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Preface

This book is meant to introduce piezoelectric microelectromechanical system
(MEMS) resonators to a broad audience of engineers, graduate students, and
researchers with the scope of offering a review of the field as well as generating
excitement for future research work and stimulating entrepreneurial activities in this
area.

The progress enabled by MEMS manufacturing methods has transformed the
field of acoustic resonators. Piezoelectric materials have historically been the
workhorse of practically any mechanical resonator on the market. The use of
quartz crystals and ceramic resonators is widespread and can be found in electronic
oscillators, filters, physical and gravimetric sensors, microphones, and ultrasonic
transducers just to mention a few examples. These devices have been going through
constant improvements and miniaturization since their first implementation approx-
imately 100 years ago. Nonetheless, these piezoelectric acoustic resonant devices
rely on bulk materials; hence they are hard to integrate with advanced manufacturing
processes used in integrated circuits (IC). The use of micromachining techniques
to manufacture micromechanical resonators offers the potential to build billions
of these acoustic devices on silicon wafers, making them an extremely low-cost
technology that could dramatically change the existing market dynamics. MEMS
resonators have indeed received significant industrial attention and some of them
are commercially available. Silicon-based resonators developed by several start-up
companies are now sold in the millions for timing products. Piezoelectric-based
resonators, namely bulk acoustic wave (BAW) resonators (covered in Chapters 8
and 16 of this book), are sold in billions for filtering applications.

Historically, the adoption of thin films of piezoelectric materials for manufac-
turing MEMS devices followed a relatively bumpy path. Many of the engineers
working in the IC industry used to label piezoelectric materials as exotic. To add to
this perception, many of the materials initially used for piezoelectric MEMS, such
as zinc oxide and lead zirconate titanate (PZT), were indeed not compatible with
semiconductor-focused manufacturing facility. The advent of new materials, such
as aluminum nitride (see Chapter 1 of the book), has transformed the space and
generated a growing interest in the use of piezoelectric materials for the making of
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vi Preface

MEMS. At international MEMS conferences, it is quite impressive to witness the
growing number of publications that rely on piezoelectric materials for the making
of MEMS devices. Many foundries have also accepted the use of piezoelectric
materials in their manufacturing line and products using PZT and AlN are commer-
cially available. Similarly, in the field of acoustic resonators, MEMS researchers
have developed new classes of piezoelectric miniaturized resonant devices that are
deemed to transform the fields of radio frequency (RF) communication and sensing.
Clear examples of this ongoing innovation are the thin-film bulk acoustic resonators
(FBARs) that we can find in practically any modern phone as well as miniaturized
contour-mode resonators, microphones, and ultrasonic transducers that several start-
up companies are commercializing.

We believe we are at an inversion point of a trend that will see the explosion
in the development of piezoelectric MEMS resonators. Commercial opportunities
to replace existing products with smaller, lower cost, and higher performance
piezoelectric MEMS resonators will continue to present themselves. Furthermore,
the ability to manufacture these devices on large substrates and interconnect them in
large systems will mark the development of integrated mechanical circuits that can
transform existing paradigms of communication and sensing. For example, very low
power RF sensor nodes that monitor the crowded electromagnetic spectrum as well
as frequency-agile RF front ends that enhance the data capacity of our networks can
be envisioned thanks to the continuous progress that researchers are making in the
area of piezoelectric MEMS resonators.

This book captures some of the most exciting developments in the area of
materials and devices for the making of piezoelectric MEMS resonators and offers
direct examples of the technical challenges that need to be overcome in order
to commercialize these types of devices. Part I reports on some of the most
widely used piezoelectric materials that the research community has adopted for
the making of MEMS resonators. This part focuses on well-established materials
such as AlN (Chapter 1 by Muralt) and PZT (Chapter 2 by Polcawich and
Pulskamp), but also discusses emerging interest in materials such as gallium nitride
(GaN in Chapter 3 by Rais-Zadeh and Weinstein) and lithium niobate (LN in
Chapter 4 by Gong). These two materials are representative of different emerging
trends that aim at bringing “exotic” materials on silicon. GaN is an established
electronic material. The ability to co-fabricate mechanical resonators in the same
thin film on large silicon substrates will offer new opportunities to develop tightly
integrated microsystems for RF and sensing applications. Thin films of LN on
silicon are presented as representatives of emerging activities to exploit the unique
properties of bulk materials and transfer them onto silicon substrates, hence enabling
new capabilities not possible with films deposited by physical vapor deposition
processes. A similar fabrication approach is described in Chapter 9 (by Chang) in
regard to the use of thin films of quartz to make shear-mode MEMS resonators. Part
II focuses primarily on the description of different kinds of resonators classified
based on their mode of vibration. The main parameters that determine resonator
performance, namely the quality factor (Q) and electromechanical coupling, are first
introduced in Chapter 5 by Abdolvand. Flexural resonators used for low frequency

http://dx.doi.org/10.1007/978-3-319-28688-4_1
http://dx.doi.org/10.1007/978-3-319-28688-4_2
http://dx.doi.org/10.1007/978-3-319-28688-4_3
http://dx.doi.org/10.1007/978-3-319-28688-4_4
http://dx.doi.org/10.1007/978-3-319-28688-4_9
http://dx.doi.org/10.1007/978-3-319-28688-4_5


Preface vii

applications such as in ultrasonic transducers are described in Chapter 6 by Horsley.
The focus is then switched to higher frequency resonators with a detailed description
of contour-mode resonators (Chapter 7 by Rinaldi), thickness mode resonators
(Chapter 8 by Hashimoto), and shear-mode resonators (Chapter 9 by Chang). Each
subchapter describes the constitutive equations of motion of these resonators and
guides the readers through the derivation of their electrical equivalent models.
Examples of practical implementations of these classes of devices are described to
showcase the level of performance that can be accomplished by these resonators.
Chapters 10 and 11 deal with more advanced design concepts of piezoelectric
MEMS resonators. In Chapter 10 Pan describes methods to temperature-compensate
piezoelectric resonators so that they can operate over industrial temperature ranges.
In Chapter 11 Kamon describes finite element methods for modeling the response
of piezoelectric resonators with a focus on open challenges related to the modeling
of Q and nonlinearity. Part III deals with more practical aspects associated with the
fabrication (Chapter 12 by Tabrizian), test, and evaluation of piezoelectric MEMS
resonators. Industry and academic perspectives are presented and details rarely
found in the literature are provided on the requirement for test and evaluation of
MEMS resonators (see Chapter 13 by Gubser on reliability and quality assessment
and Chapter 14 by Pai on large volume testing and calibration). Finally, Part
IV reports on two examples of commercialization paths for piezoelectric MEMS
resonators. Chapter 15 by Kuypers reports on the initial efforts and lessons learned
in commercializing piezoelectric MEMS resonators for the timing market. Chapter
16 by Aigner is focused on BAW resonators and their successful insertion into the
filter and duplexer market. We believe that these two subchapters should serve as a
source of inspiration and advice for future entrepreneurs in the space.

The editors would like to thank all the authors who have contributed to this book.
There are no words to describe their sense of dedication to the topics covered in
this book. It is through the commitment and excitement shown by the authors of
this book that a community of researchers and engineers working on piezoelectric
MEMS resonators could be built. Through this book, we hope to continue to educate
new generations of graduate students, young engineers, and researchers and instill
them with the same passion for piezoelectric MEMS resonators.

San Jose, CA, USA Harmeet Bhugra
Pittsburgh, PA, USA Gianluca Piazza
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Part I
Materials for Piezoelectric

MEMS Resonators



Chapter 1
AlN Thin Film Processing and Basic Properties

Paul Muralt

1.1 Introduction

Piezoelectric thin films are of interest for micro-electromechanical systems
(MEMS) since the earliest developments in MEMS technology. This is quite natural
or logic because the piezoelectric effect is an electromechanical effect. Resonators
and ultrasound wave generators were among the first demonstrated MEMS devices
[1–3]. In the 1970s and 1980s, the investigated thin film materials were mainly ZnO
and AlN. In the 1990s, PZT was added to the list for having a stronger piezoelectric
material for actuators (see, e.g., [4]). For higher-frequency applications, as, e.g., pass
band filters for telecommunication in the GHz frequency range, the two wurtzite
structures AlN and ZnO remained the champions, simply because they exhibit much
higher mechanical quality factors than PZT, and in comparison to LiNbO3, they
are much more easily grown in thin film form. Moreover, integration and process
compatibility with the rest of the device are less difficult using the relatively simple
wurtzite materials. The strong polarity of their crystalline structure allows for a
polar growth and a stable piezoelectric response with time, whereas ferroelectrics
always risk depoling.

Today, AlN is the material of choice for practically all RF devices based on
piezoelectric thin films [5–7]. There are two main reasons for this. Firstly, the
deposition process of AlN thin films appears to be very well reproducible, and,
secondly, AlN exhibits a high thermal conductivity for an electrically insulating
material and is thus better suited for filters in the transmit line. As many nitrides,
AlN has a high hardness and large stiffness constants. The relative dielectric
constant of thin films amounts to typically 10–11. For thin film bulk acoustic wave
resonators, the relevant piezoelectric coefficient is e33D1.55 C/m2. This is about
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4 P. Muralt

ten times less that in PZT thin films. However, combined with its roughly 100
times lower dielectric constant, AlN shows a relatively large coupling coefficient
for the thickness vibration mode: kt

2D6.5 %. Furthermore it is a hard material with
light atoms and exhibits a high mechanical quality up to very large microwave
frequencies. Moreover, it is CMOS compatible, in contrast to PZT and ZnO. A rather
specific feature of AlN is its high sound velocity. This means that thickness mode
resonators are made with thicker films for a given frequency. This is an advantage
at frequencies beyond about 3 GHz. It turned out that considering all requirements
beyond piezoelectric performance, like deposition process stability, thermal drift,
power handling, chemical compatibility with semiconductor technology, etc., AlN
came out as the clear winner for all RF MEMS applications. Over the last 10
years, AlN thin films became an established thin film material available in many
semiconductor facilities. Future applications may also include devices operated at
high temperature. AlN exhibits quite a large bandgap of 6.1 eV at room temperature.
Consequently, it is a good dielectric material up to high temperatures.

In the following sections, an overview on AlN thin film processing will be
given, discussing also piezoelectric characterization. Some years ago, AlScN was
discovered as a stronger piezoelectric material than AlN and looks very promising
for large band RF applications, as well as for energy harvesting devices. In principle,
AlN can be grown by all major thin film techniques keeping the process free of
oxygen. However, it is only magnetron sputtering that enables deposition at rather
low temperatures. For this reason, this technique is now standardly applied for RF
MEMS applications.

AlN has a very high melting point of 2470 K and grows in the wurtzite structure
with the lattice constants of a D 3.11 Å and c D 4.98 Å [8, 9]. Wurtzites have a
hexagonal crystal structure with the space group P63mc. In the binary compounds
like AlN, the atoms are situated on threefold rotation axes. Equivalent ions are
forming regular triangles with side-length a in the c-planes that are separated by
c/2 (see Fig. 1.1). This distance is generated by the 63 axis, a screw axis rotating
by 60ı and translating by c/2. There are thus 2 Al and 2 N within the unit cell.
All ions are fourfold coordinated, for which ionic radii of 132 pm for N3� and
53 pm for Al3C apply [10] considering AlN as an ionic structure. In reality,
the ionicity is calculated as only 42 % from the electronegativities. However, the
effective charge Z* was found to be 2.7 [11, 12] and thus close to 3, meaning
that the nitrogen ion is certainly larger than the Al ion. One can understand the
structure as hexagonal close packed (hcp) layers of the bigger nitrogen ions with the
aluminum ions occupying half of the interstitial sites of tetrahedral coordination,
i.e., all the upper interstitial sites or all the lower interstitial sites with respect to
such an hcp layer. This rule for occupancy has as consequence that the tetrahedrons
of the same type are all pointing in the same direction along the threefold rotation
axis, which is by definition the direction of the c-axis (see Fig. 1.1b). Important
is to notice that there is no inversion center nor a mirror plane or a twofold axis
that would turn the direction of a vector along the c-axis. This means that we deal
with a polar structure, which allows for piezoelectricity and pyroelectricity. AlN
is not ferroelectric, as we cannot switch the polar direction by the application of
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Fig. 1.1 (a) Basic elements of the wurtzite unit cell. Atoms are situated on threefold axes point
along the c-direction. No atom is on the 63 axis, which is parallel to c as well and whose position
is indicated on the base plane of the unit cell. (b) Both ion types are coordinated in tetrahedrons.
Considering a surface situated on top of the drawing, the shown orientation is the one with the
Al-polar surface. (c) Section spanned by the height of the tetrahedron and height of the regular
base triangle lowest (dotted line in (b)), showing the charge sign and the ion displacement upon
application of an electric field

an electric field, because the tetrahedrons cannot be inverted upside down by a
small displacement of ions. An important structural parameter in wurtzites is the
distance between different next-neighbor ions along the c-axis forming the top of a
tetrahedron and its central ion (i.e., between ions 3 and 4 in Fig. 1.1a). This distance
is defined as uc. Theoretically, one could form a “regular” wurtzite in which the
tetrahedrons are regular ones (distance 1–3 would be equal to the distance 3–4 in
Fig. 1.1a). In this case the parameters c/a and u are linked together: c/a D 1.633 and
u D 0.375. But such regular tetrahedrons are not required by the wurtzite symmetry
(in contrast to the zinc-blende structure which is also often realized by binary III/V
compounds); the crystal has the possibility to deviate from these ideal values. The
numbers for AlN are u D 0.382 and c/a D 1.60. It is found that the wurtzite phase
is only stable when c/a is smaller than 1.633 and that the deviation from this ideal
value is due to a lowering of the free energy by dipolar interactions [13]. As these
depend on the effective ionic charges, the deviation increases with the difference in
electronegativity.

The two surfaces of an (0001) oriented slab of AlN crystal are structurally
different. The scientific community introduced the notions of N-polar and Al-polar
for the two different polarities of (0001) faces [14]. It is defined as follows: as the
crystal surface is approached from the bulk along the c-direction, if the bond parallel
to the c-axis goes from the nitrogen atom to the group III atom, the crystal surface
is nitrogen polar [15, 16]. In Fig. 1.1, the top face is thus Al-polar. In thin films, the
top surface is giving the name of film polarity in case of (0001) oriented films.
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The polarity of the film can be found by a simple etching test. In a number
of etchants, typically diluted KOH, the N-polar film is much quicker etched than
the Al-polar film [14]. To find the link between polarity and piezoelectricity,
piezoelectric coefficients must be measured including their sign (see property
section). What was found is that film thickness and in-plane film stress (tensile
piezoelectric stress) are increasing when the electric field is applied as indicated
in Fig. 1.1, thus pointing up for Al-polar films and pointing down for N-polar films.
This appears to be very logic, as it means that the positive ions are displaced in
direction of the electric field, and the negative ones are displaced in the opposite
one. The tetrahedrons deform probably rather by rotation of the bonds near the basal
plane, than by stretching and squeezing the rigid bonds along the c-axis. This could
also explain the relatively large Poisson ratio of AlN. A good piezoelectric response
requires indeed a periodic sequence of soft and hard springs [17] along a polar
axis. As AlN is not a ferroelectric material, its internal or spontaneous electrical
polarization cannot be measured. However, density functional theory allows for
its calculation, following the “Berry’s phase” method [18], yielding a value of
�9 �C/cm2 [19, 20]. The negative value means that the direction is against the
conventionally defined polar axis direction in the III/V wurtzite structures.

For thickness mode resonators and many other operation modes, the longitudinal
effect T3D�e33E3 is exploited in a parallel plate capacitor structure. For such
geometry one needs to grow (0001) oriented or textured thin films, either as Al-polar
or as N-polar film. There are thus two challenges. The first one is to obtain the
correct orientation and the second to have the whole film (all grains) in the same
polarity. The first phenomenon going on when starting crystalline film growth is
nucleation. In this stage, a new crystalline phase is formed on the substrate in the
form of nuclei that become stable and are visible as tiny grains or single crystals.
During the later film growth, these embryonic grains will grow, eventually merge
with other grains, become dominating, or are overgrown by others.

For nucleation, interface and surface energies play an important role in combi-
nation with statistical probabilities given by thermodynamics. The latter criterion
readily leads to the conclusion that surviving nuclei must have low-index planes
parallel to the growth surface, simply because less atoms are needed to constitute
such planes, and therefore the likelihood for their formation is larger than with
complicated planes needing many atoms for their formation. Furthermore, next-
neighbor coordination is better reflected in simple planes. Most of the crystalline
structures—particularly ionic and metal ones—can be understood as a piling up of
spheres in close packed structures or are at least derived from such close packed
structures. Many thin films grow most easily in orientations that have the densest
plane parallel to the surface. Well known are the (111) film orientations of face-
centered cubic (fcc) structures like in Al, Cu, Pt, Au, etc.; the (0001) orientations
cubic body centered of hexagonal structures like Ti, Zr, Hf, Ru, etc.; and the (110)
orientations of Mo and W. Following this criterion, AlN should grow like other
hexagonal structures in (0001) orientation. (For hexagonal structures, often 3 unit
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Fig. 1.2 AlN(0001) platelets
grown on Au-coated silicon,
as obtained by a thermal
CVD technique (Al
vapor C NH3) at 1200 ıC,
and showing lateral
(1,0,�1,0) facets (from [22])

vectors are used to describe the basal plane, enclosing an angle of 120ı between
each other. Four indices are then used to describe a plane: h, j, k, and l. The
first three are not independent of each other: k is defined as k D �h�j.) AlN is,
however, not as simple as a pure metal. The (0001) surface is a polar one and costs
more energy. Recent ab initio calculations calculated surface energies of 6.31 J/m2

for (0001) planes and 4.81 and 4.97 J/m2 for f1,0,�1,0g and f1,1,�2,0g planes,
respectively [23]. So the c-plane is not the one with the lowest energy. Nevertheless,
even nuclei grown in a vapor at very high temperatures may show (0001) orientation
having (1,0,�1,0) lateral facets [21]. Apparently, a low interface energy plays a
major role for getting the (0001) orientation. In CVD-type techniques, the (0001)
orientation can be obtained using gold films or particles as seed. Figure 1.2 shows a
very nice crystal habitus of AlN plates obtained in this way. The lateral facets have
surfaces with low surface energies with respect to the vapor phase, as expected.

When different orientations nucleate, some orientations grow often faster than
others and will dominate after a certain thickness of the film. A certain ad-atom
mobility to assure intergrain diffusion is required to make this happen. The rate of
chemisorption on the surfaces of the dominating grains is then faster than on the
surfaces of the grains to be overgrown. This is equivalent in stating that the winning
surface has a higher activation energy for diffusion and is taking more than giving,
whereas the perishing surface has a lower activation energy for diffusion and is
giving more than taking. Such scenarios for growth of polycrystalline materials are
described in Refs 24, 25. Needless to say that for good (0001) oriented AlN thin
films, the exclusive nucleation of (0001) grains is a prerequisite.

In most cases, it is of no importance for applications which polar orientation
is obtained in an AlN thin film, as long as it is the same everywhere in the film.
In an actuator, the direction of the electric field can normally be used to create a
positive or negative piezoelectric stress. The only need for having both orientations
on a device is reported for the excitation of a true shear mode with interdigitated
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electrodes. The periodic change of sign of the electric field was compensated by an
AlN polarity changing sign in-phase with the electric field [26, 27]. In that work, the
N-polar phase was obtained by sputter deposition on SiO2, while the Al-polar phase
was seeded by a very thin AlN layer grown by metal organic phase vapor epitaxy
(MOPVE) and then increased in thickness by sputter deposition.

For achieving a perfect growth, it is of course better to understand why one of the
polarities is preferred in a process. This may help to avoid regions or grains with the
opposite (wrong) polarity. Often one can argue that the atoms that are first attached
to the substrate will decide the polarity. For the case of AlN growing on silicon, it
appears that N-Si bonds are much stronger than Al-Si bonds. The N triangles of N
tetrahedrons would form first, thus obtaining the Al-polar version like in Fig. 1.1.
This orientation is indeed obtained by the MOPVE process [26]. However, there is
also another explication: the growth rate would be limited by the attachment rate
of nitrogen species (N-Al molecules, NHn groups) and not by the Al flux [22].
The Al-polar surface offering more dangling bonds to attach nitrogen would grow
faster than the N-polar surface on which nitrogen species attach slower and diffuse
more likely away. Hence, such mechanism would be similar to the one described
for grain orientation preferences during growth. It is clear that once a stable grain
is established after nucleation, it will keep its polarity during further growth. The
formation of antiphase boundaries (where polarity would flip by 180ı) is costing
too much energy. This is also supported by the observation that a sputter process
yielding normally N-polarity delivers Al-polar films when grown on an Al-polar
seed layers. So it is quite clear that grain nucleation is the decisive step deciding
about the complete grain, i.e., its crystallographic orientation including polarity.

There is evidence that the sputter process favors one of the polarities during
growth. One polarity seems to grow quicker than the other one. In case of DC-pulsed
sputter process, this is the N-polarity. Possibly, the nuclei have random polarity
when growing on metal substrates, or passive amorphous substrates like silicon
dioxide thin films, and that during the growth of the first tens of nanometers, the
N-polar grains grow over the Al-polar grains, resulting in an overall N-polar, c-axis
texture with highly parallel c-planes. Some TEM images suggest such a scenario
(see Fig. 13 in Ref. [28]). A possible explanation could be that the growth is limited
by the Al flux and that N-species are abundantly present. N-polar surfaces offer
more dangling bonds to Al for attachment.

In the following, we present and discuss the sputter deposition method for
growing AlN(0001) thin films in a very versatile polycrystalline, textured film
microstructure. There is certainly much more literature on MBE- and CVD-type
processes because most of the literature concerns AlN in III/V compound semicon-
ductor structures for photonic and microelectronic applications. In this context, AlN
is rather used for its structural than functional properties, serving as buffer and seed
layer, as texturing layer, for concentrating dislocations in a passive insulator to keep
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them away from the active semiconductor layer, to compensate mechanical stress,
etc. The high deposition temperatures of such processes and also the frequently
encountered high mechanical stresses are not suitable for MEMS applications.
MEMS applications need a versatile process able to grow the films on many different
substrates, at moderate temperatures (<400 ıC), and with the possibility to tune the
mechanical stress. All this can be achieved by reactive magnetron sputter deposition.

1.2 Growth of AlN Thin Films by Reactive Magnetron
Sputter Deposition

1.2.1 Process for c-Axis Textured, Piezoelectric Thin Films

High-quality, c-axis-textured AlN thin films can be deposited by reactive magnetron
sputtering. This technique is very suitable for MEMS applications as the deposition
temperature can be kept quite low: typically 200–300 ıC. In addition the film stress
can be adjusted (in contrast to CVD techniques like MOPVE). When growing
(0001) textured, dense polycrystalline thin films, the properties are identical to
theoretical single crystal values, which were as a matter of fact, first measured in
epitaxial AlN thin films on sapphire [29]. The reason for this equality is that the
hexagonal point group of AlN yields isotropic properties in the plane up to fourth-
order tensorial properties (like stiffness). The arbitrary in-plane orientation of (0001)
oriented cylindrical grains (monocrystals) growing along the c-axis does not change
in-plane properties as long as the structure is dense, and properties are not degraded
by grain boundaries.

