frequency selection techniques affect the center frequency and other key
resonator parameters (Q, C0, Rm, and kt2) to various degrees and are therefore difficult to employ
in the channel-select filter bank application. A technique that only shifts the resonance frequency
but not other device parameters is desired.

3.4.4 Adjusting AlN Overhang, OH
In a given piezoelectric plate, many different acoustic modes can be excited. The position
and pitch of the electrodes determine which mode(s) are excited and which are suppressed. For
Lamb wave mode resonators in which the acoustic waves propagate perpendicular to the
direction of the device width, the pitch of IDT electrodes, p, determines the frequency to be
excited,

f =

va

λ

=

va
2p

(3.8)

where va is the Lamb wave phase velocity, and λ is the wavelength. For LWRs using edge-type
reflectors, the ideal resonant conditions are met when the center of the IDT electrode coincides
with the maximum of the electrode potential and the minimum of the displacement amplitude
(Figure 3.7) [59]. Additionally, the displacement maxima must be located at the edges of the
AlN plate. When these ideal resonant conditions are met, the desired mode is excited most
strongly.
Therefore, to efficiently excite a specific mode, the ideal overhang OH, the dimension
measured from the center of the outermost electrode to the edge of the plate, must be set to onequarter wavelength (0.25λ) so that the electrode potential and the displacement maximum match
the IDT electrode pitch. When the overhang dimension is increased or decreased independently
of the IDT pitch, other modes very close to that ideal condition can also be excited even though
IDT electrodes are not placed at the ideal position. By adjusting overhang independently of the
IDT pitch, the center frequency is then determined by the total width of the plate, W, and the
number of IDT electrodes, n:
f =

va

λ

=

n ⋅ va
2W

(3.9)

Figure 3.12 shows measured admittances of a nine-resonator array designed at 385 MHz.
Each resonator has eight electrodes (n = 8) with the same electrode pitch (p = λ / 2 = 10.8 µm), but
the overhang varies from 4.65 to 6.25 µm in 0.2 µm increments. All peaks are clean with kt2 ~
0.3% and quality factors between 1500 and 1800. Thus, a 9.5 MHz frequency shift due to the
change of overhang dimension without affecting device performance is verified. The maximum
allowed frequency shift by adjusting overhang dimension depends on the distance in frequency
to the next spurious mode.
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Figure 3.12 (a) Four resonators with the same electrode pitch but
slightly different overhang dimensions. (b) S11 admittance response of a
nine-resonator array (n = 8). All resonators have the same electrode pitch
but with 0.2 µm OH increments.

Because the overhang adjustment technique evenly distributes the effects of the 2∆OH
dimension changes (one on each side) across all pairs of IDT electrodes, the sensitivity of the
resonance frequency to the value of 2∆OH is reduced and practical fine frequency selection
becomes possible with standard semiconductor lithography. Measurements of two groups (n = 4
and n = 8) of devices designed at 385 MHz, with AlN thickness of 1.5 µm, Lamb mode
wavelength λ = 21.6 µm, and overhang OH varying from 0.2λ to 0.3λ, are presented in Figure
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3.13. When OH increases from 0.2λ to 0.3λ, the normalized frequency (normalized to devices
with OH = 0.25λ) ∆f decreases by 2.5% and 6% for n = 8 and n = 4 cases respectively. This
indicates that the effectiveness of the change in overhang also depends on the number of IDT
electrodes and the corresponding width of the cavity. Devices with larger n are less sensitive to
the same amount of changes in overhang. In other words, the resonance frequency of LWRs with
larger n can be more precisely adjusted by the same overhang increment than those with smaller
n.
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Figure 3.13 Frequency shift versus AlN overhang. Devices with larger n
are less sensitive to the same amount of ∆OH, i.e., more precise
frequency control.

Based on these experimental data, the change in center frequency shows a clear dependence
on the dimension of the cavity (W), while the electrode pitch and design determine the efficiency
with which the modes are excited. The excitation of the spurious mode is not as efficient as that
of the main mode since the electrode position is not ideal for exciting these modes. While this
technique effectively "detunes" the acoustic cavity by adjusting OH around λ / 4, experimental
results suggest the center frequency can be adjusted linearly by up to 5% with no significant
effect on other device parameters including Q, Rm, C0, and kt2. This range depends on the
distance in frequency to the next spurious mode. Usually, devices with more electrodes have
more spurious modes and denser spacing [59]. The linearity and predictability, evident in the
experimental data in Figures 3.12 and 3.13, make this AlN overhang fine-frequency control
technique ideally suited for narrowband filter bank design.
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Chapter 4
Conclusion and Future Work

The piezoelectric AlN Lamb wave resonator technology offers a promising solution to
realize a multi-frequency, low motional resistance, and post-CMOS compatible RF front-end
architecture. This architecture utilizes closely spaced narrowband filters (filter bank) to fulfill
the frequency selection function and brings out another challenge: fine relative frequency control
of each channel. Chapter 3 has demonstrated closely and evenly spaced AlN Lamb wave
resonators by adjusting the device overhang dimension without post-process trimming. This
Chapter will conclude this study and point out some future research directions.