A schematic drawing of sputter hardware and process is given in Fig. 1.3. A pure
aluminum target is mounted on a magnetron sputter source. The sputter down
configuration as shown in Fig. 1.3 is mostly used in cluster tools. Sputter up or
horizontal sputtering is employed as well. In industrial tools the target is larger
than the substrate to achieve a good uniformity. In modern magnetrons, the magnets
behind the target are rotated in order to erode the complete target for a better usage
and to avoid zones without erosion where backscattered atoms would be deposited
and very likely contribute to particle formation. The substrate is approximately
10 cm below on a substrate chuck. Anodes and shields are enclosing the discharge
volume between target and substrate. In order to avoid particle formation by
electrical breakdown through the insulating film deposited on anode, shields, and
other parts that may charge up by electron bombardment, the source is powered by
either radio frequency (RF) or more recently by pulsed direct current (DC) [30].
The substrate chuck is at the same time a heating chuck to bring the substrate up
to 400–500 ıC at maximum (for a typical industrial standard) and an electrode to
which RF power can be supplied for controlling the substrate self-bias (negative
voltage which is much smaller than the cathode voltage). Nitrogen gas (N2) and
most frequently also argon (Ar) are introduced into the chamber, the cathode
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Fig. 1.3 Schematic drawing of reactive sputter deposition with a planar magnetron source (left),
together with a symbolic drawing describing the basic phenomena going on in the glow discharge
of the running source (right)

power is switched on, and a glow discharge is ignited. Positive ions are formed
by collisions with fast electrons of 100 eV and more, which are secondary electrons
emitted by the cathode and accelerated in the cathode sheath (the dark zone adjacent
to the cathode, which has the largest electric field in the discharge). The so formed
positive ions populate the interior of the plasma and make it the most positive region
in the discharge. Arriving close to the cathode, i.e., to the border of the cathode
sheath, they are accelerated toward the cathode, collide with it, and sputter off
target atoms, causing also secondary electron emission. In this way the plasma is
sustaining itself. The sputtered off atoms get quite some kinetic energy from the
collision process, i.e., a few eV, i.e., energies that are two orders of magnitude higher
than the thermal energy (kT) corresponding to the growth temperature. A very good
insight into the phenomena of reactive discharges in sputter deposition is given by
the analysis of ionic species in the discharge at the substrate position, as shown in
Fig. 1.4 (from Ref. [31]) for the case of ZrN deposition. For studying the discharge
in a broad nitrogen pressure range, Ar is added to the discharge. One can clearly
differentiate two operation modes depending on the N2 partial pressure. At low
nitrogen pressure, no nitrogen ions are detected. The complete sputter process is
based on ArC and, in a minor degree, ArCC ions. Nitrogen does not appear, because
it is almost completely absorbed by the Zr target, and the Zr film that is deposited
on substrate and shields. The fresh Zr surfaces getter the nitrogen gas much more
efficiently than the pump of the sputter chamber. A small fraction of Zr atoms in
the vapor is also ionized (ZrC). The ZrC current allows monitoring the deposition
rate. Upon increasing the pressure, there is a sudden drop of the ZrC current, thus
deposition rate. At the same time, nitrogen ions N2

C and NC appear, indicating a
rapid increase of the nitrogen pressure. This transition occurs all of a sudden when
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Fig. 1.4 Ionic current
collected at the place of the
substrate by a quadrupole
mass spectrometer
(from [31])
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the target surface is saturated with nitrogen (close to ZrN). The pumping of nitrogen
by target and film is dropping suddenly, even more, because the sputter yield of ZrN
is smaller than the one for pure Zr. Above the transition, the target is completely
nitrided (in a stoichiometric or slightly larger ratio), which is also true for the film
on the substrate. Note the appearance of ZrNC ions, showing that about 10 % of the
sputtered off species leave in the form of ZrN molecules, the rest as Zr and N atoms.
Almost identical mechanisms are present in AlN sputtering. The ideal operation
mode to get stoichiometric films is just above the instability. There is a hysteresis,
meaning that the return path has the instability at lower nitrogen pressures. For a
safe and optimal process, one usually approaches the working point from the high
N2 pressure side. The target surface is then fully nitrided, and most of the nitrogen
in the film arrives from the target in the form of atomic nitrogen (N) and to a minor
extent also in the form of molecules AlN. What is very special with AlN—possibly
due to the stronger covalent nature of the bonds—is that stoichiometry is achieved
easily when operating above but close to the instability (below the instability, the
film looks metallic and is conducting). There is no stoichiometry concern like in
TiN or ZnO when working above the transition.

Thin film morphology and crystal habits of individual grains depend on many
parameters, starting with the growth substrate and including all sputter deposition
parameters, such as temperature, sputter pressure, gas ratio (N2/Ar), power density,
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atom incidence angle distribution, ion bombardment intensity, and incidence direc-
tion. Apart from the surface energies, also diffusivities and growth speeds are of
importance for the development of grain orientation and grain facets, as discussed
and investigated in Ref. 25. It was found that grains show typically f11–20g and
f0001g facets. For shear wave excitation, there is also an interest to grow films with
tilted c-axis orientation, implying an ordering in the film plane (biaxial texture). The
reader is referred to the literature on this topic [25, 33]. Here we focus on f0001g
textured growth.

A well-balanced ion bombardment of the growing film is necessary for achieving
c-axis orientation of the fiber grains and on top of this a polar texture. A typical
��2� X-ray diffractogram (XRD) is shown in Fig. 1.5. From AlN, only the
(0,0,0,2n) peaks of the c-axis orientation are observed. This is the first step needed
for a good excitation of a longitudinal thickness mode resonator or transverse
d31 resonator. X-ray diffraction (XRD) does not allow for the detection of polar
orientation. In theory, high-resolution transmission electron microscopy (HR-TEM)
could detect polar displacements; however, Al and N are too small ions to be
detected precisely enough for the time being. The proof of the pudding lies in
piezoelectric measurements. A further issue is mechanical film stress. Like in
many sputter-deposited nitrides, a large compressive stress can be imposed by
ion bombardment. The trade-off is shown in Fig. 1.5, showing residual stress and
piezoelectric coefficient d33,f as a function of the DC self-bias installed at the
floating, metallic substrate holder due to incoming electron and ion flux. In general,
all floating surfaces exposed to a cold plasma (in a cold plasma, electrons and ions
exhibit different temperatures: typically at 20,000–100,000 K for the electrons and
typically at 500 K for the ions) are charged up negatively, because electrons have
much higher velocities due to their smaller mass. Hence, all floating surfaces charge
up negatively until the electrons are repelled sufficiently, and the ions attracted
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Fig. 1.5 ��2� X-ray diffraction pattern of AlN thin film grown on a Pt(111) electrode layer
attached to thermal oxide with a Ti adhesion layer (from [32])
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Fig. 1.6 Film stress and effective d33 (d33,f ) of (0001) textured AlN thin films obtained by DC
pulsed magnetron sputtering. Important properties are the piezoelectric thickness coefficient (d33,f )
resulting from the polar order of the c-axis-oriented grains and the mechanical film stress. Keeping
the cathode power constant, processes are influenced by the total sputter gas pressure (in this work
varied between 1 and 5 mtorr), the ratio of N2/Ar flow rates (50–100 %), and the rf bias applied to
the substrate chuck. All the three parameters influence the ionic bombardment, as indicated by the
measured chuck DC voltage (substrate potential). The trends show that most of the effects can be
reduced to the energy of ions bombarding the film. More energy means more compressive stress
and higher piezoelectric coefficients. An optimal situation is found at about �40 V substrate bias
(from [30])

sufficiently to arrive at a zero total current. This stationary voltage is called self-
bias. It is influenced by all parameters of the discharge: pressure, gas composition,
cathode power, and substrate RF bias power. In Fig. 1.6, all these parameters are
varied and represented in the graphs by the governing substrate potential during the
process. The energy of the ions accelerated toward the substrate is the difference in
plasma potential to film surface potential (approximated by the substrate potential).
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The plasma potential is positive and amounts to roughly C20 V. The ion energy is
thus rather higher than indicated by the substrate DC bias. More negative substrate
potentials lead to larger compressive stresses, as ions with more energy are stronger
peening the film or are even implanted. It is also observed that a minimal ion energy
is needed to achieve a maximal piezoelectric response. Luckily, by choosing optimal
parameters, including some substrate RF bias power, a working point is found
with zero stress and maximal piezoelectric response (at about �40 V in this case).
Note that there is a difference between substrate surface potential and the measured
substrate chuck potential standardly provided by RF matchboxes connected to the
substrate chuck. In large tools, the chuck is often well shielded from the plasma, and
the chuck potential deviates from the substrate surface potential.

The microstructure of the AlN film grown at optimal conditions shows the
typical features of zone T growth of Thornton’s growth zone model for sputter
deposition [34]. In this diagram, film morphology is depicted as a function of
relative temperature T/TM (melting point in K) and sputter gas pressure. It is
clear that ion bombardment increases by lowering the latter. Zone T between
low-temperature zone 1 and intermediate zone 2, and valid for lower sputter gas
pressures, is characterized by the absence of bulk diffusion and weak thermally
activated surface diffusion, but strongly activated surface diffusion by ion bombard-
ment. Such conditions are well met in good AlN processes with typical T/TM � 0.25
and sputter gas pressures below 1 Pa (see Fig. 1.7). Figure 1.7 shows a dark-field
TEM cross section of a high-quality AlN thin film grown on a Pt substrate. The fiber
grains are well-developed single crystals with a perfect c-axis orientation along the
growth direction. The c-plane diffraction spots correspond to well-ordered c-planes
parallel to the substrate plane (Fig. 1.8).

It is also possible to grow epitaxial films with this technique. Figure 1.9 shows
a plan view image of an AlN thin film grown on a sapphire substrate. For realizing
plan view images, the substrate is locally removed, and the film is thinned down so
that the electron beam is transmitted through the film perpendicular to the film plane.
It shows a rather smooth surface and the presence of threading dislocations (black
spots). The diffraction pattern is the one of a hexagonal crystal, as it should be.

One of the basic questions about AlN growth concerns the mechanisms of film
texturing. As stated above, one cannot advance a lower surface energy for (0001)
surfaces to explain achieving a (0002) texture. (The texture is often named after the
lowest-order Bragg peak. In case of (0001) texture, this is the (0002) peak). Hence,
the driving mechanisms must be either related to a lowering of interface energies by
epitaxial effects or a whatsoever impact of the sputtering process. These statements
are supported by the finding that CVD processes without energetic stimulation of
the growth results in general in (1,0,�1,0) textured films [37], thus corresponding
to a prevailing surface energy and mechanisms as described by the capillarity
theory. The impact of the plasma in sputter deposition, mainly ion bombardment as
explained above, has obviously also an impact on the selection of film orientation.
This was also observed using arc deposition by Takikawa et al. [38]. Voltages
involved in arc deposition are quite low as compared to sputtering. The ionic current
densities are, however, much higher. Faster ionic species can only be generated by a
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Fig. 1.7 Working point for AlN sputter in the Thornton’s diagram [34]

substrate DC or RF bias. Both types were tested during growth of AlN on Mo(110)
substrates in this work. It was found that at less than 20 V bias (jUbiasj<20 V), the
dominating texture was (10–10) and that the (0002) texture had a window between
�30 and �20 V (see Fig. 1.10). It is not clear why, at higher bias, the (0002) texture
was lost again. Possibly, the ionic current was too strong and heated up the sample
too much. The same threshold was also found with RF sputtering by Drusedau and
Blasing [37], growing the films on silica (amorphous SiO2). They did not observe an
upper threshold, the (0002) texture covered the range from �20 to �40 V and higher.
Growth on Pt(111) electrodes did not show a minimal threshold, but bias voltages of
less than 20 V were not investigated [39, 40]. However, applying identical processes
for AlN films grown on Mo(110) required a minimal bias voltage of 50 V for a good
(0002) texture. The impact of ion bombardment is obvious. It was also observed that
the gas ratio N2/Ar plays a role, as it shifts the substrate bias as well. Drusedau and
Blasing advanced the idea that fast neutrals of N2 molecules would play a major
role. However, in this case, the substrate bias voltage would not play a role. Fast
neutrals are originally ions that are accelerated in the cathode sheath toward the



16 P. Muralt

Fig. 1.8 TEM cross-sectional image and corresponding diffraction pattern of polycrystalline AlN
thin film grown by reactive pulsed DC sputtering

Fig. 1.9 TEM plan view image of epitaxial AlN grown by reactive pulsed DC sputter deposition
on sapphire and corresponding diffraction pattern (from [35, 36])

target, neutralized during the collision, and quasi-elastically reflected from the target
in direction of the growing film. Such processes are based on the elastic scattering
at target atoms, and their likelihood increases with the mass of the target atoms. It is
thus not clear why this should be an issue with the light Al atom having almost the
same mass as N2, meaning that the ion N2

C passes almost all its kinetic energy to
the target atom.

After texture development, the next question concerns polarity. Pulsed DC
operation usually leads to nitrogen polarity [26]. As stated before, it is very likely
that the specific sputter process favors one of the polarities. It could be that
N-polar grains would grow faster and thus overgrow the Al-polar grains. Such a
mechanism would also explain that very thin sputter-deposited AlN thin films show
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Fig. 1.10 Selection of orientation as a function of substrate self-bias voltage, collected from
different works
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Fig. 1.11 Thickness extensional piezoelectric coefficient with full clamping d33,f D e33/c33
E—as

measured by double beam interferometry (DBLI)—as a function of AlN film thickness. The films
were grown on Pt(111) electrodes (from [32]). The values were adapted according to new facts
about the accuracy of DBLI

less piezoelectricity (Fig. 1.11) and that a higher degree of polarity is obtained with
a higher partial nitrogen pressure. With typical growth rates of 1 nm/s, we deal
with an Al flux of roughly 4 ML/s (sticking coefficient D 1). A nitrogen pressure of
3 � 10�3 mbar would mean an N2 flux of 3000 ML/s. Such nitrogen is rather inert.
The atomic nitrogen is much more reactive and found with a concentration of about
1 % in a nitrogen DC plasma [41] and is thus arriving with a flux density of 30 ML/s.
Given that almost enough nitrogen arrives anyhow as atomic species or AlN species
from the target, it is clear that the flux of reactive nitrogen atoms is much larger than
the Al flux, corroborating the idea of a faster growth of N-polar surfaces.
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1.2.2 The Impact of Substrate Roughness: Film Evolution
with Thickness

The typical AlN thin film exhibits good piezoelectric properties when grown on a
smooth surface. Several works report that the piezoelectric quality decreases with
the width of the X-ray rocking curve. A rocking curve tells us how parallel crystal
planes of the same type are. It includes a contribution due to the finite width of
grains, but usually the tilt of grains is the dominating feature leading to a broadening
of the rocking curve width. Figure 1.12 describes how the coupling coefficient of
bulk acoustic wave resonators (kt) scatters as a function of the rocking curve width of
the AlN films used in the respective samples [42]. There is a clear trend saying that
the more perfect the grains are aligned with their c-planes, the higher is the coupling
kt, which is proportional to the piezoelectric coefficient e33. Many parameters were
varied for the films used in this work.

When varying only one parameter, even clear linear correlations are found
(Fig. 1.12b). Similarly, in Ref. [43], a nice linear correlation is found between
film d33,f and rocking curve width when only the thickness is varied [43]. The
increase of the d33,f with thickness is based on an improvement of crystal quality
with film thickness. An explicit test was made with substrates on which a roughness
was added in a controlled way, in the form of a very thin, amorphous silicon film
growing with a rough surface morphology after nucleation of separated grains
(island nucleation) on a very smooth thermal oxide film. The observed rocking
curve width of AlN grown on such surfaces can directly be related to the surface
roughness, apart of a small offset due to a limited in-plane coherence length caused
by finite grain diameters. This is also well supported by HR-TEM showing the
inclined c-planes of neighboring grains (Fig. 1.13). This work shows that grains
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(b) Piezoelectric coefficient vs. rocking curve width �! combined from two different works:
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grow with the c-plane parallel to the local surface if epitaxial effects are absent. The
same figure shows that on Pt(111), epitaxial nucleation leads to a smaller grain tilt
at a given roughness, as explained in the schematic of Fig. 1.13. A linear correlation
is found between piezoelectric coefficient and rocking curve width for the thickness
experiment and for the roughness experiment.

A scenario that describes many features of AlN thin film growth is this one:
embryonic grains of (0002) orientation may have some disorder at the begin-
ning, depending on substrate type and roughness. Most likely, both polarities are
represented. With increasing growth, grains having c-planes more parallel to the
(global) substrate plane and those having N-polar surfaces (at least with DC pulsed
sputtering) are growing faster up and into the width by covering the grains of
bad orientation and polarity. The HR-TEM in Fig. 1.14 shows how the plane tilt
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Fig. 1.14 Evolution of AlN
thin film, starting from the
growth interface. The smaller
grains at the beginning have
stronger tilted c-planes (lines
1, 2) than the larger grains
growing over the
“irregularities” (line 3). The
vanishing grains in the center
of the image, showing tip-like
upper ends, exhibit a smaller
growth rate than the other
ones, which is possibly due to
an opposite polarity

is disappearing, and some grains are overgrown. One can say that the process is
somehow self-adjusting with time. The TEM image suggests a minimal thickness
for perfect material of about 30 nm.

1.2.3 Further Growth Issues: Oxygen Impurities
and Regrowth Issue

Oxygen is always a very disturbing gas during nitride synthesis. It is probably the
reason why for a long time no good AlN crystals could be grown. In thin film
growth, best possible vacuum conditions are chosen with a nitrogen gas purity of
at least 57, i.e., with less than 3.0 � 10�6 impurity molecules. Interestingly, it was
found that oxygen impurities invert the polarity of the grains, at least when the film
is obtained by RF sputtering [45] (see Fig. 1.15). What is clear from this experiment
is that a single grain has still a single polarity. Otherwise the opposite polarity could
not be fully realized. So it is something that changes at the beginning of nucleation
(by providing an oxide surface) or in the growth rate of Al-polar or N-polar surfaces.

In device fabrication, it may happen that an AlN thin film comes in contact with
a developer solution for a positive resist containing an alkaline solution, typically
KOH. It was tried to regrow AlN on an AlN surface after it was in contact with such
a developer solution. However, the latter attacked the AlN surface forming cusp
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Fig. 1.15 Reversal of
polarization with increasing
oxygen concentration in the
sputter gas [45]
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structures (see Fig. 1.16). Continuing growth of AlN afterward, a very irregular
grain growth was observed. Huge grains starting as cones and ending in a spherical
surface grew out of the cusps. Astonishingly, these were single crystals, as shown
in Fig. 1.16 by a TEM dark-field image [43]. It turned out that such grains had
an opposite polarity, as concluded from d33,f measurements. High-resolution TEM
images showed that the giant grain was in fact seeded by an underlying grain from
the first AlN layer. Obviously the polarity changed when copying the structure
from a wurtzite surface, which certainly had a monolayer of oxide. What is very
astonishing is the absence of shadowing. Apparently, diffusion distances are large
enough to fill up depressions from which grains grow that become higher than the
side walls around.

1.3 Properties and Characterization

In general, a complete set of elastic, dielectric, and electromechanical coefficients
is needed to describe quantitatively a problem that includes ultrasound wave prop-
agation. Luckily, AlN exhibits a relatively high symmetry, and as a consequence,
only a few elements of the rigidity tensor (or compliance tensor) are different from
zero, and many are equal. For the hexagonal point symmetry 6 mm of AlN, there
are only five different coefficients, as listed in Table 1.1. The shear coefficient
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Fig. 1.16 Regrown film on slightly oxidized AlN surface with cusps leading to giant grain growth
with polarity inversion (from [43])

c66 is not independent but is equal to (c11 � c12)/2. This means also that elastic
properties are isotropic perpendicular to the c-axis. The sixfold axis is a high enough
symmetry to give this partial isotropic property (like for a cylindrical shape) for a
fourth-rank tensor (a fourfold axis is not sufficient) [46]. Also, there are only three
different piezoelectric coefficients: e33 describing the longitudinal effect along the
polar 3-axis (Dc axis), e31 D e32 describing the transverse effect, with the electric
field along the polar 3-axis and the stress in the (1,2) plane, and e15 D e24 describing
the shear deformation when the electric field is perpendicular to the polar axis.
There are two different dielectric constants ("11 and "33), and together with the
density required to derive wave velocities, we end up with 11 independent material
constants. For a long time, there were no single crystals available for property
measurements, and property data originated exclusively from epitaxial thin film data
[29, 47]. Recently, sufficiently large and good crystals became available, and crystal
properties were measured as well [48]. In addition, ab initio calculations based on
density functional theories (DFT) become increasingly precise. In Table 1.1, the
differently determined values are listed and compared to results of sputter-deposited
thin films. Complete sets of electromechanical properties are listed as far as they are
known.

In the thin film case, there are only very few efforts to get a complete parameter
set, effectively only two: one for AlN [47] and one for Al0.6Sc0.4N [49]. In most
of the applications, AlN thin films are used in specific modes, depending on a few
coefficients only. The most frequently fabricated devices with AlN thin films are
thin film bulk acoustic resonators (TFBARs), also referred to as “solidly mounted
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Table 1.1 Properties of AlN for the (S, E) system, evaluated from single crystals, epitaxial AlN
thin films on sapphire (SAW device), from thin film data, and from ab initio studies

Material
constant

Single
crystal [48]

Epitaxial
thin film
[47] (T&M)

Sputter-deposited
thin films [30, 51–54]

Density functional
theory [19, 55–57]

� (kg/m3) 3260 3260 3260
c11E D c22E .GPa/ 402 345 .. j..j 397 j 410
c12

E 135 125 ..j ..j 137 j 142
c11

ECc12
E 537 470 506 j..j 534 j 552

c13
E 101 120 094 j..j 106 j 110

c33
E 387 395 382 ˙ 12 377 j 370 j 367 j 385

c44E D c55E 123 118 .. j..j ..j 118 j 123
c66E D �

c11E � c12E
�
=2 110 110 .. j..j 130 j 134

e15 �0.32 �0.48 �0.351 j..j..j �0.39
e31 �0.6 �0.58 �0.533 j..j..j �0.63
e33 1.34 1.55 1.505 j 1.55 j..j 1.46
"11

S/"0 9.0 9.0
"33

S/"0 9.5 10.7 10.2 [40]
˛11

�
10�6=K

�
4.2

˛33
�
10�6=K

�
4.7

d33;f .pN=V/ D e33=c33E 3.5 3.92 3.9 4.0 j 4.2 j..j 3.8

e31;f
�
C=m2

� D
e31 � e33c13E=c33E

�0.95 �1.05 �1.07 ˙ 0.05 �1.00 j..j..j �1.06

"33
f ="0 .film/ D�

"33
f C e332=c33E

�
="0

10.0 11.4 10.3 10.9

c33
D 408 420 419 ˙ 4 402 j..j..j 409

kt
2 (%) 5.23 6.05 6.5–7.0 % 6.2 j..j..j 5.8

Values in italics stand for derived values, whereas the others are either measured or obtained from
DFT. kt

2 is specified for the basic thickness mode

resonators” (SMR) when they are mounted on an acoustic reflector stack, used in
RF filters in mobile phones. The governing coupling coefficient of such resonators
is valid for a pure thickness mode (no lateral deformations) and amounts to:

k2t D e233
cD
33"

S
33

(1.1)

The stiffness constant c33
D at constant D field is directly determined from the res-

onance frequencies of TFBARs and thus should come out quite precisely. It differs
from c33

E (same coefficient at constant E-field) by a piezoelectric contribution as
follows:

D3 D "S
33E3 � e33S3 D 0

T3 D cE
33S3 C e33E3 D

h
cE
33 C e233

"S
33

i
S3 ) cD

33 D cE
33 C e233

"S
33

(1.2)
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Furthermore, thin films show a dielectric constant somewhere between fully
clamped and free responses. When measuring capacitances at parallel plate con-
densers, the film is free in the 3-direction but clamped in the 1- and 2-directions
(plane of the film) onto a thick, ideally infinitely rigid substrate. One calculates:

"33;f D "S
33 C e233=cE

33 (1.3)

Piezoelectric coefficients are frequently measured with quasi-static methods below
any film resonances (nevertheless one has to be sure that the substrate does not
resonate!). For a film that is ideally clamped to a substrate (again rigid substrate),
the thickness response is derived from

T3 D cE
33S3 � e33E3 D 0 ) d33;f D S3

E3
D e33

cE
33

(1.4)

Finally, one can also determine a transverse thin film coefficient by measuring
the bending of a piezoelectric laminated beam upon application of an electric field
or the produced charge upon bending the beam.

D3 D e31 .S1 C S2/C e33S3
T3 D cE

13 .S1 C S2/C cE
33S3 D 0

) D3 D
h
e31 � cE

13

cE
33

e33
i
.S1 C S2/ e31;f D e31 � cE

13

cE
33

e33

(1.5)

This thin film coefficient can be measured directly without requiring the knowledge
of the elastic constants of the piezoelectric film. Its value is larger than e31 because
e31 is negative and e33 positive, reflecting the fact that the piezoelectric thin film is
unclamped in the 3-direction (T3 D 0).

Table 1.1 shows that crystal data, epitaxial film data, and ab initio data are rather
underestimating the coupling coefficient kt

2. Experiments yield that it is clearly
above 6 % and below 7 % in sputter-deposited AlN. One can assume that AlN
crystals are not 100 % perfect yet and thus still show some reduced piezoelectric
activity. There is also a discrepancy in the dielectric constant. It appears that
this value is lower than obtained by fitting resonance curves of epitaxial AlN on
sapphire. In this case, single crystal data justify the lower values. There seems to be
still a problem to analyze a dielectric response with DFT calculations (would require
to add an electric field to the problem). There is only an elder work addressing the
dielectric properties [50]. An overestimation of the dielectric constant could explain
the lower coupling coefficient as derived from the epitaxial film data in Table 1.1.

The values in Table 1.1 correspond to the set of constituent equations having
strain S and electric field E as variables (see, e.g., [58] for an introductory
textbook). In piezoelectric materials, the elastic constants depend on whether they
were determined at constant E or constant D fields, and the dielectric constants
whether they were determined at constant stress T or constant strain S. Often, these
conditions can be chosen by the external conditions, like measurement of voltage in
an open circuit (constant D) or measurement of current with a charge amplifier in a
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Table 1.2 Properties of AlN in the (T, E) system calculated from Ref. 47, i.e.,
second column of Table 1.1

Elastic compliance s11
EDs22

E 3.53 Piezoelectric stress d15 �4.07
(10�12m2/N) s12

E �1.01 Constants (pC/N) d31 �2.66
s13

E �0.77 d33 5.54
s33

E

s44
EDs55

E
3.00
8.48

Rel. dielectric permittivity "11
T 9.44

s66
E 9.09 "33

T 11.5

The compliance values are obtained by inverting the rigidity tensor and the "ij
T and

dij using algebra

virtual short-circuit scheme (constant E). In ultrasonic wave propagation, however,
the conditions are given by the physics of the wave. Longitudinal waves occur at
constant D (divD D 0 in a dielectric) and transversal waves at constant E (rotE D 0,
no electromagnetic effects in the nonrelativistic case) (see, e.g., [59]). The (T, E)
system is sometimes more practical than the (S, E) system, particularly if one
knows that there are no stresses applied to a body. For convenience, the compliance
values as derived from the rigidity values of Tsubouchi and Mikoshiba are given in
Table 1.2.

Single crystal properties are measured at suitably oriented and cut crystals.
Sound velocities (vs) are obtained with pulse-echo methods [48] or derived from
fundamental and overtone resonances. These methods allow a direct derivation of
elastic constants though the simple relation:

vs;ij D
s

cx
ij

�
(1.6)

where cij
x means the relevant stiffness constant at either constant D or E. Analysis

of admittance or impedance curves delivers dielectric constants and coupling
coefficients.

Characterization of piezoelectric thin films is more complicated. One may try to
determine properties at films as deposited on their substrates, which are usually
much thicker than the film, or one may first liberate the film by some micro-
fabrication method (keeping in mind that the electrodes are playing a mechanical
role as well). One technique consists in analyzing surface acoustic wave resonators.
It just requires the addition of interdigitated electrodes. A multitude of different
SAW geometries, eventually also different substrates, combined with the simulation
of wave propagation is needed to derive all property coefficients. The pioneering
work of Tsubouchi and Mikoshiba [29, 47], whose results are given in Table 1.1 for
the epitaxial film, shows that such work can be realized with very good results. In
this work, made in the early 1980s, the AlN thin films were deposited by MOCVD
at temperatures between 1000 and 1180 ıC. Their values remained reference data,
are reported in compendia of piezoelectric materials [60], and included in material
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Table 1.3 Resonant plate structures allowing for the derivation of specific
elastic and piezoelectric constants

MEMS resonator Type
of plate resonator

Derived from resonance or
antiresonance frequencies
(sound velocity)

Derived from
coupling constant

Thickness extensional
mode

cD
33 e33

Length extensional
mode

sE
11 d31

Width extensional mode sE
11

(

1�
�

SE
12

�

SE
11

�2)

d31

Radius extensional
mode

SE
12

�

SE
11

Lateral shear mode cE
44 e15

libraries of finite element modeling programs. For a long time, they were without
competition by single crystal data.

Similar to single crystal characterization, one can produce shape resonators with
thin films. It is not as straightforward as with crystals, though. Good AlN thin films
have c-axis orientation, meaning that the c-axis stands vertical on liberated plate
structures. Plates can be etched into various shapes by micromachining techniques.
Rectangular shapes are suitable for length and width extensional modes [61], round
shapes for radial extensional modes, various shapes for thickness extensional modes,
and using two parallel top electrodes, also for the excitation of shear modes (see
[49] for a work using all structures). In Table 1.3, these methods are listed together
with the elastic and piezoelectric parameters to be derived. These methods have the
advantage to be based on frequency measurements, which as such give accurate
results. However, one needs to avoid or identify parasitic elements (such a parasitic
capacities and inductances) and mass loading of resonators by electrodes. By careful
analysis of electrical impedance data, varying design and dimensions, one can take
care of such factors and calculate a correction to mass loading by finite element
simulation or analytical methods. Resonance (fr) and antiresonance (fa) frequencies
are easily and with high precision determined and depend essentially on material
parameters (if parasitic elements are either absent or taken into account). For
instance, fa of a thin film bulk acoustic wave resonator (TFBAR) resonating at the
fundamental resonance is in the ideal case obtained through the simple equation:

fa D vs

2t
D 1

2t

s
cD
33

�
(1.7)

where t is the thin film plate thickness. The coupling coefficient is derived from the
difference between fa and fr (for not too large values of kt

2):
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k2t D e233
cD
33"0"

S
33

� �2

4

fa � fr
fa

(1.8)

There is tremendous data collection of such resonators, because they are the heart
of a large portion of RF filters used in mobile phones. To cite two published results
for the sound velocity reported as vs D 11.4 � 103 m/s [30] and 11.3 � 103 m/s
[52], from which c33

D as 4.23 and 4.16 � 1011 N/m2 are derived, confirming very
well the T&M value. The coupling coefficient is frequently reported around 6.5 %
for resonators around 2 GHz. Lakin et al. [52] reported even a value of 7.0 %
obtained with solidly mounted resonators. Electrode material (acoustic impedance)
and thickness need to be chosen optimally for getting the best possible coupling at a
given frequency (AlN thickness). With higher frequency, electrodes tend to reduce
the coupling as their relative volume in the resonator tends to increase. But even at
8 GHz, a coupling of kt

2 D 5.9 % was realized [62]. The difference with respect to
the T&M value is most likely due to a too high dielectric constant in the latter data
set. A "33

S of 9.6 (corresponding to "33,f D 10.3) would better fit to single crystal
and sputtered thin film values and leads to a kt

2 of 6.7 %. Important is to realize
that polycrystalline (0001)-textured thin films are as good as single crystal films. In
the former, each grain is a perfect single crystal in the form of a column or fiber
(or nanowire). They are densely packed to give an excellent transverse piezoelectric
response, and because of the hexagonal symmetry around the c-axis, the isotropic
in-plane symmetry introduced by the random in-plane orientation of the grains does
not even introduce a new symmetry aspect up to the 4th rank tensors, such as rigidity
and compliance tensors.

Materials scientists are frequently using other methods. Device fabrication and
characterization are a too large effort when tens or hundreds of differently processed
films have to be analyzed in order to identify process-property relations. Most
conveniently, films are analyzed with a minimal effort of photolithography and
micro-fabrication, thus being clamped on a substrate having its complete thickness
(typically 0.3–0.6 mm). For the measurement of d33,f , piezoelectric films are grown
on bottom electrodes, and circular electrodes (typically 0.5–0.6 mm in diameter)
are deposited by evaporation or sputtering through a shadow mask. The thickness
change upon application of an AC electric field between top electrode and bottom
electrode is measured by means of a double side laser interferometer, which
measures the phase change of an optical beam having a reflection from the top
electrode and the precise opposite point of the wafer backside in its path. The applied
voltage is sinusoidal with a frequency of a few kHz, in order to reduce 1/f noise and
profit from powerful lock-in detectors. The clamped d33,f is then obtained as defined
in Eq. 1.4. The method is only precise if the substrate is infinitely rigid. Deviations
occur if this is not completely true, and for precise values, finite element calculations
need to be done. The method is good and very efficient in comparing different
qualities of films that have the same thickness, the same top electrode geometry,
and the same substrate type and thickness.

The measurement of the transverse coefficient e31,f is carried out at flexural
bending structures based on full substrate thickness and operated either in the
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Fig. 1.17 Comparison of bulk and thin film situation requiring a different choice of mechanical
variables: (a) bulk sample, (b) thin film on substrate, and (c) simple example of bent cantilever
cross section with z-axis having zero at neutral plane

converse mode (measurement of deflection upon application of a voltage) or in
the direct mode (collection of charge upon mechanical bending). Different versions
were proposed for the direct effect: single-side clamped cantilever and bending by a
calibrated actuator at the other side [63], flexibly clamped cantilever in a four-point
fixation [64], and a wafer flexure technique by application of a pressure behind a
clamped sample [65]. For the converse mode, the curvature of single-side clamped
cantilevers is measured [66, 67]. These techniques are rather accurate, provided that
cantilever dimensions and elastic properties of the substrate are known correctly.

However, this approach is not as simple as measuring a bulk sample. Let us point
out the difference considering the assessment of the direct piezoelectric effect with
a bulk sample equipped with two parallel electrodes (see Fig. 1.17) and which is
based on the following constituent equation:

D3 D "T
33E3 C d31 .T1 C T2/C d33T3 (1.9)

D3 means the displacement field or charge density produced at electrodes perpen-
dicular to the 3-axis, equal to the charge Q3 divided by the electrode area. When
applying an exclusive T3 stress and measuring the charge at a virtual short (which is
the case when using a charge amplifier), then we get d33 D D3=T3, or when applying
an exclusive stress T1, then we can derive also d31 D D3=T1.

When we try to do the same with a thin film sample, we have several problems. In
theory, it is possible to apply T3, because the stress will be the same in the substrate
and in the thin film. However, the substrate will expand in the transverse direction
(S1 and S2 are different from zero as T1 D T2 D 0) differently as the piezoelectric thin
film would do alone, because the respective s31 compliance values are different in
general. The strain of the substrate is imposed to the piezoelectric thin film, causing
more charges on the electrodes due to the transverse piezoelectric effect. So for
taking care about the influence of the substrate, the strain variables would be more
suited, and we thus have to consider the e-coefficients in this case:

D3 D "s
33E3 C e31 .S1 C S2/C e33S3 (1.10)
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It is clear that strain S3 cannot be controlled well as an input parameter. The ideal
variables for the thin film problem are thus T3, S1, and S2. One can show that the
constituent equation can be transformed to the following form:

D3 D "s
33;f E3 C e31;f .S1 C S2/C d33;f T3 (1.11)

The coefficient d33,f is difficult to measure in the direct mode, because the substrate
will always react upon applying a pressure T3, and as shown in literature, S1 and
S2 can be much larger than from T3 [68]. Using a curved support and stamp,
the bending can be avoided [69]. Nevertheless, as the substrate reacts with lateral
extension to pressure, d33 will be measured too high on a softer substrate and
too small on a harder substrate, as shown by the following equation derived from
(Eqs. 1.9 and 1.11):

D3 D 2e31;f s
.s/
13T3 C d33;f T3 D

h
2e31;f

�
s.s/13 � sE

13

�
C d33

i
T3 (1.12)

where s31
(s) means the substrate compliance component. For measuring e31,f one has

to provide an experiment with a well-known substrate deformation, to put T3 D 0
(this is the case at 1 atmosphere pressure (D0.1 MPa)) and E3 D 0 when using a
charge amplifier, and to evaluate according to Eq. 1.11. The controlled deformation
is conveniently achieved by a bending experiment. The most simple experiment
with a well-defined strain is the four-point bending test [64], resulting in a constant
curvature reproducing the situation as sketched in Fig. 1.17c. It works also by single
point bending [63] and flexural plate bending [65]. The cantilevers for bending
experiments exhibit a defined long direction along which the main strain develops
(say S1). Then, in a wide range of thickness to width ratios, the strain S2 is then
given by the Poisson ratio �sub of the substrate: S2 D ��subS1. It follows that

e31;f D D3

.1 � vsub/ S1

So besides the curvature, one needs to know also the Poisson ratio of the substrate.
In case of cantilevers obtained from (001) silicon wafers, the Poisson ratio amounts
to 0.28 when the cantilevers point along [100] and 0.064 when they point along
[110] [70, 71].

For measuring d33,f we consider the converse effect:

S3 D sE
13

sE
11 C sE

12

.S1 C S2/C d33;f E3; when T3 D 0 (1.13)

Applying E3 (voltage V3) and measuring the thickness change �tp by double side
interferometry, we can derive d33,f as �tp/V3 provided that (1) S1 D S2 D 0 and
(2) the substrate does not change its thickness. The reason is that one measures
the complete thickness change, the sum of the substrate and of the thin film.
Unfortunately, these two conditions are normally not met. They would be true in
the limiting case of an infinitely stiff substrate (much stiffer than the piezoelectric
film). For AlN/Si this is definitely not the case. So the only way to come around
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this problem is to perform finite element calculations. The elastic properties of the
substrate are usually well known, and e31,f can be measured before. Let us call this
new method FEM-supported double beam laser interferometry (FEM-DBLI).

1.3.1 Efforts in Ab Initio Calculations

Sporadic efforts were made over the years to calculate AlN properties by density
functional theories. With the discovery of improvement of piezoelectric constant by
Sc doping, the efforts are being done more systematically in order to predict AlScN
properties. In an early paper, Kamiya [50] calculated the piezoelectric coefficient
d33 of AlN to be 6.7 pC/N, which is about 20 % higher than the T&M experimental
values. The d31 coefficient (�2.71 pC/N, C2 %), however, was obtained close to
experimental data. Later, Bernardini and Fiorentini calculated d31 and d33 as �2.1
and 5.4 pC/N, respectively. The latter value is very close to the experimental value.
Tasnadi et al. [55] published an e33 value of 1.55 C/m2, identical to the experimental
value. The most complete work was published by Caro et al. [57]. The values for
e33, d31, and d33 were obtained as 1.46 C/m2, �2.32 pC/N, and 5.12 pC/N. All
values are thus about 10 % smaller than in reality. Most difficulties seem to be
encountered in calculating the elastic properties. In two works, the rigidity constant
c11

E is calculated much higher than the T&M experimental value: 500 GPa [72] and
420 GPa [57] vs. 345 GPa found experimentally. C33

E, however, is calculated rather
accurate: 370 [55] to 385 [57] vs. 370 to 395 GPa observed experimentally.

1.4 AlN-ScN Alloy Thin Films

Recently, it was discovered that Al substitution by Sc allows for an increase of
the piezoelectric response [69, 73]. This was predicted earlier for the (Ga,Sc)N
system based on first principle calculations [74] motivated by the idea that a solid
solution system going from a piezoelectric wurtzite structure on the Ga-rich side to
a non-piezoelectric rock-salt structure on the Sc-rich side would exhibit somewhere
a region within the wurtzite phase where piezoelectricity would peak, similar to
a para- to ferroelectric phase transition, occurring in this case, however, as a
morphotropic phase transition. Sc is a strictly 3-valent cation like Al but is larger.
Applying rules for ionic crystals (with the reserve expressed before) and using the
large ionic radius of N3� (132 pm in tetrahedral coordination), one concludes that
Al3C (32 pm) has most likely a tetrahedral coordination with nitrogen, which is
indeed the case. Sc3C is in general not found in tetrahedral coordination, its radius
is too large (88.5 pm in octahedral coordination), and the natural ScN structure
is the rock-salt (NaCl) structure with octahedral coordination [75]. Sc is less
electronegative than Al, and its bonds have a larger ionic nature (50 % covalent). It is
interesting to note that also Ga3C and In3C are larger ions than Al3C, forming as well
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a wurtzite structure with nitrogen (although their ionic radii indicate a preference
for octahedral coordination), but their piezoelectric coefficients are smaller than
the ones of AlN. The increase of piezoelectricity with Sc doping must be ascribed
firstly to a smaller electronegativity than the one of Al, Ga, and In and, secondly,
as pointed out by Tasnadi et al. [55], to a distortion of the unit cell which lowers
the c/a ratio and softens the elastic properties. Sc in AlN spreads the nitrogen
tetrahedron to find more space. It is mainly the lattice constant a that increases.
The length of c is almost untouched [53, 76]. The Sc ion thus tends to approach
the nitrogen base plane, increasing the u-parameter from 0.38 toward 0.5, as shown
by ab initio calculations [55]. Centering the Sc in the base plane would cause a
fivefold coordination. It was indeed proposed that there exists an intermediate non-
piezoelectric hexagonal structure with this coordination before reaching the NaCl
structure at high Sc content [77]. However, no experimental evidence has been
published so far. DFT works advance the interpretation that there is a competition
of Al3C and Sc3C ions about the coordination of nitrogen resulting in a kind of
frustrated system [55]. With increasing Sc concentration in the wurtzite phase, the
potential wells of the ions become shallower, and thus the ionic displacements in
an electric field become larger, leading to larger piezoelectric strains and dielectric
responses.

In the first works, the deposition processes for AlScN were based on RF co-
sputtering from two magnetron sources with metallic Al and Sc targets, operated in
a nitrogen-argon gas mixture [69, 73]. Later, the same method was used supplying
pulsed DC power to the two magnetrons instead of RF power [54]. For high-
throughput industrial processes, a single source using an alloy target is preferred.
Such processes were successfully applied with either RF or DC pulsed power
supplies [53, 78], however, with a limited Sc concentration of less than 17 %. It was
found in the latter case that the identical growth mode and microstructure type as
with pure AlN can be reproduced, at least up to 17 % of Sc. X-ray diffraction (XRD)
pattern and transmission electron microscopy (TEM) reveal a pure c-axis orientation
with columnar microstructure, similarly to what is observed for un-doped AlN thin
films. The favorable microstructure is maintained as long as the Sc concentration
is not too large, and the growth temperature is not too high, i.e., not above about
500 ıC.

For the first piezoelectric characterization of AlScN, the sample was squeezed
between two spherically shaped stamps being at the same time the contacts for
charge collection [73] (this according to Eq. 1.12). As stated above, this approach
yields too large values on softer substrates (such as Si in the case of AlN thin films).
Hence the obtained d33 value was larger than in reality. This is indeed suggested
when comparing the experimental values with the ab initio ones (Fig. 1.18). The
interesting point is that the s13 values of AlScN and Si are very close at 40 % Sc,
according to the predicted s13

E of Caro et al. This would mean that the value of
21.1 pm/V published in [69] for this composition would be free of d31 contributions!
DFT calculations are predicting an even higher value of 29.3 pm/V [57]. Both are
extraordinary high values for a non-ferroelectric material and even more spectacular
considering the low dielectric constant!
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Fig. 1.18 Comparison of
results for d33: Experimental
values from Ref. 69 and ab
initio values from Ref. 57

High Sc concentrations are probably more of an advantage in flexural bending
actuators, sensors, and energy harvesters [53, 79] governed by e31,f . As it is also very
much the custom to determine as well, d33,f , the two thin film coefficients are plotted
in Fig. 1.19, comparing measurements and DFT literature values. The curves were
corrected for giving correct values for pure AlN in the cases where major deviations
to higher values were published. Figure 1.19 shows that experiments tend to give
higher values for the clamped longitudinal response than predicted by DFT, at least
at lower Sc concentrations. In contrast, e31,f data are quite the same up to 20 %
Sc concentration. Above, DFT proposes lower values. Differences could arise from
the predicted stiffness constants. For instance, a too large s13 could lower d33,f in the
DFT prediction. A further problem of present state of research is the fact that it is not
known what the “true” or optimal AlScN thin film should deliver as properties. In
any case, the discovery of piezoelectricity in AlScN alloys opened a very interesting
field in experimental and theoretical materials research and allows for well-justified
dreams in applications.
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Fig. 1.19 (a) Longitudinal,
clamped coefficient
d33,f D e33/c33

E. The DFT
Caro curve is from Ref. 57
and the DFT Tasnadi curve
from Ref. 55. The
experimental values from
Matloub et al. were obtained
by FEM-assisted DBLI. The
values of Moreira were
derived from thin film bulk
acoustic wave resonators
[54]. The DBLI values of
Fichtner et al. were
proportionally adjusted to
result in 4 pC/N. (b)
Transverse coefficient e3,1f .
The experimental e31,f values
from Mazzali et al. are from
Ref. 51. Fichtner’s values
were adjusted for getting
1.05 C/m2 for pure AlN
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Chapter 2
Lead Zirconate Titanate (PZT) for M/NEMS

Ronald G. Polcawich and Jeffrey S. Pulskamp

2.1 PZT Thin Films

This section concentrates on the leading ferroelectric material used in thin-film
piezoelectric MEMS: lead zirconate titanate (PbZrxTi1�xO3) or PZT. PZT-based
MEMS technology has been explored extensively for a variety of actuator appli-
cations [1] but has received less attention for RF MEMS resonator and filter
applications. Despite the long and successful history of bulk PZT resonators [2], the
process complexity/compatibility issues and high mechanical losses have discour-
aged the exploitation of this strong piezoelectric for these applications. However,
for select MEMS resonator and filter applications, thin film PZT offers many
unique advantages due to the high electromechanical coupling factors, permittivity,
piezoelectric stress constants, and the DC-bias electric field dependence of these
properties. Significant progress has also been made in developing materials deposi-
tion and processing technologies that address the fabrication challenges with PZT
thin films. The goals of this section include an analysis of the deposition of these
materials, patterning techniques, identification of device design and processing
concerns, and finally a detailed subsection covering examples of how PZT thin films
have been incorporated into resonant-based devices.
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2.1.1 Deposition

PZT thin films have been successfully deposited by a wide variety of processes with
a majority of the early development done through various sputtering techniques
with a strong focus on RF or ion-beam deposition using bulk ceramic targets
[3–6]. Current research efforts primarily utilize sputtering [7, 8], metal-organic-
chemical vapor deposition (MOCVD) [9–11], and chemical solution deposition
(CSD) techniques [12–17] with many of the techniques summarized in Table 2.1.
Each of these three techniques has and is used in commercial fabrication of PZT-
based devices with ferroelectric random access memory (FRAM) initially using
either CSD or sputtering and then migrating to MOCVD for ultrathin layers.
For PZT-based MEMS devices, CSD and sputtering are both used in commercial
production and foundry facilities. PZT deposition methods require strict control of
the stoichiometry to prevent nucleation of non-ferroelectric fluorite and pyrochlore
structures [18, 19]. Furthermore, lead oxide (PbO) becomes highly volatile above
500 ıC, so one must take care to provide enough excess lead to compensate for
lead loss through the release of PbO during any high-temperature processing and
annealing [20].