4.1 Conclusion
In this thesis, the fine frequency selection based on overhang adjustment has been verified
to achieve fine control of the relative center frequency of each resonator in an array to 0.1%.
This overhang adjustment technique linearly shifts the center frequency of resonators with the
same electrode pitch up to 5% and shows no significant effects on other resonator parameters
such as Q, Rm, C0, and kt2. Since the resonant cavity width of a LWR is adjusted independently of
the IDT electrode pitch, the effect of the overhang dimension change is decreased by ten times or
more, allowing a practical fine-frequency definition with modern semiconductor lithography
resolution.
The AlN Lamb wave characteristics are also studied and compared with other acoustic
waves. The higher phase velocity of the S0 mode Lamb wave indicates the possibility of
fabricating higher frequency devices with the same IDT pitch. The flat dispersion of the phase
velocity shows that the resonance frequency of a LWR is insensitive to AlN thickness and helps
to improve the fabrication tolerances towards AlN thickness variation.
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A five-mask base-line fabrication process was introduced to fabricate these resonators. The
f×Q products of typical LWRs have been improved above 2×1012, the same order as that of
other commercialized piezoelectric resonator technologies [60], and can be used to fabricate
low-cost frequency control devices using standard photolithography resolution up to the lower
gigahertz frequency range. These results enable the design and fabrication of highly integrated
channel-select filter banks for next-generation radio architectures.

4.2 Future Research Directions
There are still many technical challenges worth investigating to realize and improve a
narrowband RF filter bank utilizing AlN Lamb wave resonator technology. This final section
points out potential research directions for further study.

4.2.1 Characterizing Thermal Stability
Chapter 2 mentioned that AlN can maintain a good piezoelectricity above 1000°C and has a
relatively high mechanical strength even at 1400°C. Together with its exceptional chemically
stability, AlN is one of the excellent candidates to realize a wireless sensing platform operating
in harsh environments. High-temperature testing to verify the performance and characteristics of
AlN LWR would be necessary for harsh environment applications. Besides, the resonance
frequencies of piezoelectric AlN resonators are temperature dependent and typically have a
temperature coefficient of frequency (TCF) value of –25 ppm/°C. Temperature compensation is
therefore necessary to obtain a satisfactory degree of temperature stability.

4.2.2 Investigating Energy Loss Mechanisms
Although enough for synthesizing bandpass filters, the quality factor of piezoelectric AlN
MEMS resonators is still one to two orders of magnitude less than that of electrostatic resonators.
In order to synthesize channel-select filter bank with 0.1% bandwidth, it is necessary to increase
the Q of individual resonators. The material itself has the potential to realize high-Q devices, but
this has not yet been demonstrated experimentally. A better understanding of the energy
dissipation mechanisms is therefore necessary in order to account for the difference. Energy
dissipation from anchoring tethers, excitation of spurious modes, and viscous damping between
AlN and transduction electrodes are three topics worthy of further investigations. Using
composite structures along with poly-Si, SiC, or poly-diamond for Q-boosting is another ongoing
research topic related to this thesis.
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4.2.3 Filter Synthesis with Different Couplings
The electromechanical coupling determines the bandwidth of a filter. AlN LWRs typically
exhibiting electromechanical coupling less than 1% are only suitable for synthesizing electrically
coupled narrowband filters with 0.5 to 2% bandwidth. On the other hand, band-select RF frontend architectures used in today's wireless communication standards adapt filters with 2 to 5%
fractional bandwidth and require stronger coupling in each building block resonator. Improving
the AlN thin film quality and orientation can directly affect the electromechanical coupling. As
for the filter applications, large fractional bandwidth can be accomplished by using different
coupling methods such as mechanical or acoustic couplings, or by introducing passive elements
such as inductors for tuning purposes. Different filter topologies including lattice filter and
balanced ladder filter are also worth exploring.

4.2.4 Integration with IC
To ensure smallest layout area, vertical integration of MEMS devices with electronic
circuits is desired. This strategy requires introducing a passivation layer on top of the IC, and
another sacrificial layer to release the resonator. A chemical-mechanical polishing (CMP)
process will be necessary to smooth the passivation and sacrificial layers for the deposition of the
AlN thin film with good crystallinity. Unlike isotropic bulk silicon substrate release used in this
study, the use of a sacrificial layer creates a well-defined release area and thus designed tether
dimensions which would reduce anchor energy loss and improve device performance.
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