A variety of substrates can be used for PZT deposition. However, there are
requirements for both the substrate and metallization layers. Growth of PZT is
strongly nucleation controlled, and with proper control of the nucleation, crystal
orientation of the film can be manipulated [21, 22]. Single-crystal substrates (i.e.,
MgO, SrTiO3) can be used to nucleate epitaxial, single-crystal PZT thin films [23].

For most MEMS applications, silicon is the substrate of choice. Furthermore,
when it comes to resonant devices, PZT is often integrated with silicon-on-insulator
(SOI) substrates to couple the high electromechanical coupling of the PZT with

Table 2.1 Deposition methods and parameters for PZT thin films

Deposition parameter
DC sputter
(reactive) RF sputter MOCVD CSD

Reference [7] [7, 39, 99] [11] [15]
Target stoichiometry Pb, Zr, Ti

(3 metal
targets)

Pb1.20(Zr0.53Ti0.47)O3

Excess Pb % 20 10 and 30
RF power (W) 100
Bias (V or W)
Pressure (Pa or T) 1–2 5 T
Gas O2 (1–3 sccm) O2 (1 L/min) O2

Deposition rate
(nm/min)

10–20 12

Temperature (ıC) 570
Followed by
post-dep
RTA

550–700 550 RT ! 350 ! 650
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Fig. 2.1 Texture, FWHM of the sputtered Pt (222) peak, as a function deposition temperature and
after thermal processing of a PZT film deposited atop the Pt film [24] (Reprinted with permission.
Copyright 2004)

the high mechanical quality factor of the single-crystal silicon. When using Si, it
is important to prevent the formation of lead silicide at the substrate interface by
using buffer layers and/or metal layers. In most instances, a layer of silicon dioxide
is used as a buffer layer in combination with a bilayer of TiO2/Pt to serve as the base
electrode for the PZT deposition. With the lattice constant of platinum being close
to that of PZT (2–3 % mismatch for c-axis-oriented PZT), Pt can be an excellent
template for (111) oriented PZT films as Pt tends to grow with a strong (111)
texture. In order to maximize the texture within the Pt, the preferred material stack
is SiO2/TiO2/Pt [24]. The layer of TiO2 serves as a buffer layer and template that
allows higher degree of texture within the Pt. For detailed information on the method
required for achieving highly textured (111) Pt, the readers are directed to Ref. [24]
with one of the key figures reproduced in Fig. 2.1. It is noted that although Pt is great
at seeding (111) PZT growth, the preferred orientation to maximize the piezoelectric
properties of PZT is (001) orientation [22]. Methods of manipulating the texture of
the PZT away from (111) orientation when using Pt layers will be discussed later
within this section.

There are several metal and/or conducting oxides (i.e., Ru and RuO2 and Ir and
IrO2) that can be used in place of Pt. These alternative electrodes can exhibit a higher
resistance to Pb interdiffusion and thus provide a better barrier. Oxide electrodes are
commonly used for the top electrode to reduce ferroelectric fatigue (reduction of
switchable polarization with bipolar cycling, especially in excess of the coercive
field of the PZT) [25]. Note, ferroelectric fatigue can be mitigated by simply using
one of the electrodes as a conductive oxide (e.g., IrO2 or RuO2). An additional
benefit of IrO2 electrodes is it can serve as a barrier of hydrogen damage within
PZT thin films [26].

Sputter deposition of PZT thin films has been completed through either reactive
deposition using three metal targets (Pb, Zr, and Ti) or RF sputtering using ceramic
targets. In either case, PZT thin films with excellent ferroelectric and piezoelectric
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properties can be obtained. One challenge with sputter deposition is accurate control
of the Pb and O content within the films. Lead has a higher sputter yield and higher
volatility (i.e., PbO) compared to Zr and Ti. As a result, the lead loss must be
compensated with either higher fluxes sputtered from pure Pb targets or excess
Pb incorporated in ceramic targets. An additional item of note is the substrate
temperature during deposition. The use of high temperatures during deposition
results in higher Pb loss and typically requires higher excess lead content targets.
If the substrate temperature can be maintained greater than 600 ıC, pure perovskite
phase PZT thin films can be achieved. Otherwise, a crystallization anneal is required
on the sputtered film to convert the deposited layer into the desired perovskite phase.

MOCVD processes for PZT thin films have been researched as a key technology
for mass production of ferroelectric random access memory (FeRAM) especially for
device architectures requiring exceptional step coverage. For PiezoMEMS applica-
tions, there has been limited information reported on the piezoelectric properties of
MOCVD-deposited thin films. For a summary of the MOCVD deposition process,
readers are directed to Refs. [9] and [11] for more detail.

Chemical solution deposition (CSD) methods for ferroelectric thin films have
been developed based on a variety of methods (i.e., sol-gel and metallorganic
decomposition) and precursors [27]. The CSD techniques can be categorized into
three main groups: sol-gel, chelating process, and metallorganic decomposition [15,
16]. The two most widely used approaches are based on a sol-gel approach using 2-
methoxyethanol as a solvent and the inverted mixing order process using methanol
as a solvent. Sol-gel methods have been primarily based on the research of Budd,
Dey, and Payne in 1985 [12].

With the inverted mixing order (IMO) process, the lead, titanium, and zirconium
precursors are combined in the opposite order from those developed in the original
sequential addition process by Budd, Dey, and Payne [12, 28, 29]. In addition, the
solvent used for the IMO process is primarily methanol with slight additions of
acetic acid and deionized water for additional solution stability. The use of methanol
instead of 2-MOE enables a less toxic solution preparation and the deposition
process for the user [28]. Additionally, a commercial source of solutions is now
available through Mitsubishi Materials using a proprietary solvent that is also less
toxic than 2-MOE [30]. The PZT-N solution offered by Mitsubishi Materials is
currently one of the most widely used solutions within the available foundries.

The most heavily researched processes for the deposition of PZT films use
2-MOE as a solvent and lead acetate trihydrate, titanium isopropoxide, and zirco-
nium n-propoxide as the precursors [12, 31, 32]. This process has been used to
produce PZT films with the highest piezoelectric coefficients to date. A general
version of the 2-MOE-based solution process flow is highlighted in Fig. 2.2.
To begin, the lead precursor (lead acetate trihydrate) is dissolved in 2-MOE
followed by vacuum distillation to remove the water. The dehydrated lead acetate
is allowed to redissolve in a portion of the 2-MOE solvent before being mixed
with Zr and Ti precursors. Prior to being added to the lead precursor, Zr and
Ti precursors are mixed in the desired stoichiometric ratio at room temperature
with 2-MOE. The combined solution is refluxed for two to three hours at 120 ıC
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Trihydrate

Mix with 2-MOE
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Fig. 2.2 Schematic process flow for creating a 2-MOE-based solution for PZT thin films

Fig. 2.3 Deposition and
thermal treatment process
flow for chemical solution
deposition of PZT thin films
based on a 2-methoxyethanol
solvent system

using a rotary evaporator or comparable setup. Next, the solution undergoes a
short vacuum distillation to remove a small amount of reaction by-products and
adjust the concentration, typically 0.4 M. The final step is to add 4 volume percent
of formamide, which serves as a drying control agent [33]. Additionally, a small
percentage of acetylacetate may be added to the solution to assist in the long-term
stability of the solution [34].

Regardless of the solution chemistry, the deposition processes are quite similar
and graphically represented in Fig. 2.3. The only discrepancies are minor changes to
the pyrolysis temperature or the crystallization temperature. Using automated solu-
tion coating machines (similar to those developed for photoresists), the deposition
process usually begins by prefiltering the solution into the deposition canisters or
syringes. The solution is statically dispensed onto the substrate and then spun to
achieve a uniform film thickness across the substrate. Following the spin, the film is
pyrolyzed on a hot plate to remove the volatile organics. The spin and pyrolysis steps
are repeated as required (i.e., one to four layers) prior to the crystallization anneal in
flowing oxygen. Using a 0.4 M solution, a four-layer spin process typically yields a
final film thickness close to 0.25 �m. The process is continuously repeated until the
desired film thickness is achieved.
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Fig. 2.4 Transverse
piezoelectric stress constant,
e31,f , of a 1 �m PZT thin film
as a function of Zr/Ti ratio for
both (100)/(001) and (111)
oriented thin films [22, 23]
(Reprinted with permission.
Copyright 2003, Elsevier)
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Regardless of deposition method, there are several key material parameters with
which to judge the quality of the PZT thin film. The first is the crystalline quality
of the film via X-ray diffraction (XRD). The best quality piezoelectric films will
possess a high degree of texture in the (100)/(001) orientation (see Fig. 2.4). The
easiest method of assuring a high degree of (100) texture is through templating the
nucleation and growth with a PbTiO3 seed layer and proper attention to the amount
of excess lead present during any high-temperature annealing or crystallization
processes [21, 33, 35]. An example XRD pattern of a highly textured CSD PZT
thin film is shown in Fig. 2.5.

Optimizing material quality and properties requires controlling the stoichio-
metric gradients through the thickness of the PZT film. Figure 2.6 illustrates the
importance of controlling these gradients, as these gradients represent deviations
of the average properties of the film from the intended composition. As stated
earlier, PZT films are strongly nucleation controlled. With heterogeneous nucleation
occurring at the electrode interface, Ti-rich compositions nucleate first [21]. The end
result is a sawtooth Zr/Ti gradient through the PZT thickness with a Ti-rich layer
at the electrode interface and a Zr-rich layer at the film surface (see Fig. 2.6) [15].
To compensate for the gradient, Calame and Muralt developed a process to reduce
the gradient by manipulating the stoichiometry of each of the four CSD layers
(63, 58, 48, and 43 % Zr content) deposited prior to the crystallization step [15].
As shown in Fig. 2.6, the average composition through the entire 2 �m thickness
closely resembles the MPB desired composition of 53/47. Alternatively, recent work
has demonstrated gradient-free films using process optimization with a ZnO buffer
layer beneath a Pt electrode layer [36, 37].

For comparison, a list of the material properties achieved for each deposition
method has been compiled in Table 2.2. Note, that quite often, the ferroelectric
property, namely, the remnant polarization, is similar for the different techniques.
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Fig. 2.5 ‚–2‚ X-ray diffraction pattern for PZT (52/48) thin films (�0.5 �m) using a PbTiO3

seed layer to promote a highly textured (100) orientation [36] (Reprinted with permission.
Copyright 2013 MRS).

Fig. 2.6 Zr content in two
different PZT (53/47) films,
one with a standard 2-MOE
process using a crystallization
anneal every four layers and
the other using an optimized
process to reduce the Zr/Ti
gradient in the film [15]
(Reprinted with permission.
Copyright 2007 American
Institute of Physics)
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Table 2.2 Material properties as a function of deposition method

Technique
Stoichiometry
(Zr/Ti)

Pr

(�C/cm2)
Ec

(kV/cm)
e31,f

(C/m2)
d33

(pC/N) "33 tan ı Ref.

Sputter-RF
magnetron

50/50 22–26 40–50 �25.1 100 800–1200 0.02 [7, 100]

CSD
(N-PZT)

53/47 26.2 43.3 [29]

CSD
(2-MOE)

53/47 �12.0 85 1180 0.029 [33]

�17.7 1650 0.023 [15]

Table 2.3 Etch parameters for PZT thin films

Etching parameter ECR-RIE ICP-RIE ICP-RIE Wet
Ar ion
mill

Reference [46] [48] [49] [43] [101]
RF power (W) 10–200 400–800 500–800 150
Bias (V or W) 100–1000 V 100–400 V 200–350 V 36 V
Pressure (Pa or mT) 5e�4 to 1 Pa 1–10 mT 0.1–2.0 Pa 0.7 mT
Gas(es) CCl4, CF4, Ar Cl2/C2F6/Ar BCl3:Ar

Cl2:Ar
BOE:2HCl:4NH4Cl:
4H2O
C2HNO3 :H2O

Ar

Etch rate (nm/min) 20–95 100–180 63–193 960 25
Resist selectivity
(PR/PZT)

3:1–13:1 1.5–3:1 3–6 :1 1.5:1 1:1

However, the piezoelectric coefficients tend to be higher in the highly textured,
gradient controlled CSD techniques.

2.1.2 Patterning Techniques

Patterning PZT thin films along with many other ferroelectrics remains one of
the more challenging aspects of incorporating these compounds with MEMS. Not
only are these compounds rather difficult to etch and pattern, but contamination
from the heavy metal elements, especially lead, poses additional problems for most
clean rooms. Specific to PZT, regardless of the Zr/Ti ratio, this material can be
etched with all of the common etching techniques including wet processing, electron
cyclotron resonance-based reactive ion etching (ECR-RIE), inductively coupled
plasma (ICP)-based RIE, and ion milling as indicated in Table 2.3.

Wet etching techniques remain one of the easiest solutions to patterning PZT
especially when selectively stopping the etch on a platinum electrode. However,
this technique is limited to larger areas (several microns to tens of microns) because
most etch chemistries are highly isotropic or can even have faster lateral etch rates.
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Typical chemistries involve mixtures of hydrochloric (HCl) and hydrofluoric (HF)
acids resulting in combinations of fluorine- and chlorine-containing by-products
[38–40]. One of the most common chemistries with relatively high etch rate and
excellent selectivity to platinum is a mixture of deionized H2O:HCl:HF (2:1:0.05).
The HCl acid is used to remove lead and titanium, while the HF is used to remove
titanium and zirconium. One problem that can occur with this etch combination
occurs in films with excess lead where a white powdery lead residue remains on the
wafer surface [42]. This lead-rich residue can be removed by adding small amounts
of ammonium chloride and/or nitric acid to the solution [42]. Note that this etchant
has a lateral etch rate nearly 2–3 times that of the film thickness.

Chemical and physical etching via reactive ion etching (RIE) and ion milling
can provide the necessary dimensional control necessary for creating MEMS and
NEMS structures. Similar to the wet etch chemistry, reactive ion etch techniques
utilize combinations of fluorine- and chlorine-containing compounds (such as CF4

and CCl4) [19, 41–43]. A major challenge with a purely chemically based RIE is
the extremely low volatility of the Zr and Ti by-products, namely, ZrF4, ZrCl4, TiF4,
and TiCl4. To counter, the most successful etching techniques use combinations of
RF-bias power in excess of 50 W, low pressures (<0.1 Pa), and elevated temperature.
One leading technique is to etch the PZT in an electron cyclotron resonance/radio
frequency (ECR/RF) reactor with 40 % CCl4, 40 % CF4, and 20 % Ar gases [19]. As
shown in Fig. 2.7, thistechnique can achieve etching rates approaching 100 nm/min
using 100 WRF operating at a pressure of 1 mPa. Another chemistry for RIE is
outlined by the ferroelectric random access memory (FRAM) community using
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Fig. 2.7 Etching characteristics of PZT thin films as a function of processing pressure using an
electron cyclotron resonance/radio frequency (ECR/RF) reactor [98] (Reprinted with permission.
Copyright 2000)
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inductively coupled plasma (ICP) RIE reactors with 70 % BCl3 and 30 % Ar gas
[44–46]. In addition to etching PZT layers, RIE can be used to etch the electrode
layers such as Pt, RuO2, and IrO2. In general, the leading etch chemistries use
chlorine-containing gases such as Cl2, CCl4, and BCl3 with the etch mechanism
being mostly physical in nature [19, 47–49].

The two biggest challenges with a chemical RIE approach to patterning PZT
are controlling redeposition of the nonvolatile etch by-products and achieving the
necessary resist selectivity. Processing at higher temperatures and using low pres-
sures combined with high-throughput vacuum pumps increase the percentage of the
by-products remaining in the gaseous phase. However, increasing the temperature
causes severe resist degradation or even carbonization of the photoresist. As a result
a hard mask needs to be employed. Further evidence of this is shown in Figs. 2.7
and 2.8 where resist selectivity dramatically decreases with increases in processing
pressure or incident ion energy or RF bias. Resist degradation is yet another
challenge with RIE etches of PZT. To preserve the resist integrity, any masking
must be done with either hard-cured photoresist or hard masks to avoid degradation
in soft-cured photoresist. Early work on hard masks included TiO2 coatings with
the FRAM community moving toward TiN or TiAlN coatings [49, 50]. The use of
hard coatings enables a single mask layer etching process to etch the entire capacitor
(electrode/PZT/electrode) (see Fig. 2.9). The same process can be used for MEMS
actuators. However, care must be taken to account for the elevated voltages (electric
fields) that the actuators require compared to that of FRAM. The gap separation
between the two electrode layers is defined by the PZT thickness. Because this
separation can be in the range of 0.25–2 �m, breakdown across the air gap becomes

100

80

E
tc

h 
ra

te
 [n

m
/m

in
]

60

40

20

0
0 20 40

50 mPa 5 mPa Selectivity PZT/PR

60 80 100 120
0

1

2

3

4

5

S
el

ec
tiv

ity
 P

ZT
/P

R

RF blas power [w]

Fig. 2.8 Etching characteristics of PZT thin films as a function of RF-bias power using an electron
cyclotron resonance/radio frequency (ECR/RF) reactor [54] (Reprinted with permission. Copyright
2000)
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Fig. 2.9 Cross-sectional
image/schematic of an
FRAM capacitor
(Ir/IrOx/PZT/IrOx/Ir)
patterned using a single-layer
hard-etch mask of TiAlN

Fig. 2.10 Schematic cross
section of PZT stack
actuators patterned using (a)
a single-etch process and (b)
a multiple-step etch process.

a concern during device operation. For example, actuators comprised of a 0.5 �m
PZT film with Pt electrodes fabricated with a single-etch process have breakdown
voltages on the order of 10 V (�200 kV/cm). In contrast, employing a multiple-step
etching (see Fig. 2.10) process to define the top electrode and the actuator separately
increases the breakdown voltage for a 0.5 �m thick PZT actuators to approximately
100 V (�2000 kV/cm). This effect is primarily due to the fact that the PZT overlap
required for the multistep etch/masking process increases the distance between the
top and bottom electrodes. Alternatively, an interlayer dielectric coating such as an
atomic layer deposited coating of alumina (Al2O3) can be employed to also mitigate
breakdown across the air gap between the top and bottom exposed electrodes.

The final method of patterning PZT thin films is through a physical etch
using Argon ion milling. Although this technique does not provide any significant
selectivity to photoresist, PZT, or the electrode layers, it has several key advantages
including the ability to etch the entire metal/PZT/metal stack and variable control
of the angle of incidence [51]. For hard-to-etch compounds, especially materials
with low volatility such as PZT and Pt, the accelerated Ar ions can be used to break
the atomic bonds, while the variable angle control is used to push free atoms away
from the wafer surface. Furthermore, the angle of incidence can be altered during
the final stages of the etching to remove any redeposited materials. Similar to the
chemical-based RIE procedures, the masking material for the ion mill must either
be hardened photoresist or a hard mask as ion damage and redeposited heavy metal
ions prevent clean removal of a soft photoresist. Although the ion mill generally
has poor selectivity and a difficulty to accurately endpoint on the desired layer, an
ion mill reactor can be configured with a secondary ion mass spectrometer (SIMS)
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Fig. 2.11 Examples of using SIMS endpoint detection in conjunction with ion milling of (a) Pt
etching and stopping on a PZT thin film using the falling edge of Pt, (b) etching PZT and stopping
on a Pt thin film using the rising edge of Pt, and (c) etching PZT and Ti/Pt stopping on the
underlying SiO2 using the falling edge of Pt. Note the double peaks in the SIMS signal are the
result from monitoring two substrates that are rotated under the beam during the etching process

endpoint detection system. The SIMS system analyzes the etched material as it is
removed from the wafer surface and yields an accurate depiction of the depth of the
current etch. An example of the endpoint detection is illustrated in Fig. 2.11 for a
sample etching the top Pt electrode stopping on the PZT and for a sample etching
the PZT and stopping on the bottom Pt electrode.

2.1.3 Device Design Concerns

An area of concern for PZT-based MEMS devices is degradation in the material
properties during the device fabrication. The research on ferroelectric random
access memory (FRAM) has advanced the understanding of the leading degradation
mechanisms including ion damage, H2 damage, and surface contaminants [52, 53,
55]. In many instances, the manifestation of damage in the PZT can be observed
through characterization of the ferroelectric and dielectric properties. In cases where
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Fig. 2.12 Change in the polarization electric field hysteresis loop observed for virgin (before
etching) PZT thin films, for a PZT film exposed to ion milling (after IBE), and for a PZT film
exposed to a reactive ion etch (after RIBE). For both etched samples, the testing was done after
depositing and annealing a top Pt electrode layer on the etched surface [56] (Reprinted with
permission. Copyright 2005 American Institute of Physics)

the PZT surface is exposed to etch conditions and then electroded, reductions
in the remnant polarization, increases in the coercive field, and decreases in the
dielectric constant are observed resulting from the creation of a damaged surface
layer lying beneath the top electrode (see Fig. 2.12) [55, 56]. The presence of the
damaged surface layer is severely detrimental to the performance of the PZT, and
consequently the preferred process deposits and patterns the top electrode onto the
as-deposited, pristine surface of the PZT film.

For piezoelectric devices patterned after the top electrode has been deposited,
degradation remains a potential problem. The PZT sidewalls are damaged during
the patterning process and can introduce defects into the material. More importantly,
exposure to H2 through contact with the hydrocarbons in photoresist and forming
gas anneals introduces protons in the PZT via diffusion, adversely affecting the
ferroelectric and dielectric properties through domain pinning. Additionally, the
feature size of the active device area can play a significant role in the degree of
damage that exists in the PZT layer [54].

Regardless of the damage created by processing, in most instances the fer-
roelectric and dielectric properties can be recovered using a thermal anneal. To
approach full recovery, the anneal must be done above the Curie temperature of the
ferroelectric (e.g., Tc (PZT) �365 ıC). An example of how effective the recovery
anneal can be is shown in Ref. [55]. In this example, the material properties are
recovered to the initial conditions using a 500 ıC anneal (Fig. 2.13).

Another key aspect with PZT devices is the aligning of the ferroelectric domains
or poling. Unlike the pure polar materials discussed previously (i.e., AlN and
ZnO), the polarization in ferroelectric materials can be configured in a multitude
of orientations. In order to optimize the piezoelectric coefficient of the PZT, the
ferroelectric domains need to be aligned in a single preferred direction. For an
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Fig. 2.13 Illustration of how
high-temperature annealing
can be used to recover the
ferroelectric properties of
PZT thin films after damage
induced by the patterning
process [55] (Reprinted with
permission. Copyright 2002
American Institute of
Physics)
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Fig. 2.14 Example of
imprint in a ferroelectric
illustrated by a shift in the
polarization electric field
response of the material

actuator in a parallel plate configuration (d31 mode), the poling direction is along the
film thickness. The most direct method of poling is the application of an electric field
nominally 3–4 times the coercive field for 10–15 min (i.e., 10–15 V for a 0.5 �m
thick film). With respect to resonators and especially filters, the poling process post-
fabrication can be a concern especially with very complicated device and circuit
topologies. One possible approach that is of interest is to use heavily imprinted PZT
films such that they are poled following the fabrication process. Imprint is defined as
the presence of a strongly preferred polarization direction in a ferroelectric material
such that the ferroelectric and piezoelectric hysteresis loops are shifted laterally
along the electric field axis (see the example in Fig. 2.14). Essentially, the film has an
internal bias field acting upon the polar domains resulting in a preferred orientation.
If the imprint can be pushed toward extreme levels pushing toward and beyond the
coercive field, the film will essentially always be in a preferred polarization state and
achieving a near-optimal piezoelectric coefficient. An additional benefit especially
for resonant devices is that the dielectric constant and dielectric loss are reduced
under these internal biasing conditions enabling reduced parasitic capacitances and
reduced loss in the devices.
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Fig. 2.15 Example of imprint in sputter deposited Nb-doped PZT (Reprinted with permission.
Copyright FUJIFILM Corporation 2014) [25]

Imprint techniques fall essentially into two categories: in situ controlled and
post-processed. In situ controlled are typically limited for use with sputtered films
where the bombardment conditions can be refined to control the adatom mobility
and manipulate the growth strains as well as the local defect chemistry (i.e., oxygen
vacancies). An example of the imprint achieved in sputtered PZT is illustrated in
Fig. 2.15. In contrast, post-processing imprint can be employed on films deposited
by many methods and include thermal poling and exposure to ultraviolet radiation
consisting of a wavelength smaller than the absorption bandgap of the material (i.e.,
approximately 365 nm for PZT [55]). With thermal poling, the electric field for
poling is applied while the PZT is held at temperatures approaching half of the Curie
temperature or higher, nominally 125–150 ıC. Generally, thermal poling procedures
have a longer duration and stability compared to the UV-assisted poling procedures.

2.1.4 PZT-Based Resonant Devices

Table 2.4 includes select published results for PZT MEMS resonators since 1997
[56–71], and Fig. 2.16 plots the corresponding center frequencies versus the year
the results were obtained. As highlighted in Fig. 2.16, PZT thin film for SAW and
FBAR resonators was investigated during the late 1990s and early 2000s for cell
phone RF filtering [70–75]. kt

2 values as high as 35 % were demonstrated in PZT
FBARs [71]; however, the poor quality factor performance of these devices (<237)
resulted in inferior filter performance. PZT MEMS flexure-mode resonators [73]
were also first investigated during this time. Since the late 2000s, several groups
have explored PZT contour-mode resonators with much of the research motivated
by certain defense applications at lower frequencies (<500 MHz).
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Fig. 2.16 Select published
results for PZT MEMS
resonators since 1997;
resonator center frequency
versus the year the results
were obtained

The unique capabilities of thin film PZT MEMS resonators arise from the
high electromechanical coupling factors, permittivity, piezoelectric stress constants,
and the DC-bias electric field dependence of these properties. The very high
piezoelectric coefficients of thin film PZT enable strong electromechanical cou-
pling despite the relatively large dielectric constants. PZT bulk ceramics vary
in electromechanical coupling with composition, but typical quasi-static material
values at low electric field are 48 % k33

2, 22 % kt
2, 12 % k31

2, and 39 % kp
2 [74].

The subscripts for the electromechanical coupling are related to the directions of
electrical and mechanical quantities. For k33, the polarization and vibration are along
the same direction (i.e., the 3 direction in this case) and as an example consider
a ceramic rod polarized along its length and electrode at the ends. Related to
k33 is kt, which is used in cases where the surface area of device is substantially
larger than its thickness. In cases where the polarization direction and vibration
direction are orthogonal to one another, the k31 term is appropriate where the
polarization is along the three directions. Finally, kp is associated with discs with
the polarization in thickness direction (i.e., 3 direction) and the mechanical vibration
in the in-plane radial directions (i.e., 1 and 2). There are limited published results
for thin film PZT quasi-static material coupling factors due to the difficulties in
directly measuring these properties. However, k31

2 values as high as 29.8 % [22]
(based on permittivity and piezoelectric coefficient measurements and assuming
s11

E from [75]) and 27.9 % [79] (based on micro-tensile specimen testing of s11
E

and s11
D) have been reported for low electric fields. The larger values for thin film

PZT can be explained by the fact that thin-film piezoelectric properties have been
shown to exceed those of bulk ceramic material [33], and the reported coupling
factors for bulk material kij

2 are not identical to the effective film value. The film
clamping effect [22] responsible for the discrepancy between e31 and the larger e31,f
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constants also influences the electromechanical coupling, resulting in an effective
film coupling value that can exceed the bulk material kij

2. The film clamping
serves to enhance electromechanical coupling through the participation of additional
piezoelectric coefficients in transduction. The largest electromechanical coupling
factor reported with thin film PZT was achieved with a 3.7 GHz FBAR resonator
with sputtered 45/55 PZT that exhibited a kt

2 of 52.7 % and a kt
2Qm product of

57 [68]. For contour-mode MEMS resonators, a keff
2 of 8.2 % was achieved with a

0.5 �m PZT on 1 �m silicon dioxide/silicon nitride multilayer operating at 56 MHz
with a Qm of 289 [60] and motional resistance of 9 	.

The strong electromechanical coupling and high dielectric constants of PZT
enable very compact filters, facilitating the design of resonators and filters for
appropriate port impedances to avoid matching network losses, parasitic capacitance
sensitivity, and large voltage swings [76]. High performance is also possible with
direct 50 	 termination without the need for any external matching networks [60].
The size of commercially available acoustic filters such as quartz and SAW at
HF to low-UHF frequencies is rather large, and the performance of SAW filters
is significantly degraded relative to higher frequencies. The size of impedance
matching components at these low frequencies also presents a challenge to realize
the benefits of small MEMS filters in large filter banks. PZT is particularly well
suited to these low frequencies where high-performance low-loss filters can be
directly interfaced with 50 	 systems without the need for external matching. The
size advantage of PZT MEMS filters over SAW filters is illustrated in Fig. 2.17
where a 70 MHz length-extensional 2-pole PZT MEMS filter [60] is seen atop a
commercially available 70 MHz SAW filter.

The combination of strong electromechanical coupling and poor mechanical
quality factor has led to the development of PZT-on-silicon resonator technology
[60–62, 64, 65, 67, 69, 77–84]. PZT-on-silicon resonators (see Fig. 2.18) permit
the tradeoff of resonator effective electromechanical coupling, keff

2, and quality
factor while nearly maintaining constant figure of merit (FOM) for similar resonator
designs [82]. The largest FOM, non-FBAR PZT MEMS resonators published to
date (FOM of 27) have utilized 0.5 �m PZT on 10 �m single-crystal silicon stacks
[60, 61]. Trading electromechanical coupling for quality factor with comparable

Fig. 2.17 Size comparison
between 70 MHz
length-extensional 2-pole
PZT MEMS filter atop a
commercially available
70 MHz SAW filter [60]
(Reprinted with permission.
Copyright IEEE 2016)
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Fig. 2.18 Cross-sectional illustrations of typical PZT (left) and PZT-on-single-crystal silicon
(right). PZT resonators are commonly implemented with various elastic layers, typically silicon
dioxide or silicon nitride, and PZT-on-silicon resonators are realized with silicon-on-insulator
substrates

figure of merit permits the development of resonators that would otherwise possess
insufficient quality factors. Figures 2.19 and 2.20 plot the reported mechanical Qs
of the resonators from Fig. 2.16 versus the year the results were obtained and
center frequency, respectively. The apparent trend of decreasing Q versus frequency
is interesting but is likely due to recently published high Qs at low frequencies
with PZT-on-silicon devices. Furthermore, the largest reported FBAR Q results are
not the lowest frequency devices. The significant improvements in resonator Qs
since 2008 are largely due to the development of PZT-on-silicon MEMS resonator
technology at lower frequencies (<1 GHz). The highest mechanical Q reported to
date, 6575 in air, was achieved with a 10.7 MHz length-extensional mode and
0.5 �m PZT on 10 �m single-crystal silicon resonator with a keff

2 of 0.05 %
(see Fig. 2.21) [60]. Moreover, PZT-on-silicon technology dramatically improves
resonator power handling and linearity [61, 63]. Length-extensional [63] and disc
Z-flexural [61] PZT-on-silicon resonators have demonstrated >C10 dBm and >C15
dBm 1 dB compression points at 16 and 22 MHz, respectively. These results
compare very favorably to similar AlN MEMS resonators at these frequencies
(�15.6 dBm) [85]. The addition of silicon to the resonator also significantly
increases the average acoustic velocity that facilitates the design of higher-frequency
contour-mode resonators [65].

The very high e31,f constants of PZT thin films enable the integration of
RF MEMS acoustic filters with high-performance MEMS actuators such as RF
MEMS switches, varactors, and tunable inductors. PZT resonators with and without
single-crystal silicon (see Fig. 2.18) have been monolithically integrated with high-
performance tunable RF MEMS passives that utilize the state-of-the-art actuation
capabilities of PZT MEMS [86–89]. The low-loss and low-parasitic integration
of piezoelectric MEMS acoustic filters with varactors and MEMS inductors could
enable novel tunable filters via reconfigurable matching networks or facilitate the
impedance matching and adjustment of rejection of filters in future complex RF
system architectures [80].
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Fig. 2.19 Select published
results (see Fig. 2.16) for PZT
MEMS resonators since
1997; reported mechanical
quality factor versus the year
the results were obtained
(semilog plot)

Fig. 2.20 Select published
results (see Fig. 2.16) for PZT
MEMS resonators since
1997; reported mechanical
quality factor versus
resonator center frequency
(log-log plot)

The ferroelectric behavior of PZT induces both high electric field nonlinearity
of the permittivity and piezoelectric properties [90]. These nonlinearities are only
significant near or above the coercive field (high field) of PZT. High-quality PZT
thin films tend to exhibit breakdown strengths that are far larger than those of
similar composition bulk ceramic materials. This allows the application of bias
electric fields that are many times the coercive field of the material to tune the
dielectric constant, piezoelectric coefficients, and coupling factors. The significance
is clear when considering the simple 2-port BVD model of a thin film PZT MEMS
resonator as illustrated in Fig. 2.22. The DC-bias tuning of the permittivity enables
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Fig. 2.21 Example result of
high-Q PZT-on-silicon
MEMS resonator from [60].
Measured frequency response
of a 10.7 MHz gold-laced,
length-extensional resonator
when biased at 15 V. The
device utilizes a 0.5 �m,
52/48, CSD sol-gel PZT film
on 10 �m silicon (Reprinted
with permission. Copyright
IEEE 2016)

the static capacitances of the resonator to function as solid-state varactors. The
tuning of the material electromechanical coupling factors result in tunable motional
resistance, inductance, capacitance, and resonator effective coupling. The mobility
and polarization switching of ferroelectric domains of the material, at high fields,
lead to electric field dependence of the permittivity as illustrated in Fig. 2.23.
Figure 2.23 plots the unipolar responses of the k33 dielectric constant and dielectric
loss tangent for increasing and decreasing DC electric fields applied to a 0.5 �m,
52/48, CSD sol-gel deposited PZT film. The permittivity and loss tangent at high
fields generally decreases as a result of a reduction in the number of domains not
aligned with the applied field and the reduced movement of domain walls due
to the bias electric field. It should be noted that while the dielectric loss of thin
film PZT is commonly reported at low electric fields, significant improvements
in the loss tangent, and hence the equivalent series resistance of resonator shunt
capacitance, can be obtained with DC bias. The switching and wall mobility of
non-180ı domains (i.e., ferroelastic) result in both changes in polarization and
strain. These processes tend to be nonlinear and hysteretic as well. At very large
electric fields, electrostriction can also contribute to the strain response. All of these
effects result in electric field dependence of the piezoelectric coefficients of PZT
as illustrated in Fig. 2.24 for the same material plotted in Fig. 2.23. The tuning of
both permittivity and piezoelectric coefficients leads to the tuning of the material
electromechanical coupling factors. Figure 2.24 also plots the extracted k31

2 from
the e31,f and k33 results plotted in Figs. 2.23 and 2.24, assuming the measured
dielectric constant is clamped and utilizing the s11

E from [79]. The material coupling
is seen to be highly dependent on the bias voltage. The particularly low coupling and
piezoelectric constants in this example at low electric fields are not representative of
most thin film PZT. Many groups have demonstrated the DC-bias tunability of PZT
MEMS resonators. Center frequency tuning of 5.1 % was demonstrated in contour-
mode resonators in [67] as shown in Fig. 2.25. The tuning of both series and parallel
resonance frequencies of a PZT FBAR [66] is shown in Fig. 2.26. DC bias was used
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Fig. 2.22 Simplified equivalent circuit of thin film PZT MEMS two-port resonator highlighting
effect of tunable material electromechanical coupling and permittivity. The static capacitances of
the piezoelectric behave as varactors, and the motional R, L, and C also tune with DC-bias voltage

Fig. 2.23 Unipolar responses
of the k33 dielectric constant
and dielectric loss tangent for
increasing and decreasing DC
electric fields applied to a
0.5 �m, 52/48, CSD sol-gel
PZT film

to tune the bandwidth of a low-loss 22 MHz out-of-plane disc flexure PZT-on-Si
resonator array (see Figs. 2.27 and 2.28) [60, 61]. The bandwidth and maximum
S21 vary from 24.3 kHz/16.8 dB at 1 V bias to 240 kHz/1.0 dB at 14 V bias. For
bias voltages between 7 and 14 V, the bandwidth varies by a factor of 1.7� for a
variation of max S21 from 1.0 to 1.4 dB. Furthermore, ferroelectric-based MEMS
resonators can be depoled by applying the coercive field that is the opposite of the
current remnant polarization state resulting in an “off-state” for the resonator by
tuning the material electromechanical coupling to zero.

Contour-mode and FBAR PZT MEMS resonators have been utilized to demon-
strate filters [60, 64, 72, 90, 91]. An example result of a 10.8 MHz PZT-on-silicon
2-pole IF filter is shown in Figs. 2.29 and 2.30 [60]. Figures 2.29 and 2.30 display
the wideband and narrowband measured S21 and S11 responses, respectively. The
filter design is based on a self-coupled design [92] utilizing 0.5 �m PZT (52/48 sol-
gel) on 10 �m silicon, higher-order length-extensional resonators. Table 2.5 lists
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Fig. 2.24 Unipolar response
under increasing applied
voltage of the e31,f

piezoelectric stress constant
and extracted k31

2 material
electromechanical factor of
the same film plotted in
Fig. 2.23. The k31

2 is
extracted from e31,f and k33

assuming the measured
dielectric constant is clamped
(i.e., k33

S) and utilizing the
s11

E from [79]

Fig. 2.25 Measured
transmission of PZT MEMS
resonator from [67],
exhibiting 5.1 % center
frequency voltage tunability
(Reprinted with permission.
Copyright IEEE 2008)

the performance of this filter as compared to similar low-frequency commercially
available acoustic filters, including monolithic quartz, SAW, and ceramic tech-
nologies [93]. The PZT-on-silicon IF filter without external impedance matching
outperforms the competing technologies in all categories except insertion loss
(quartz for same number of poles) and power handling (SAW at a higher frequency).
The performance listed for the commercially available filters is for the case of
external impedance matching, while the PZT MEMS filter is directly terminated
to 50 	. The component size listed accounts for the size of the required discrete
matching elements for the commercially available filters and the input and output
bias tees for the PZT MEMS filter (assumes 0402 size components). Despite the
relatively high insertion loss, the PZT MEMS filter performance was reported to
meet the requirements of the intended IF filter application.
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Fig. 2.26 Measured series
(fr) and parallel (fa)
resonance frequency
tunability with applied
DC-bias electric field for thin
film PZT FBAR from [66].
The device utilized 2 �m
53/47 PZT deposited by CSD
sol-gel technique and
exhibited a maximum kt

2 of
10 % with applied bias
(Reprinted with permission.
Copyright IEEE 2008)

0.81

0.8

Fr
eq

ue
nc

y 
[G

H
z]

0.79

0.78

0.77

0.76
–20 –15 –10 –5 0

fr

fa

5 10 15 20
E [V/µm]

Fig. 2.27 Measured
bandwidth tuning response of
out-of-plane flexural disc
array resonator from [60]
with DC-bias voltages from 0
to 14 V. The maximum jS21j
at 14 V bias is 1.0 dB
(Reprinted with permission.
Copyright IEEE 2016)

The primary limitations of PZT for resonator applications are the low mechanical
(<�200) and dielectric Qs (�1–10 %). In addition, the low acoustic velocity
(�2800 m/s) and high dielectric constants (�300–1600) and losses make it chal-
lenging to achieve high performance at high frequencies (>1 GHz). Furthermore,
the need to provide DC bias for optimal material properties can provide unwanted
complications. In light of these limitations and the aforementioned advantages, PZT
resonators and filters are best suited to lower frequencies of operation (<500 MHz)
where the small size and ease of design for 50 	 termination provide unique
benefits for acoustic filter applications and are well suited to applications that
can leverage the integration of high-performance MEMS actuators. The figures
of merit of PZT FBAR and MEMS resonators have been improving since the
late 1990s, and PZT-on-silicon technology has provided resonator Qs that are
relevant for some filter applications (see Fig. 2.31). Promising efforts in recent
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Fig. 2.28 Measured
bandwidth tuning of S21 and
S11 responses of an
out-of-plane flexural disc
array resonator (similar to
Fig. 2.27) with bias voltages
of 10, 3, and 2 V from [60].
(Reprinted with permission.
Copyright IEEE 2016)

Fig. 2.29 Measured
wideband S21 response of the
10.8 MHz PZT-on-Si filter
from (Reprinted with
permission. Copyright IEEE
2016) [60]

years with manganese/niobium doping [94–96] and ternary compounds based on
thin film PZT and relaxor ferroelectrics [97] have demonstrated improvements in
most material properties relevant to resonators including mechanical and dielectric
loss, electromechanical coupling, and piezoelectric coefficients. FBAR resonators
based on sputtered PMnN-PZT have demonstrated kt

2 (49 %)–Qm (185) products
of 91 at 3.9 GHz with Curie temperatures that well exceed typical PZT [101].
Yet even this performance does not approach the best material k2Qm performance
of commercially available bulk material PZTs. As stated earlier, thin film PZT
has demonstrated piezoelectric coefficients and electromechanical coupling that are
superior to similar bulk ceramic materials; however, thin films have yet to achieve
the high-quality factors obtained with certain bulk PZT compositions. Figure 2.32
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Fig. 2.30 Measured
narrowband S21 and S22

responses of 10.8 MHz
PZT-on-silicon 2-pole IF filter
from [60]; response is from
the same device in Fig. 2.29

plots the Qm and material kp
2�Qm product versus the electrical Q (1/loss tangent) of

commercially available bulk PZT compositions including modified PZTs [78]. The
reported properties/results of the highest figure of merit thin film PZT resonator
(FBAR from [68]) are plotted for comparison. It is evident that if similar Qm and
k2Qm performance can be achieved in thin films as in bulk material, that as much
as an order of magnitude in improvement in PZT MEMS resonator FOM can be
expected. Future improvements in the quality factor and figure of merit of PZT-
based contour-mode MEMS resonators are expected to utilize such modified PZT
materials.

2.1.5 Summary

This chapter has introduced the reader to the leading ferroelectric material used
in thin-film piezoelectric MEMS: lead zirconate titanate (PbZrxTi1�xO3) or PZT.
An overview of the material deposition and patterning techniques were provided as
an introduction to the complex nature of processing PZT thin films. Additionally,
device design considerations related to processing have also been addressed with
respect to PZT-based resonant devices. With increasing interest in PZT-based
PiezoMEMS technology from the major MEMS manufacturers, it is anticipated that
PZT thin-film-based resonant devices could become a commercial product in the
coming years.
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Fig. 2.31 Select published
results for PZT MEMS
resonators since 1997;
resonator figure of merit
(keff

2/(1�keff
2)Qm) versus the

year the results were
obtained. For results where
only kt

2 was provided, keff
2

was approximated as �70 %
of kt

2 based on [101]

Fig. 2.32 Mechanical quality
factor (Qm) (logy axis) and
material k2�Qm product
versus capacitor electrical
quality factor (1/loss tangent).
The black and gray points are
reported properties of
commercially available bulk
PZT compositions including
modified PZTs [78] based on
kp

2. The green and orange
points are the properties
reported for the highest figure
of merit thin film PZT
resonators to date from [68]
for comparison. The lines are
only intended to guide the eye
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Chapter 3
Gallium Nitride for M/NEMS

Mina Rais-Zadeh and Dana Weinstein

3.1 Introduction

3.1.1 A Bit of History

The holy grail of seamless monolithic integration of MEMS with supporting
circuitry has driven the development of electromechanical devices in compound
semiconductors. Piezoelectricity manifests itself in the majority of compound
semiconductors due to the inherent crystal asymmetry of the two or more atomic
species comprising the material. The interaction of acoustic waves with charge
carriers in these piezoelectric semiconductors was investigated as early as 1953 [1]
and revealed interesting phenomena such as reduced electron effective mass due
to phonon drag [2] and wave amplification and velocity shift in the presence of
free carriers [3–5]. The unique properties of piezoelectric semiconductors and their
implications for resonant devices are explored in this chapter.

In the late 1980s and early 1990s, commercialization of III–V heterostructure-
based integrated circuit technology (particularly gallium arsenide (GaAs)) boomed,
resulting in more widespread implementation of piezoelectric semiconductors for
electromechanical systems. At the time, researchers focused on surface acoustic
wave (SAW) devices, likely due to ease of fabrication since the piezoelectric film
did not need be etched. Acoustic charge transport (ACT) [6] and heterojunction
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acoustic charge transport (HACT) [7] devices were developed, using SAWs to
generate potential wells for packets of electrons propagating at acoustic velocities
in the semiconductor. These packets could be manipulated via biasing on Schottky
electrodes at the wafer surface and could be detected nondestructively using
image charges on these electrodes. In this way, one could perform discrete-time
analog signal processing, including phase shifting, filtering, correlation, and signal
predistortion. Intimate integration with control circuits for switching and biasing
electrodes for charge injection and readout was critical for speed and size and to
alleviate I/O constraints. Ultimately, with the successful scaling of CMOS (comple-
mentary metal-oxide semiconductor) and the ultralow-power circuits afforded by
digital processing, ACT and HACT devices were largely abandoned by 2000. More
recently, several advances in growth and fabrication technology for III–V semi-
conductors have reinvigorated interest in these materials specifically for resonant
MEMS devices.

3.1.2 GaN Technology Enabling MEMS

There has been a substantial effort to grow InP and GaN heterostructures on silicon
substrates for reduced cost and toward the goal of heterogeneous integration with
CMOS [8, 9]. These films are typically grown by metalorganic chemical vapor
deposition (MOCVD) or by molecular beam epitaxy (MBE) at high temperatures of
more than 700ı necessitating substrates that are closely matched in lattice constants
and thermal expansion coefficients to those of the thin films [10].

Figure 3.1 illustrates a typical AlGaN/GaN heterostructure used for both RF
and power applications. A thin nucleation layer (commonly AlN) establishes an
interface between the substrate. A transition or buffer layer of GaN is generally
necessary to accommodate for lattice mismatch and high-density dislocations.
A thin AlGaN layer grown on top of the high-quality GaN above the transition
layer then establishes a 2D potential well due to band bending as shown in

2DEG

EF EC
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eφB

substrate (Si-111, SiC,
sapphire, diamond)

GaN

AlGaN
S D
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HEMT

[transi�on layer]

Fig. 3.1 Sample cross section of GaN HEMT heterostructure, showing the conduction band
bending between AlGaN and GaN resulting in a 2D confined electron gas (2DEG). A HEMT
on the left includes Ohmic (S/D) and Schottky (G) contacts to control the 2DEG channel
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the figure. The 2D electron gas (2DEG) formed at this potential well exhibits high
charge density (1 � 1013 cm�2), mobility (2000 cm2/Vs), and saturation velocity
(3 � 107 cm/s), which is ideal for high-speed high electron mobility transistors
(HEMTs) that use the 2DEG to form the transistor channel.

Favored substrates for GaN growth include silicon carbide (SiC) and sapphire,
which can be prohibitive in cost. However, toward the goal of developing GaN on
200 mm and even 300 mm substrates, recent developments in epitaxial growth have
enabled stress compensation and termination of dislocations stemming from lattice
mismatch at the interface with the silicon substrate [11]. To prevent unintentional
doping of the GaN, the Si substrate must be high resistivity, which is additionally
beneficial for RF characteristics. To further increase electrical isolation, the GaN
layer may be compensation doped (e.g., Fe, C).

The shift of implementing monolithic microwave integrated circuits (MMICs) to
silicon substrates is beneficial not only in terms of cost but also enables the release
of the piezoelectric film from the substrate. This can be achieved either by a front-
side isotropic etch (e.g., using xenon difluoride (XeF2)) or etching through the back
of the wafer (e.g., using deep reactive ion etching (DRIE) or potassium hydroxide
(KOH)) to freely suspend the desired MEMS structure. This opens the door for high-
Q resonators in piezoelectric semiconductors beyond the limits of SAW devices.

A second development in fabrication enabling piezoelectric semiconductor
MEMS resonators involves the etch recipes for these materials. Previously, etching
the piezoelectric substrate was avoided, and metallization on top of the film provided
both transducers and acoustic isolation structures. However, inductively coupled
plasma (ICP) reactive ion etching (RIE) using metal masks has been shown to
provide smooth, vertical sidewalls on GaN resonators—a key characteristic for high-
Q resonance [12, 13].

Finally, the industrial push toward heterogeneous integration of III–V materials
with CMOS has also sparked the development of gold-free technology for both
Ohmic and Schottky contacts for transistors. The corresponding elimination of gold
from resonator electrodes results in higher Q and reduced distortion of the targeted
resonant mode due to mass loading and acoustic mismatch [12–15].

These factors are mutually beneficial both electrically for HEMTs and mechani-
cally for MEMS devices. With minor additions to the standard III–V HEMT process,
including a deep GaN etch and a release step from the substrate, one can achieve
seamless integration of high-Q MEMS resonators with active mm-wave circuits.

3.1.3 Benefits of GaN

As previously mentioned, the majority of compound semiconductors exhibit piezo-
electric properties due to the asymmetry in their crystal structure. While there
is a range of compound semiconductors to choose from, GaN stands out overall
in both electrical and mechanical performance. Figure 3.2 shows the bandgaps
(Eg) of several IV–IV, III–V, and II–VI compound semiconductors (Eg < 4 eV).
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Fig. 3.2 Bandgaps of various IV–IV, III–V, and II–VI semiconductors (Eg < 4 eV). Compound
semiconductors exhibit piezoelectric effect [16]

The wide direct bandgap of GaN (3.4 eV) makes it ideal for solid-state lighting
and optoelectronics but also translates to a high breakdown field (3.3 MV/cm) and
subsequent large power-handling capabilities (>10 W/mm). Additionally, the GaN
HEMT technology is maturing and quickly becoming the preferred solution for
MMICs and power electronics.

In addition to its impressive electrical performance, GaN also has favorable
electromechanical properties. Like AlN, GaN has a c-axis wurtzite crystal structure,
which exhibits a large piezoelectric effect relative to other common compound
semiconductors used in analog, RF, mm-wave, THz, and mixed signal ICs, as well
as in power applications. Table 3.1 compares the piezoelectric coupling coefficient
(k2) of several compound semiconductors under consideration. The larger the k2,
the more energy can couple from an electrical signal into a mechanical vibration (or
vice versa).

While GaAs and InP are historically more common in MMIC technology, they
are zinc blende crystals with weak piezoelectricity and consequently poor coupling
coefficient. ZnO provides the highest transducer coupling among the III–V semi-
conductors shown in Table 3.1, but also has high leakage prohibiting its use at high
frequencies. In addition, zinc is a dopant of silicon and its monolithic integration
with silicon CMOS is not desirable. Among piezoelectric III–V materials, GaN
offers a distinct combination of high-performance electrical properties with high
piezoelectric coupling. Coupled with high acoustic velocity comparable to silicon
and low acoustic loss [17], the benefits of this material have catapulted GaN MEMS
into the spotlight over the past few years.
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Table 3.1 Comparison of elastic properties (c33, c13, c11) and piezoelectric properties (e33, e13,
k33

2) and permittivity (") of various compound semiconductors

Material Crystal c33 (GPa) c11 (GPa) c13 (GPa) e33 (C/m2) e13 (C/m2) " k33
2 (%)

BeO W 488 454 77 0.02 �0.02 7.74 0.001
ZnO W 210.9 193 105.1 0.89 �0.51 10.9 8.5
GaAs ZB 118 118 – �0.12 – 12.9 0.106
InP ZB 101 101 – 0.04 – 12.5 0.014
GaN W 398 293 106 0.65 �0.33 9.5 2.00
AlN W 373 304 108 1.46 �0.6 9.4 6.87

AlN (an insulator) is shown for comparison. Material properties are taken from Refs. [17–20]. Here,
crystal structure W stands for wurtzite and ZB for zinc blende

The following sections of this chapter highlight important features and successes
of GaN MEMS resonators and puts them in the context of key applications ranging
from sensors to clocks. These applications tie back to the need for monolithic
integration of MEMS with supporting circuitry, with benefits in size, weight, and
cost, frequency of operation, dynamic range, and relaxed constraints on impedance
matching networks. Furthermore, transduction mechanisms unique to GaN MMIC
technology are discussed, including the use of the 2DEG in AlGaN/GaN het-
erostructures for piezoresistive sensing and switchable piezoelectric transduction.
Transistor sensing of acoustic resonance is also covered in the context of scaling
of resonators to multi-GHz frequencies of operation. These distinctive attributes of
GaN MEMS devices enable a versatile class of sensor and RF tools in a platform
increasingly used for high-power, high-frequency electronics [17].

3.2 Transduction Mechanisms in Resonant GaN Devices

3.2.1 Passive Piezoelectric Transduction

There are various ways in which electrodes can be configured to piezoelectrically
drive and sense elastic modes in thin-film c-axis wurtzite crystals, such as GaN.
While the details of resonator design will be covered in Part 2, it is worth discussing
key GaN resonator configurations to highlight the capabilities and performance of
the material within the framework of an Integrated Circuit (IC) platform.

Passive Piezoelectric GaN Resonators with Top and Bottom Electrodes

AlN and ZnO thin films are most commonly deposited by reactive sputtering or
pulsed laser deposition (see Chap. 1) which can be done on top of a metallic surface,
resulting in a piezoelectric film sandwiched between bottom and top electrodes. This
configuration naturally excites the thickness mode of vibration along the c-axis of

http://dx.doi.org/10.1007/978-3-319-28688-4_1
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the wurtzite film, commonly termed the film bulk acoustic resonator or FBAR mode
[21, 22]. This mode of vibration yields the highest transduction efficiency and is
commonly used for filter applications requiring large bandwidth, as discussed in Part
4. However, since the resonance frequency is set by the thickness of the constituent
films, FBARs are limited to a small range of frequencies on each wafer, achieved
using mass loading with metal [23]. To achieve multiple frequencies on a single
chip, contour mode resonators can be realized using the metal-piezoelectric-metal
sandwich either by patterning the entire stack to excite certain in-plane modes [24]
or by patterning the electrodes to form interdigitated transducers for Lamb-mode
excitation [25].

High-quality GaN is typically grown epitaxially either by MBE or MOCVD. In
either case, the high temperatures and purity of the epitaxial chamber often preclude
the presence of a bottom metal electrode prior to GaN growth. Instead, researchers
have demonstrated GaN FBAR [26] and Lamb wave resonators [27] by back-etching
through the handle wafer to suspend the GaN film and depositing a bottom electrode
from the back (Fig. 3.3a, b) or by using silicon as the bottom electrode using a
starting SOI wafer [28].

The required back etch through the wafer to deposit the bottom electrode on GaN
after growth can be limiting with regard to substrate material and embedded etch
stop. However, this electrode configuration achieves highest transduction coupling
coefficient Alternately, meshed electrodes can be embedded inside the GaN film
prior to the active GaN growth to realize a bottom electrode (Fig. 3.3c). This method
relies on regrowth of GaN on a meshed metal electrode and may be a promising
alternative to through-wafer etching [14]. However, it remains to be seen what effect
this approach has on 2DEG concentration and HEMT operation in an AlGaN/GaN
heterostructure.

Lateral Excitation of GaN Resonators

For simplicity of fabrication and ease of seamless integration in GaN MMIC
technology, Lamb-mode resonators with no bottom electrode have been designed

Fig. 3.3 GaN bulk acoustic resonators with grounded bottom electrodes in (a) FBAR mode [26]
(b) Lamb mode [27]. (c) Bottom mesh electrode embedded in GaN film during growth [14]
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and demonstrated, exhibiting multiple frequencies on a single chip side by side
with HEMTs. The fabrication of these resonators requires only two additional steps
to the standard GaN-on-Si MMIC process, including a deep GaN etch to define
the resonant cavity and an isotropic etch (e.g., using XeF2) to release the device
from the handle wafer. In gold-free technology increasingly used for compatibility
with CMOS processing, GaN Lamb-mode resonators with no bottom electrode
can achieve exceptionally high f�Q products [13, 15] partially due to the reduced
acoustic losses associated with metal in the resonant structure. f�Q values up to
1.56 � 1013 have been reported for Lamb-mode GaN resonators centered at 1.9 GHz
and operated in vacuum [29]. This is one of the highest values recorded and comes
very close to the fundamental limit of f�Q defined by phonon-phonon losses in the
material (see Sect. 3.4 of this chapter).

Of course, this enhanced Q comes at the cost of transduction efficiency.
The effect of the bottom electrode on Lamb-mode resonator k2 has been studied in
AlN [30] and GaN [12, 13]. Figure 3.4 shows a comparison of transducer efficiency
for GaN Lamb-mode resonators with and without a grounded bottom electrode.
The symmetric (S0) mode is attractive due to high Q relative to the asymmetric
(A0) mode which undergoes large thermoelastic dissipation. It can be seen that the
S0 Lamb mode has a maximum transduction efficiency at a frequency corresponding

Fig. 3.4 Comparison of transduction efficiency between GaN (a) symmetric (S0) and asymmetric
(A0) Lamb-mode resonators (b) with and without bottom electrode [29]. (c) Transduction
efficiency of symmetric Lamb wave more is highest when thickness of the GaN (hGaN) is 0.45�
the resonance wavelength (
)
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to hGaN/
 �0.45, where hGaN is the thickness of the GaN film and 
 is the acoustic
wavelength.

For applications with bandwidth requirements below �0.4 % including timing,
notch and channel-select filtering, and sensor applications, this resonator design may
be ideal due to high quality factor and ease of integration with control circuitry in
standard MMIC technology. For higher bandwidth applications, a bottom electrode
is required as described previously.

Metal-Free Transduction with 2DEG

A unique aspect of piezoelectric compound semiconductors is their ability to form
a 2DEG sheet at the interface of certain heterojunctions, as discussed in Sect. 3.1 of
this chapter. In the AlGaN/GaN heterostructure, this 2DEG exhibits high carrier
concentration and high mobility, resulting in sheet resistance between 200 and
400	/�. The 2DEG can be defined in various ways, including (1) a shallow “mesa”
etch to remove the thin AlGaN layer on top of GaN to eliminate the quantum well
generating the 2DEG; (2) implantation of the AlGaN, which may result in local
destruction of the lattice [31]; and (3) selective depletion of the 2DEG using a
negative bias voltage applied to a patterned Schottky contact above the AlGaN [32–
34]. The 2DEG must have an Ohmic contact nearby for successful depletion.

The patterned 2DEG can form electrodes for piezoelectric transduction. Though
the sheet resistance in GaN HEMT technology is currently too high for 2DEG
electrodes in RF applications, the mesa etch can be used to realize metal-free
resonators necessary for interrogating fundamental material properties and loss
mechanisms in the GaN resonator and may have additional benefits in sensor
applications.

A comparison of quality factor was performed between Lamb-mode resonators
with gold metal electrodes and those with 2DEG-based IDTs [32, 33]. A consistent
drop in mechanical Q of approximately 3� was observed in resonators containing
metal transduction electrodes relative to 2DEG-based transducers. This helps parse
out the loss in metal electrodes relative to thermoelastic dissipation, anchor losses,
and phonon-phonon scattering which are common to resonators using both types
of transducers. Since GaN MMIC technology is still a maturing field, feedback
from fundamental studies enabled by 2DEG electrodes can help refine growth
processes and heterostructure optimization for concurrent high-performance MEMS
and HEMTs.

3.2.2 Piezoresistive Transduction

GaN, in contrast to the other commonly used piezoceramics, is a semiconductor that
exhibits piezoresistive effect [35, 36] in addition to the piezoelectric behavior [37].
The large piezoresponse—combined piezoelectric and piezoresistive effects—of
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GaN points out possible applications of GaN-based material systems in resonant
devices. With its large spontaneous polarization, several effects can contribute to the
piezoresponse of GaN. For example, bending a bulk GaN beam induces a vertical
stress gradient, which in turn induces polarization doping (similar to the case of
a graded AlGaN layer [38]). Second, there is the energy band structure realign-
ment with its associated carrier redistribution in the transversal and longitudinal
valleys [39]. In an AlGaN/GaN heterostructure, there is additionally the modulation
of the interfacial 2DEG density by stress modulation of the heterostructure inter-
face [39]. A combination of these effects results in large changes in the resistance
and therefore a large gauge factor (GF) for a passive resistor or a significant shift
in the 2DEG density of a transistor placed on a high-stress region of a bending
beam. While static piezoresistive response of GaN is small [35, 36], time-dependent
piezoresponse of GaN electromechanical devices is much larger than that of its
other semiconductor rivals, silicon, and SiC, as a result of significant piezoelectric
contribution to the overall response. Hence, GaN having a large GF of nearly 3500
in a heterostructure [40] has an advantage over other piezoresistive materials for
time-dependent applications. Micromechanical resonators are classic examples of
such time-dependent systems.

The first electromechanical device type that utilized the piezoresponse of GaN
was a cantilever beam with a piezoresistor or a transistor structure (HEMT or HFET)
at the pivot point of the cantilever [39, 41] (Fig. 3.5). Early prototypes focused
on the static response of the cantilever beam upon application of pressure or a
strain force. In such a device, several effects contribute to the bending response.
First, the donor/conducting valley pairs shift causing redistribution of carriers in
the longitudinal and transversal energy valleys in the bulk, which is the result of
the direct piezoresistive effect in GaN. As discussed earlier, the contribution of this
effect is presumed to be small in n-type GaN [35, 36]. This is due to the premise
that the donor states in n-type GaN are close to the conduction band, and the donor
energy levels shift together with the conduction band under stress. Consequently,
the donor activation energy does not change under strain, leading to a small static
piezoresistive effect [35, 36].

Second, bending a cantilever induces a vertical stress gradient across the beam,
generating a polarization gradient, which in turn generates a distribution of free
carriers (holes or electrons) [38] across the beam. The corresponding donors or
acceptors are represented by the stress-induced change in the bonded polarization
charge distribution. This effect was first introduced in [39]. In the same article,
Zimmerman et al. discussed that upward bending of the Ga-face-oriented GaN
cantilever shows p-type polarization doping in the bulk. Similarly, downward
bending will result in n-type polarization doping, both generating bulk conduction
paths in parallel to the piezoresistive channel.

Third, in the case where a HEMT is used to sense the bending strain, in addition
to the aforementioned effects, the piezoresponse of the AlGaN/GaN interface
needs to be considered [42]. Bending changes the stress magnitude of the already
prestressed AlGaN barrier layer, shifting the piezo-induced 2DEG density. In
summary, the piezoresponse of a GaN cantilever to static bending is a result of a
combination of these three major effects in GaN.
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Fig. 3.5 A schematic showing the position of the piezoresistor for sensing the deflection of an
AlGaN/GaN cantilever beam. This is the basic structure used for early demonstration of GaN-based
MEMS and measurement of GaN GF

Although only the static piezoresponse of the cantilever beam was reported
in early demonstrations of GaN MEMS, it is clear that the same device can
be operated in a dynamic resonance mode [40]. Piezoresistive signal pickup is
especially useful when implementing resonators at multi-GHz frequencies, where
large-signal feedthrough prohibits effective signal detection using other sensing
schemes [43, 44]. With the piezoresistive effect being a sense mechanism only, the
device should be excited through other means, such as piezoelectric transduction
using electrodes sandwiching the entire piezo stack or using only a portion of the
piezo stack as the transducer. For the latter approach, the 2DEG sheet can be used
as one of the electrodes. This is the main mechanism used for the resonant body
HEMTs discussed later in this chapter.

Faucher et al. demonstrated the first time-varying resonant beam whose reso-
nance response was sensed through monitoring the drain-source current of a HEMT
placed on the pivot points of the clamped-clamped beam [45]. In their doubly
clamped structure, the flexural resonance mode was excited piezoelectrically using
the AlGaN layer with a Schottky top electrode and the 2DEG sheet as the bottom
electrode. In this device, the piezoresistor was basically the region between the drain
and the source, with the drain Ohmic contact on the beam and the other located
below the anchoring point (Fig. 3.6). This choice was motivated by the fact that
strain is concentrated in that region. In such a device, two mechanisms contribute
to a change in the drain-source current: (1) the dynamic strain causes modulation of
the 2DEG density due to the difference between the AlGaN and GaN piezoelectric
coefficients. (2) Surface charges generated by the entire GaN buffer layer further
modulate the current [46]. We leave a more detailed discussion on the resonant
HEMTs to the next section and only note here that the same principle could be
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Fig. 3.6 (a) Optical image of the first GaN doubly clamped beam resonator. The device exploits
the 2DEG at the AlGaN-GaN interface located between drain and source contacts, with a top gate
to control the carrier density. (b) A scanning electron microscope (SEM) image of the device. The
drain electrode is separated from the surface and gate thanks to a dielectric layer nonvisible here.
(c) Resonator measurement setup. (Reproduced from [45])

used to detect the resonance response if a simple piezoresistor (a gate-less HEMT)
was employed for sensing instead [47]. The change in the resistance could then be
converted to a voltage response using the popular Wheatstone bridge configuration
or a transimpedance amplifier (TIA). Since the gate gives an extra control knob
for tuning the resonance response, devices with piezoresistive readout have almost
exclusively used a gated HEMT for sensing.

3.2.3 GaN Resonant Body Transistors

Passive piezoelectric transduction is an energy-conserving transduction mechanism
and is by far the most common method of driving and sensing in piezoelectric
resonators. This approach is discussed at length throughout this book and offers a
simple, low-power, low-noise solution for piezoelectric resonator design. However,
the finite transduction efficiency k2 of such devices typically falls in the range
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of 0.1–10 %, limited by material properties such as piezoelectric coefficients,
permittivity, and compliance. In GaN, the maximum achievable k2 is a moderate
2 % [17]. In practical terms, this means that to achieve sufficiently low motional
impedance or insertion loss, a large transducer capacitance is required. Among other
things, this transducer capacitance poses a limit on rejection of the broadband signal
floor off-resonance, assuming a 50	 termination, which becomes a significant
concern as resonators scale to GHz frequencies of operation. To overcome the low-
signal-to-floor ratio at high frequencies, transistor sensing of acoustic vibrations can
be employed, which provides an electromechanical amplification of the resonance
prior to electrical parasitics and enables detection of acoustic resonators at 10–100�
higher frequencies than possible with passive transduction. To date, resonators up to
37 GHz have been demonstrated with this two-port electrical readout, using silicon
FinFETs [48, 49]. Fundamental frequency scaling of the RBT is limited primarily
by the cutoff frequency of the sense transistor, which can read hundreds of GHz.

Transistor Sensing in Piezoelectric Resonators

The concept of transistor sensing in electromechanical resonators dates back to
some of the first MEMS devices. In 1967, Nathanson et al. demonstrated the
resonant gate transistor (RGT), driving resonance in a conductive cantilever with
a gap-closing electrostatic transducer [50]. The RGT cantilever served as the gate of
an air-gap transistor, with output drain current modulated by the cantilever resonant
motion. In 2003, Chang and Bhave extended this concept to devices in which
the resonance was excited in the body of the transistor rather than the gate [51].
The resulting resonant body transistor (RBT) can generate an electromechanical
transconductance based on field-effect, piezoresistive, or electrostrictive modulation
and piezoelectric modulation in the case of compound semiconductors such as GaN.
Transistor sensing has since been implemented in a variety of micromechanical
devices, including RGTs and RBTs in silicon [48, 49, 52–54] and in GaN [32, 33,
45, 55].

A small-signal equivalent circuit of the RBT is shown in Fig. 3.7. This four-
terminal device includes a source S, drain D, and gate G2 associated with the sense
transistor in addition to a driving gate G1. The left hand side of the equivalent circuit
looks like a standard Butterworth—van Dyke (BVD) model which describes the
mass-spring-damper represented by a series RLC tank and input capacitance to drive
resonance. This BVD model applies to both electrostatic and piezoelectric energy-
conserving transducers. The right hand side of the RBT model presents the transistor
sensing. The device is typically operated with the transistor gate voltage G2 held
constant such that any modulation in the drain current is attributed to mechanical
vibrations. This small-signal drain current is represented by a voltage-dependent
current source with electromechanical transconductance g’ and the small-signal
voltage vCM across the motional capacitance Cm corresponding to stress in the
resonant body.
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Fig. 3.7 Equivalent circuit of a RBT

In GaN HEMT-based RBTs, the electromechanical transconductance arises
primarily from a change in 2DEG charge density due to polarization in the
GaN and AlGaN layers as the resonator vibrates. Secondary effects include the
piezoresistance between source and gate and drain and gate regions over which
the drain current must travel [46]. The decoupling between input and output
afforded by this active sensing and the boost in the mechanical signal due to the
electromechanical transconductance are key in enabling high-frequency detection
of acoustic resonance.

Flexural Resonant Body Transistors

The first GaN RBT was demonstrated by Faucher et al. [45] (Fig. 3.6). An out-
of-plane flexural vibration was induced in a doubly clamped beam resonator by
applying an AC field across the AlGaN of an AlGaN/GaN HEMT stack at one end
of the beam. This field was established between a Schottky contact on top of the
AlGaN (using the gate metal of the HEMT process) and the 2DEG inherent at the
AlGaN/GaN interface. At the other end of the beam, a HEMT was designed to sense
vibrations as discussed above. The resonator achieved Q of 1850 at 1.49 MHz and
showed explicitly the effect of electromechanical gain due to HEMT sensing under
different biasing conditions.

Bulk Wave Resonant Body Transistors

To truly leverage HEMT sensing at higher frequencies of operation, bulk mode
GaN RBTs were then explored in the range of L and S bands. Figure 3.8 shows
a (a) Lamb wave resonant body transistor at 1 GHz with Q over 3000 (no bottom
electrode) and (b) thickness mode resonant body transistor with Q of 250 at
4.23 GHz. In the Lamb wave RBT, the AlGaN was selectively removed in the
drive region so that interdigital transducers (IDTs) could generate fields penetrating
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deep into the GaN for lateral actuation. HEMT sensing was performed on a second,
identical resonance cavity coupled strongly to the drive via mechanical coupling
beams to ensure synchronized resonance with minimal direct electrical feedthrough
capacitance. Consequently, good off-state rejection is achieved and is independent
of HEMT biasing. As in the case of the flexural GaN RBT, the electromechanical
transconductance at resonance is strongly dependent on DC biasing of the sense
HEMT. Here, the HEMT is positioned to maximize strain under the gate, with
maximum g’ in saturation. More recently, a Lamb wave RBT was demonstrated
using Schottcky IDT contacts biased in depletion as the transducer and a HEMT as
the sense placed on a low-loss acoustic phonon trap [15]. This device showed a Q
exceeding 7000 at 740 MHz, which is one of the highest f.Q values seen for GaN-
based RBTs so far. The thickness mode RBT similarly sees a strong dependence
on HEMT biasing. With the HEMT positioned to maximize strain under the drain,
optimal performance is obtained with the HEMT near cutoff. The advantage of the
thickness mode RBT (Fig. 3.8b) is its higher electromechanical coupling efficiency
resulting in higher acoustic transconductance. Relying on the thickness resonance
modes, this structure can reach higher frequencies without the need for advanced
submicron lithography [55].

The use of active transistor sensing to amplify mechanical resonance prior
to electrical parasitics has been shown to enable frequency scaling deep into
the Ka band, limited by transistor rather than acoustic performance. Fundamen-
tally, electromechanical transconductance and subsequent frequency scaling can be
achieved using piezoresistive sensing [44] with lower power consumption. However,
transistor sensing provides reduced noise induced from piezoresistive sensing and
potentially higher gain [57]. GaN technology offers high-frequency HEMTs with
intrinsically low noise due to reduced surface scattering relative to Si FETs, further
improving performance relative to passive piezoelectric and piezoresistive sensing
of acoustic resonance in the multi-GHz range.

3.3 Applications

3.3.1 GAN-Based Physical Resonant Sensors

It is readily understandable that any mechanical resonator can be used in a
frequency synthesizer (discussed in the next sub-section) or as a frequency-shifting
sensor. In fact, micromechanical resonators have been widely used for sensing
temperature, humidity, pollution, etc. The challenge in developing resonant sensors
has been to improve the device sensitivity to the measurand(s) of interest while
also improving the specificity and reducing noise. This has been achieved through
surface functionalization, differential signal pickup, and/or calibrating the response
using a reference resonator. In Part 4, general and commercial applications of
piezoelectric micromechanical resonators are discussed. In this section, we focus
on a few that are enabled by specific properties of GaN [58]—properties that are
either not present or sufficiently strong to make these applications common to
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other piezoceramics. First, as discussed earlier, GaN is a piezoelectric and also a
piezoresistive material, facilitating resonant signal transduction in a homogenous
GaN-based film. The word piezo makes it an obvious candidate for detecting any
change in the mechanical stress induced through vibration, pressure [41, 59], or
static bending (as is the case in AFM cantilevers [45]).

Most materials exhibit a change in elasticity with temperature. In timing
applications discussed later, the temperature coefficient of elasticity (TEC) has to be
nulled or accounted for to realize a stable clock. In sensors, however, the intrinsic
TCE and the resulting temperature coefficient of frequency (TCF) can be used to
detect a change in temperature. This is the basis of resonant temperature sensors
using silicon [60]. The same idea can be extended to GaN, which interestingly has
an acoustic velocity and a TCF very close to moderately doped silicon [17].

GaN is also a strong pyroelectric material [35, 36, 61]. In fact, it is shown
that GaN is one of the strongest pyroelectric ceramics with pyroelectric voltage
coefficient of 104 V/mK ([35, 36] (vol. 69)). The most immediate application
of pyroelectric materials is in uncooled infrared (IR) sensing [62, 63]. Since
pyroelectricity is a transient response, resonant pyroelectric detectors require a
chopper for signal detection. The chopper adds to the weight and size of the system,
but it eliminates the need for any external calibration. In pyroelectric bolometers,
the frequency shift of the detecting element can be compared to the non-radiated
response of the same element when the chopper is off to remove the effect of
any other mechanism which may also cause a shift in frequency (e.g., a change
in the ambient temperature). In cases where having a chopper or a modulator is
undesirable, the TCF of the resonator can be used to detect the temperature change
induced by IR radiation [64, 65]. In that case, a reference resonator can be used for
differential sensing. Rais-Zadeh was the first to report on resonant IR sensors using
pyroelectric response of GaN [66]. Since GaN is a wide-bandgap material and is
not an efficient absorber of short to mid-wavelength IR, an IR absorber coating was
used to enhance the detectivity of the sensor. Note that if an absorber of terahertz
or ultraviolet (UV) radiation was used instead, terahertz/UV detection could have
been possible. In a later article, Gokhale and Rais-Zadeh further noted that the elec-
trostrictive property of GaN combined with its pyroelectric behavior was the main
contributor to the large frequency shift of GaN resonators with IR radiation [67].
Although, there is some debate about the actual value of electrostrictive coefficients
of GaN, with theoretical estimates being orders of magnitude different from the
experimentally extracted values [68, 69], it is recognized that this multifunctional
material exhibits a significant electrostrictive effect. The nonlinear electrostrictive
mechanism can be used to enhance the sensitivity of other resonant devices based
on GaN. It should be noted that IR sensors along with an IR radiation source can also
be used for gas sensing [70] as most gases have a unique fingerprint—absorption
at a specific wavelength—in the IR range. For example, active IR detectors can be
used to sense carbon dioxide with absorption wavelength in the 3–5 �m range [71].

In a heterostructure of a doped GaN and an insulating AlGaN, the presence of
a 2DEG at AlGaN/GaN interface provides another strong sensing mechanism. As
the 2DEG is very close to the surface of the heterostructure and is confined within a
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few nanometers ( 2 nm), it is extremely sensitive to any changes in the free surface
charge [72]. For example, if ions are absorbed at the free surface, a similar number
of electrons are gained or lost in the 2DEG. Therefore, any change in the surface
charge prevails as a change in the 2DEG conductivity, but amplified by several
orders of magnitude (due to the mobility difference of electrons and ions). This
is the basic operation principle of sensors based on AlGaN/GaN HEMTs [72] or
GaN ion-sensitive field-effect transistor (ISFETs) [73]. In addition to the intrinsic
sensitivity of 2DEG to changes in the surface charge, other mechanisms can be used
to enhance the sensitivity of a HEMT for sensing other chemicals, gases, and bio
samples. As an example, the gate can be made out of a material that exhibits catalytic
activity, such as Pd or Pt. Absorption of gases on the surface of an AlGaN/GaN
heterostructure equipped with such a catalytic gate influences the Schottky barrier
height of the catalytic metal contact, a mechanism that is used to sense a large variety
of gases [74]. In a similar approach, pH sensors can be made. Although in [75], it
is suggested that the native oxide on the nitride surface was responsible for the pH
sensitivity of the gateless HEMT to electrolyte solutions [41].

Through monitoring the capacitance (instead of the resistance) of a HEMT
channel on a released membrane, pressure change or mechanical strain can also
be sensed [76]. Although the 2DEG is an excellent marker for detecting a variety
of measurands, GaN devices relying on the 2DEG channel for sensing have been
stationary piezodevices rather than resonators. There is a wealth of knowledge in the
GaN/AlGaN solid-state devices and sensors domain that could be used to implement
similarly powerful or even higher performance sensors using AlGaN/GaN resonant
transistors or resonators with 2DEG electrodes. More importantly, similarity in
the device structure of such GaN sensors and AlGaN/GaN transistors opens up
a possible route for monolithic integration of both sensor functions and analog
and digital data processing and transmission on the same chip or inside the same
package [72].

3.3.2 Frequency Synthesizers and Timing

The GaN-based sensors outlined in the previous section hold great potential for
autonomous sensor networks in the context of the Internet of Things and lab-on-
a-chip diagnostics. Research in this space has so far focused on demonstration
of sensitivity and selectivity of this material system to the desired measurands.
To readout the response of these resonant sensors, one common method is to build
a closed-loop system in which the mechanical resonators’ oscillations are sustained
by an amplifier. The ease of monolithic integration of GaN MEMS resonators within
MMIC technology commonly used for high-frequency, low-noise amplifiers makes
such oscillators readily accessible.

First demonstration of an all-GaN oscillator incorporated a SAW device in a
feedback loop with an off-the-shelf amplifier [77]. With a resonator Q of 1730 at
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a resonance frequency of 1 GHz, a phase noise of �115 dBc/Hz was recorded at
10 kHz offset from the carrier with noise floor of �165 dBc/Hz.

Towards the goal of implementing a single-chip oscillator, a GaN BAW resonator
was monolithically integrated with a HEMT in 2012 [78]. Using a similar platform,
the first monolithically integrated GaN MEMS-based oscillator was demonstrated
by Bahr et al. [57]. Pierce and Colpitts crystal oscillators were realized using Lamb
wave resonators with no bottom electrode described in [12, 13] with Qs exceeding
5000 at 1 GHz and piezoelectric coupling coefficient keff

2 of 0.23 %. Figure 3.9
shows an optical micrograph of a Pierce oscillator, with a GaN MEMS resonator,
oscillator core, and 50	 buffer for readout fabricated side by side on the same chip.
The resonator and core occupy an area of 268 � 214�m2 with low-phase-noise floor
of �130 dBc/Hz. Close to carrier, the noise has a characteristic slope of �30 dB/dec,
corresponding to flicker noise in the system.

The high Q, compact footprint, and capacity for intimate integration with ICs
of GaN MEMS resonators make them ideally suited for monolithic low-phase-
noise clocks. The application space for such clocks is vast, ranging from sensors
to communications and navigation and beyond. Part 4 delves into more detail
of piezoelectric resonators for high-frequency oscillators and their commercial
opportunities.

3.4 Future Outlook

In recent years, we have seen an increasing interest in GaN-based heterostructures
for mm-wave circuits, power electronics, and optoelectronics. While the use of
GaN as an electromechanical material is a relatively new technology direction [17],
similarity in the device structure of GaN resonators and AlGaN/GaN transistors
paves the way for adoption of the more mature transistor technology for implement-
ing complementary GaN MEMS and microsystems. In fact, the electromechanical
resonators that have been demonstrated so far have resorted to using the stacks
optimized for electronic devices [12, 13, 55, 79], and any custom-made GaN
epilayer used in resonators had a very similar structure to those commercially
available for fabricating GaN/AlGaN HEMTs [27, 28, 45, 77, 78, 80]. Therefore, the
ever-improving processes developed for GaN epitaxy or deposition equally impact
the performance of GaN micromechanical devices as those of transistors, diodes,
and optical devices the industry mainly targets. Having said that, there are several
factors that are exclusively important when implementing a micromechanical device
that may not even be monitored if a streamline process is used. For example, with
the HEMT being a surface device, bulk properties of the materials in question
are of minor importance. For this reason, most GaN HEMT stacks include a
relatively thick layer of an unintentionally doped (UID) GaN layer with the exact
doping concentration not monitored or characterized. Before we discuss possible
improvements that could be made to GaN resonators, we first need to see how such
material parameters affect the device performance.
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Fig. 3.9 Monolithic GaN MEMS-based oscillators in standard MMIC technology [57]

One of the most important figure of merits for mechanical resonators is the
product of frequency and Q (i.e., the f.Q value). The Q of an acoustic resonator
is directly related to the total energy lost in each resonance cycle. There are a few
intrinsic energy dissipation mechanisms that cannot be overcome by optimizing the
resonator design or the phonon-trapping efficiency. Thermoelastic damping (TED)
and loss of phonon energy to the material lattice (phonon-phonon loss) and to
conduction electrons (phonon-electron loss) are examples of intrinsic losses and are
considered the ultimate limiting factors of the Q for a micromechanical resonator.
The measured values of the resonator f.Q (having the non-intrinsic losses accounted
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for) are a good indicator of how close the properties of the resonator material are to
the ideal bulk values.

At low frequencies, when the resonance period is much larger than the lattice
relaxation time of the material crystal, it is found theoretically that the f.Q remains
constant with frequency [81]. The frequency range at which the acoustic phonons
interact with ensembles of lattice phonons and the f.Q stays constant is known as
the Akhieser regime [82]. For GaN, this regime should be valid for frequencies as
high as 5 GHz (at room temperature and ambient pressure). At higher frequencies,
it is considered that acoustic phonons interact with individual lattice phonons and
the limiting value of f.Q is given by the Landau-Rumer (L-R) regime. For high-
frequency longitudinal wave resonators made from GaN, the TED is not significant
[83]; however, it is generally a dominant damping mechanism for lower-frequency
flexural-mode resonators [84, 85]. For GaN, a semiconductor, electron scattering is
also a significant loss mechanism [86], which is highly dependent on the free carrier
concentration, the carrier mobility, and the coupling between the electrical and
mechanical domains (due to piezoelectric or deformation potential coupling) [65].
In addition, in piezoelectrically transduced resonators, phonon losses due to charge
redistribution can significantly affect the Q [87].

Figure 3.10 shows the f.Q limit of GaN set by phonon-phonon and phonon-
electron interactions and compares that to the measured data (red circles) from
GaN resonators presented in the previous sections. Material properties used for
calculation of f.Q limits are given in Table 3.2 [17]. The reason that the doping
concentration of GaN for measured data points is not given is because the bulk
doping level is not monitored or specified for the films used. The gap between
the theoretical and measured results may be due to this or other effects that also
play a role in damping the device resonance. All measured data points are for GaN
resonators or AlGaN/GaN resonant HEMTs on silicon substrates. We emphasize
here that the plot merely shows an estimate of the resonator performance limit
and the exact values of f.Q are dependent on the quality of the GaN film, the
carrier concentration of GaN, the specific design of the resonator, the phonon
relaxation time in that specific phonon branch, and the fitting Grüneisen parameter.
Other parameters, such as dislocation density, electron mobility in the bulk, and
homogeneity of the stack, also affect acoustic phonon interactions with the lattice
phonons and electrons but are not considered here as little is known about the effect
of such nonidealities on the Q. Yet, the measured and theoretical values corroborate
well, proving the quality of GaN films epitaxially grown on (111) silicon is decent.
Any improvement to GaN on silicon growth processes further improves the limits
on the resonator f.Q value and its ultimate performance.

Another figure of merit, specifically for piezoelectrically transduced resonators,
is the piezoelectric coupling coefficient. The effective coupling coefficient keff

2 is
extracted from the mechanical response of the resonators and includes the effects of
metal electrode loading, nonideal electrode area coverage, and anisotropic effects.
The measured values of keff

2 in prior literature are seen to be close to the calculated
maximum values for both the thickness modes (measured 1.9 % vs. theoretical
limit of 2 %) and in-plane modes (measured 0.9 % vs. theoretical limit of 1.3 %)



3 Gallium Nitride for M/NEMS 93

Fig. 3.10 Estimated values of the f.Q limits for the dominant intrinsic dissipation mechanisms in
GaN ( � D 1.18, � D 2 ps). Red dots show measured values for GaN-based resonators (theoretical
limits reproduced from [17])

Table 3.2 Material
properties used for
calculation of theoretical f.Q
values of GaN [17]

Material property Values

� (mass density) 6150 kg/m3

Cs (specific heat) 490 J/kg K
 (electron mobility (bulk GaN)) 200 cm2/V s
N (free electron concentration) 1 � 1016 cm�3

k (Piezoelectric coupling coefficient) 0.02
" (dielectric constant of GaN) 9.5
� (phonon relaxation time) (2–6) � 10�12 s
k (thermal conductivity) 130 W/m K
ˇ (coefficient of linear expansion) 5.6 � 10�6 K�1

s (acoustic velocity) 8000 m/s
� (Grüneisen parameter) 0.74–1.18
„ (deformation potential constant) 12 eV
�R (intervalley relaxation time) 1.2 � 10�12 s

(Fig. 3.11a) [17]. Another related metric that is used often for characterizing the
applicability of a piezoelectric material for use in RF electromechanical filters
is the product of keff

2 and Q with higher values of this parameter more desired
for widerband filters. In this regard, measured GaN resonators have demonstrated
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Fig. 3.11 Measured values of (a) keff
2 as a function of Q and (b) keff

2 � Q as a function of
frequency for reported GaN piezoelectric resonators. (Reproduced from [17])

similar numbers (Fig. 3.11b) in comparison with quartz, diamond, AlN-on-Si, and
Si-based internal dielectric transduction. However, it is significantly lower than
stronger piezoelectric materials such as LiNbO3 [88–90] or single crystalline AlN
resonators [21, 22]. Therefore, for wideband frequency filtering, GaN does not
provide sufficient coupling efficiency, and its application should be reduced to
sensors, resonators, and perhaps narrowband channel-select filters.

In this chapter, we have shown that GaN is quickly becoming a strong con-
tender for implementing piezoelectric resonators. These devices in conjunction
with AlGaN/GaN HEMTs could enable low-noise, high-speed, and power devices
and circuits for use in sensing, surveillance, electronic warfare, multifunctional
RF systems, communications, and power applications. Such GaN resonators and
systems can be especially attractive for mining and harsh environment resource
exploration, aerospace, and defense. With the recent push to heterogeneously
integrated GaN devices with CMOS, several other applications open up taking
advantage of the unique functionalities of both material systems.
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Chapter 4
Lithium Niobate for M/NEMS Resonators

Songbin Gong

Piezoelectric Radio frequency (RF) microelectromechanical systems (MEMS) res-
onators are chip-scale components embedded in the modern RF front ends to carry
out the function of frequency selection and interference rejection. They are the
building blocks of RF filters and oscillators. Their working principle leverages
piezoelectric thin films to covert resonance phenomenon from the mechanical to
the electrical domain. Piezoelectric MEMS resonators are still being extensively
researched with the main focus placed on attaining the optimal combination
of electromechanical coupling, higher Q, and wafer-level frequency agility. The
intense development of piezoelectric MEMS resonators was triggered in the past
decade by the demand for high-precision timing sources and high-performance
filtering devices to address telecommunication needs in an already-crowded RF
spectrum. Particularly, fueled by the fast growth of consumers and services in
the mobile marketplace, the demand for bandwidth has resulted in increasingly
stringent performance specifications for front-end filters and duplexers. In order
to accommodate the emerging standards in the RF spectrum, the development of
piezoelectric MEMS resonators faces many new challenges, including lower loss,
wider bandwidth performance, better temperature stability, high power handling and
linearity, and most important of all, frequency tunability and agility.

Lithium Niobate (LiNbO3) has recently gained significant interest as a promising
material platform to simultaneously deliver high electromechanical coupling (kt

2)
and quality factor (Q) [1]. Its higher kt

2, Q, and resulting FoM (kt
2�Q) can serve

to address all of the above-mentioned challenges. For example, the high FoM
leads to a lower insertion loss for the comprising filters and multiplexers, thus
placing less burden on power amplifiers to compensate the loss and reducing
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the overall power consumption of RF front ends. The lower insertion loss and
high Q also permit the implementation of higher order filters (typically more
cascaded resonators) with a sharper roll-off for duplexing closely spaced bands
(e.g. coexistence of WIFI and LTE band 40). Additionally, kt

2 directly determines
the maximum achievable bandwidth of the filter. Therefore, device platforms with
a larger kt

2 can accommodate existing or emerging standards that require wider
bandwidth and a higher data rate (e.g. LTE band 41 with fractional bandwidth
of 7.5 %). Moreover, differently from other materials commonly employed for
piezoelectric MEMS resonators, the high kt

2 and Q can be achieved in LiNbO3

thin films for lateral modes, in addition to the thickness/breathing mode that has
been demonstrated with high kt

2 in Aluminum Nitride (AlN). The lateral mode
supports lithographical definition of the resonator and filter center frequency, thus
allowing wafer-level frequency diversity. Coupled with an integrated switching
mechanism, such wafer-level frequency diversity can be harnessed to implement a
reconfigurable and frequency agile apparatus. Finally, it is also worth emphasizing
that the aforementioned technical benefits of LiNbO3 MEMS resonators come with
temperature stability, linearity, and power handling performance that are on par with
commercially available devices.

This chapter discusses the historical development, material properties, micro-
machining processes, design considerations, and at last the suitable applications of
LiNbO3-based MEMS resonators.

4.1 Historical Development of Lithium Niobate Material
and Thin Films

Even though LiNbO3-based MEMS resonators have only been recently demon-
strated, the material has been widely used for acoustic devices for several decades.
It first gained tremendous interest in the late 1960s as surface acoustic wave (SAW)
devices rose to serve many applications that required analog signal processing
in the acoustic domain (e.g. pulse compression radars [2]). Based on the design
considerations of SAW devices that include acoustic velocity, electromechani-
cal coupling, temperature coefficient of elasticity, diffraction effects, coupling
to unwanted modes, a wide range of materials was investigated. Among these
materials, LiNbO3 was chosen for wideband applications due to its pronounced
piezoelectric properties. In the meanwhile, the optical community also had invested
interests in LiNbO3 due to its excellent electro-optic properties and added fuel to
the material development [3].

The bulk LiNbO3, as a synthetic material, was first grown with the Czochralski
technique in the 1960s [4]. Similar to the growth method of Si, pure compounds are
placed in a crucible with the optimal composition ratio and heated to a temperature
slightly above the melting point of LiNbO3 [5]. The growth is then initiated by
dipping a seed crystal into the melt and gradually extracting the rod. The size of the
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growing crystal rod can be controlled by setting the crucible temperature. Growth
was first done along Z-axis, and later along other orientations by employing a seed
crystal with the intended orientation. The grown crystal rod can be then sliced into
wafers of different cuts for the manufacturing of devices.

Different cuts of LiNbO3 provide for different material properties as LiNbO3

is highly anisotropic as it will be discussed in the next section. Having access to
different cuts of LiNbO3 allows for an additional degree of freedom in designing the
acoustic devices and harnessing the high piezoelectric properties of the material. For
example, a 41ı rotated Y-cut is desired for attaining high kt

2 and wide bandwidth
devices.

In the mid 1990s, anticipating the fast growing mobile and wireless industry,
researchers in both academia and industry started to look into devices that could
support wider bandwidth, lower loss, and higher frequency RF front end filtering
and duplexing, and could compete with the rising AlN FBAR technology [6].
Naturally, LiNbO3, which had already been shown as a successful SAW platform,
was considered for enabling new types of piezoelectric bulk acoustic wave devices.
However, it was largely unfruitful due to the lack of integration approaches that
could result in high-quality thin films on carrier substrates for the subsequent
micromachining steps. Research on the material integration was then re-initiated
after the topic was first heavily researched in the 70s for making optical waveguides.
A wide range of techniques, including sputtering [7, 8], chemical vapor deposition
(CVD) [9, 10], and epitaxial growth [11–13], have been attempted or revisited on
various substrates. The film quality, as characterized by X-ray diffraction (XRD)
rocking curve measurements, was far from approaching bulk quality. Moreover,
techniques of this nature are inherently limited to growing c-axis (Z-cut) film, which
is not the optimal cut for building bulk acoustic wave devices.

Inspired by the success of Silicon-on-insulator technology and motivated by
demonstrating chip-scale optical waveguide rather than acoustic devices, scholars
around the globe attempted to develop a Smart-cut alike technology for LiNbO3

and showed great success (Fig. 4.1). Since then, different versions of the so-called
crystal-ion-slicing technique, either with HC and HeC ions, have been utilized
in combination with either direct or adhesive bonding techniques to attain single
crystal LiNbO3 on a carrier substrate [14]. The implantation process is carefully
designed with the proper energy so that the ions can penetrate the surface and
come to rest at a desired depth (up to a few �m) below the surface. The implanted
ions serve to generate defects and further form platelets or micro cavities that
can be expanded under thermal conditions. The dose of implantation thus plays
an important role as it directly determines the density of the implantation induced
micro-cavities (Fig. 4.1).

In order to process and handle the thin film for later steps, the implanted wafers
are often bonded to carrier substrates using direct or adhesive bonding. Early
experiments focused on using another LiNbO3 with the identical cut as the carrier
substrate to avoid a large mismatch in coefficient of thermal expansion (CTE). Later
on, Si was successfully shown to support transferred LiNbO3 thin film. In either
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Fig. 4.1 (a) Typical process of ion slicing and transferring LiNbO3 thin films. (b) SEM and
(c) optical images of the blistering on the LiNbO3 surface induced by ion-implantation and
annealing. (d) Unpolished and (e) polished surfaces of the transferred LiNbO3 thin film. (f) Cross-
sectional view of the transferred film stack. Images (b–f) are kindly provided by Prof. Hui Hu at
Shandong University. (g) Ion-sliced and transferred LiNbO3 thin film suspended using HF-based
selective etching of the implantation-damaged LiNbO3 layer, courtesy of Prof. Richard Osgood at
Columbia University

cases, a SiO2 intermediate layer is generally used, although direct bonding to silicon
is also possible. The wafer bonding process requires the surfaces of the donor and
carrier wafers to be thoroughly cleaned and free of contaminants. Once bonded,
the wafer stack is then thermally treated to expand the micro-cavities into micro-
cracks and induce splitting. The donor wafer eventually detaches from the wafer
stack completely, leaving the transferred LiNbO3 of a few �m on the carrier wafer.

Surprisingly though, the success in LiNbO3 film integration did not immediately
translate to bulk acoustic device demonstrations, most likely due to remaining
technical hurdles in micromachining of LiNbO3. It is speculated that the telecomm
market, which had been well served by the low-cost SAWs and high-performance
FBARs, de-incentivized research community to pursue LiNbO3 MEMS/BAW
resonators as they seem to be a high-cost and low-yield option that is years
of high-risk development away. However, the pervasion of smart phones and
ever-increasing demand from customer for more bandwidth have pushed the RF
front ends to accommodate more tightly packed communication bands, which in
turn imposes more stringent requirements on the loss, bandwidth, roll-off, and
out-of-band rejection of front-end filters and duplexers. This technical evolution
in the telecomm marketplace calls for high-integration, low-loss, and frequency
diverse/agile platforms for front-end filtering. Thus, LiNbO3, with its pronounced
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piezoelectric properties, has to be revisited as an RF-MEM platform. By introducing
the material properties of LiNbO3 in the next section, we can then investigate the
acoustic wave propagation characteristics in LiNbO3 and subsequently engineer the
optimal device performance.

4.2 Material Properties of Lithium Niobate

Before discussing the design of LN resonators, it is important to familiarize our-
selves with the material properties of LiNbO3. Only first-order material properties
are discussed given that the focus is towards MEMS devices operating in the linear
regime. Second-order elastic constants can be found in [15, 16] for readers who are
interested in investigating their effects on MEMS resonators’ performance. For the
design of LiNbO3 resonators, the relevant properties, as listed in Table 4.1, include
the stiffness constants and their temperature coefficients, the piezoelectric coupling
constants and their temperature coefficients, dielectric constants, coefficient of
thermal expansion, density, and thermal conductivity. These material constants

Table 4.1 Material constants of LiNbO3

Parameter Symbol LiNbO3 (Z-cut) 0ı to CX axis
Stiffness Temp

Stiffness constants (1011 N/m2) and
their temp coefficients (ppm/K)

c11 2.030 �174

c12 0.573 �252
c13 0.752 �159
c14 0.085 �214
c33 2.424 �153
c44 0.595 �203
c66 0.728 �143

Coupling constants (C/m2) and
temp coefficients (ppm/K)

e15 3.76 147

e22 2.43 79
e31 0.23 221
e33 1.33 887

Dielectric constants "11 43.60 N/A
"33 29.16 N/A

Coefficient of thermal expansion
(ppm/K)

˛x 14.4 N/A

˛y 15.9 N/A
˛z 7.5 N/A

Density (kg/m3) � 4700 N/A
Specific heat (J/(kg K)) c 628 N/A
Thermal conductivity (W/m K) k 5.6 N/A
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either directly or cooperatively determine the device electromechanical coupling,
phase velocity and resonant frequencies, temperature coefficient of frequency (TCF)
and power handling. There have been numerous reports, documenting these material
properties using different methods [16, 17]. Table 4.1 lists material constants that
have been used for the demonstration and modeling of LN laterally vibrating
resonators in [1]. The material constants by default are measured for c-axis grown
LiNbO3 (in the z-cut plane), and the subscripts of 1, 2, and 3 correspond to x, y, and
z (c-axis) of the Cartesian coordinates.

To attain the piezoelectric and elastic constants for various orientations in
different cut planes, basic matrix rotations can be performed using the following
transformation formulas:

Qc D M � c � MT (4.1)

Qe D a � e � MT (4.2)

Q" D a � " � aT (4.3)

Where c, e, and " are stiffness, coupling, and permittivity matrices of un-rotated
LiNbO3. Qc, ẽ and Q" are the rotated matrices. a is the transformation matrix,
and can be determined by the Euler angles pertaining to intended direction of
wave propagation. Typically, a rotation convention by which the axis rotation is
done sequentially about z, x, and z axes is adopted and Euler angles are defined
correspondingly as ’, ˇ, and � . To attain a device orientation of � in the X-cut
plane, Euler angles of (� , 90ı, �90ı) are used to derive the transformation matrix
(a), the bond matrix M, and their transposed versions (aT and MT ) [18].

The rotated coefficients can then be input into the FEM tools for the modeling of
resonators. State of the art commercial FEM tools come with either a matrix rotation
tool or a coordinate rotation tool for simulating 3D resonator structures oriented in
an arbitrary angle within the anisotropic piezoelectric crystal.

In comparison to some other piezoelectric materials discussed in this book (e.g.
AlN and GaN), LiNbO3 has significantly higher piezoelectric coupling coefficients
and thus allows for the implementation of resonators with much higher kt

2. It
suggests that much wider bandwidth that could not be attained with AlN and
GaN can be achieved with LiNbO3. The higher kt

2 also implies a higher energy
transduction efficiency and therefore lower impedance than AlN and GaN devices,
given that similar Qs are attained. Different from AlN and GaN, LiNbO3 is
anisotropic even within the Z-cut plane. Therefore, the design and modeling of
LiNbO3 for optimal performance is a more complex problem and the orientation of
the device plays an important role. LiNbO3 also has higher permittivity and higher
temperature coefficients of elastic and piezoelectric constants. Unfortunately, this
means LN resonators have worse temperature stability than AlN- [19] or GaN [20]-
based resonators. LiNbO3 is also a slightly “softer” material than AlN and GaN,
suggesting an on-average slower phase velocity for various types of bulk acoustic
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Table 4.2 Comparison of theoretically predicted and experimentally demonstrated f�Q products
for various low-loss acoustic materials

Material
Gruneisen
coefficient [22]

Longitudinal
velocity
(m/S)

Thermal
conductivity
(W/m K)

Theoretical
f�Q (Hz) [22]

Experimental
f�Q (Hz)

3C-SiC 1.1 11,000 360 5.6 � 1013 8.8 � 1012 [23]
AlN 0.9 9000 280 5.6 � 1013 1.2 � 1013 [24]
Sapphire 1.1 10,500 36 5.9 � 1014 1.1 � 1014 [25]
LiNbO3 2 6500 5.6 2.3 � 1014 7.8 � 1013 [26]

waves. The thermal conductivity of LiNbO3 is more than an order of magnitude
smaller than the values of AlN and GaN, leading to a more pronounced thermal
management issue, particularly for meeting the requirement of sufficient power
handling [21].

Another important comparison that might be difficult to carry out relates to
the acoustic loss in these materials. In the field of micro-acoustic resonators, the
acoustic loss in the material imposes the ultimate limit on the product of resonance
and quality factor (f�Q), one of the important figure of merits (FoM) for evaluating
device performance across different material platforms. The acoustic loss in thin
film materials is particularly challenging to study as it highly depends on a wide
range of factors, including the carrier substrate, deposition/integration method, and
its resulting crystallinity and defect density. There have been numerous theoretical
reports on analyzing the complex loss mechanisms in various piezoelectric materi-
als, and speculating the ultimate f�Q product limit for different materials [22].

One reliable way to gauge the bulk acoustic wave loss in materials is through
measuring the quality factors of high or lateral overtone bulk acoustic wave
resonators (HBARs or LOBARs). HBARs are generally formed by stacking a
piezoelectric transducer on the surface of a bulk substrate. LOBARs use a large
thin film as the acoustic waveguide with a much smaller piezoelectric transducer in
the center. The piezoelectric transducer can launch bulk acoustic waves into the bulk
substrate or the plate waveguide and introduce standing waves via the reflection off
the backside of the substrate or edges of the plate waveguide. The dominating loss
mechanism in HBARs and LOBARs is the acoustic propagation loss in the bulk
substrate and the plate waveguide, thus allowing experimental characterization of
the wave attenuation. Table 4.2 shows a short list of the materials that have been
characterized by this method, among which LiNbO3 is the piezoelectric material
with the highest theoretical and experimental f�Q [26].

4.3 Bulk Acoustic Modes in Lithium Niobate Thin Films

Now we have introduced the piezoelectric and elastic properties, it is not difficult
to notice that the LiNbO3 has very high piezoelectric coupling coefficients. As
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Fig. 4.2 Acoustic modes in LiNbO3 thin plates. (a) Shear horizontal mode. (b) Symmetrical
lateral mode. (c) Asymmetrical flexural mode

previously discussed, the desirable piezoelectric properties are the reason why
LiNbO3 is used for the implementation of SAW in the first place. However,
SAW modes do not maximally harness the piezoelectric transduction capability of
LiNbO3, even though they do provide a high kt

2 (�10 %). It has been known since
mid-1990s that some bulk acoustic wave (BAW) modes in LiNbO3 theoretically
feature higher K2 than SAW modes [27, 28]. Later, more accurate models were
used to predict even larger K2 for several other BAW modes (e.g. lamb wave
modes) [29, 30]. These high K2 BAW modes, with their displacement mode shapes
generated using eigen mode finite element analyses and shown in Fig. 4.2, include
Shear Horizontal (SH), longitudinal Symmetrical (S), and Asymmetrical (A) modes.

Despite the obvious advantages of LiNbO3 for enabling BAW devices, the high
electromechanical coupling of LiNbO3 can be a double-sided sword in the sense that
a variety of bulk acoustic modes is often excited concurrently. The designer efforts
have to be focused on selecting the mode with desired propagation characteristics
for the targeted applications, and later engineering the optimal electrode patterns
and resonator structures so that the intended acoustic mode is predominantly excited
while the unwanted modes are sufficiently suppressed or removed. This calls for
analytical studies of the various acoustic modes that can be supported by the LiNbO3

thin film. These studies first investigate the intrinsic electromechanical coupling
(K2) pertaining only to material properties and independent of the transducer
configuration. K2 measures the energy conversion efficiency between electrical and
mechanical domains and is given by [31]:

K D e2

cE"S
(4.4)

where e, c, and " are the piezoelectric coefficients, stiffness constants, and permit-
tivity of the material. Note that all material properties are tensors. Calculations
of K2 for different modes have to resort to the enabling (eij) and corresponding
(cij and "ij) components. For a highly piezoelectric material such as LiNbO3, more
than one component often contribute or determine the intrinsic coupling. Thus, K2

of different modes can be more conveniently estimated using Alder’s approach [32],
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which compares the phase velocities of the same acoustic mode in a thin LiNbO3

plate with and without perfect metallized boundary condition on the top surface:

K2 D �20 � �2m
�20

(4.5)

where ¤m is the phase velocity in a LiNbO3 plate with a top metalized surface,
and ¤0 is the phase velocity in the identical LiNbO3 plate with free boundary
conditions. The phase velocities can be computed using eigen mode analysis in
a finite element tool with the metalized and free boundary conditions applied.
Finite element analysis generally allows the mode identification via inspecting
displacement modeshapes and streamlines the process of predicting the K2 for
modes of interest. Due to anisotropic piezoelectric and elastic material properties of
LiNbO3, K2 and phase velocity for different modes vary with respect to the direction
of acoustic wave propagation in various cut planes. Rotated coupling, stiffness, and
permittivity can be incorporated in FEA to compute K2 dependence on propagation
direction.

In the context of searching for the next generation frequency agile filtering
platform, we will first narrow our scope of discussion to two primary BAW modes
in LiNbO3: zero order Shear Horizontal mode (SH0) and symmetrical lateral mode
(S0), and use the above analytical method to derive their propagation and excitation
characteristics. These two modes are of primary interest for the development of
LiNbO3 MEMS resonators as their displacement is predominately in-plane and
their resonances can be predominately defined by the pitch of the top electrodes.
To be differentiated from other MEMS resonator technologies in this book, we
categorize LiNbO3 SH0 and S0 devices as laterally vibrating resonators (LVRs) and
will reference the term onward. In addition to these two intended modes, one should
also be keen on the characteristics of the asymmetrical mode (A0) as it presents a
thorny problem to the design of LiNbO3 LVRs. It does not have the desirable wave
characteristics (lower K2 and phase velocity). More troublesomely, it often shows
up in the resonator response as spurious vibration and creates undesirable ripples in
the passband of the comprising filters [33]. Therefore, some discussion on A0 will
follow the analysis on lateral modes.

First, let us exam the symmetrical longitudinal (S0) mode. The results, as shown
in Fig. 4.3 for X, Y, Z cuts LiNbO3, indicates the K2 and phase velocity of S0 both
vary as the direction of prorogation is set from 0ı to 180ı within each cut plane.
The X-cut LiNbO3 with a 30ı to CY orientation has the highest (35 %) among all
cuts and orientations [1, 29]. Y and Z-cut LiNbO3 also feature some high coupling
orientations, such as 45ı to ˙X axis in Y-cut, and exhibit symmetrical response
about Z and Y axis respectively. This analysis indicates that the X-cut is the optimum
cut of LiNbO3 for enabling high electromechanical coupling microresonators for S0
mode. This K2 value is significantly higher than the ones of AlN and GaN platforms
for the S0 mode. Given an optimal transducer configuration, the K2 can be translated
into device level electromechanical coupling approximately by kt

2 D K2/(1 C K2).



108 S. Gong

F
ig

.4
.3

(a
–c

)
Si

m
ul

at
ed

K
2

an
d

ph
as

e
ve

lo
ci

ty
of

th
e

S0
m

od
e

in
(a

)
X

-c
ut

(b
)

Y
-c

ut
an

d
(c

)
Z

-c
ut

of
L

iN
bO

3
.h

is
th

e
th

ic
kn

es
s

of
th

e
L

iN
bO

3
th

in
fil

m
an

d



is
th

e
w

av
el

en
gt

h



4 Lithium Niobate for M/NEMS Resonators 109

Fig. 4.4 In-plane arrangement of Nb, Li, and O atoms for X, Y, and Z cuts LiNbO3. (a) X-cut. (b)
Y-cut. (c) Z-cut

Fig. 4.5 Resonant frequency range of LiNbO3 SAWs, LiNbO3 LVRs, and AlN CMRs given the
different limits imposed by photolithography tools

The phase velocity of S0-mode lamb waves in LiNbO3 is between 6400 and
7200 m/s, with X-cut having the highest average phase velocity. The nonsymmet-
rical characteristics about Z axis in X-cut plane, and the symmetrical response in
Y and Z-cut planes can be explained by the arrangement of Li, Nb, and O atoms
in these cut planes depicted in Fig. 4.4. The acoustic velocity for S0 mode in
LiNbO3 is faster than SAW devices (�3500 m/s) and slower than the AlN-based
CMRs (�9000 m/s). Given the limit of standard photolithography tools, the scaling
of center frequency for these technology platform is illustrated in Fig. 4.5. S0
mode LiNbO3 LVRs have the potential to be scaled up to 4 GHz using low-cost
manufacturing tools.

The high K2 in LiNbO3 shown above is not a feature exclusively of the S0 mode.
Similar calculations done for SH0 acoustic waves also identify X-cut as the optimal
plane for attaining high K2 at an orientation of 10ı to –Y axis [29]. The K2 is the
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Fig. 4.6 (a) Simulated K2 and (b, c) phase velocity of the SH0 mode in X-cut LiNbO3. h is the
thickness of the LiNbO3 thin film and 
 is the wavelength

highest for lateral bulk acoustic modes in LiNbO3, more than three times the K2 of
LiTaO3 SAW (Fig. 4.6).

The average phase velocity of SH0 acoustic waves for various h/
 values is about
3500 m/s, slower than the one of S0 mode acoustic waves and on par with the
phase velocity of SAWs in LiTaO3. The lower phase velocity and shorter wavelength
suggests SH0 mode devices require the definition of smaller features at the same
design frequency. The smaller feature might present a challenge in attaining high-
frequency filters. Nonetheless, devices based on SH0 mode bulk acoustic waves in
LiNbO3 should have the comparable frequency scalability as the LiTaO3 SAWs,
making them the ideal candidate for wider bandwidth and more versatile filtering
than what is currently served by SAWs [34].

The last mode that will be studied is the first asymmetrical mode (A0). A0 mode
electromechanical coupling as a function of the orientation in the X-cut plane,
as seen in Fig. 4.7a, suggests that the electromechanical coupling for A0 mode
vibrations reduces to near-zero at an orientation of 50ı to CY-axis, while the K2

for the main S0 mode remains above 20 % at this orientation. Therefore, a design
trade-off can be made to minimize A0 spurious mode presence at the expense of a
lower K2 for the intended S0 mode [33]. For applications where a lower K2 is not
acceptable, mitigation of A0 resonances has to resort to other techniques such as
engineering the dispersion curves of A0 and S0.

As shown in Fig. 4.2, A0 mode exhibits out of plane displacement and therefore
has dispersive characteristics pertaining to the thickness of the LiNbO3 plate (in
relation to wavelength). The investigation of A0 mode propagation in LiNbO3 thin
film has confirmed the dispersion relationship as seen in Fig. 4.7b. The dispersion
curve of A0 mode vibrations for 1 �m electrode-less LiNbO3 thin films indicates
that the wave numbers of an A0 overtone and the intended S0 mode will coincide,
suggesting the presence of both modes. Fortunately, the dispersion of A0 can be
engineered by changing the film stack to create a large dispersion disparity between
A0 and S0 modes [33].
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Fig. 4.7 (a) Electromechanical coupling (K2) versus orientation for the A0 mode in the X-cut
plane, and (b) dispersion curve in a 1 �m electrode-less LiNbO3 thin film

At the beginning of this Section, we state that the motivation for pursuing
LiNbO3 BAW or lamb wave devices comes from the potentially higher K2 than that
of SAW. It is also worth noting that BAW modes in LiNbO3, given the prerequisite
of excitation (a plate structure or mechanically suspended thin film), intrinsically
imply a better acoustic confinement. Propagation of BAW in thin plate/thin film
will not suffer the acoustic energy leakage that has been commonly identified in
SAW devices [35]. Consequently, LiNbO3 LVRs employing BAW modes are likely
to have high Qs comparable to those of AlN FBARs, particularly considering that
single crystal AlN and LiNbO3 have comparable theoretical limits on f �Q (as seen
in Table 4.2).

Despite of all the promises of higher performance in both K2 and Q, the challenge
at the time (late 1990s), namely attaining highly crystalline LiNbO3 thin films,
prevented experimental validations of these high K2 and Q modes on chip scale.
With the high-quality film integration techniques discussed in Sect. 4.1, it seems
that a new MEMS resonator technology simultaneously featuring high Q and kt

2

is within reach. The only missing piece of the puzzle is a reliable micromachining
process of LiNbO3, which will be the focus of the next section.

4.4 Micromachining Lithium Niobate Thin Films

With the success of ion slicing and film-transfer technique, the major roadblock
associated with the demonstration of suspended MEMS-like structures made out
of LiNbO3 consists in the lack of a micromachining process capable of defining the
acoustic geometries of interest and releasing them from the carrier substrate. Etching
of LiNbO3 has been proven a tougher task than the etching of other piezoelectric
materials. It is a notoriously inert material and reacts with very few chemicals at a
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Table 4.3 Wet etching recipes for various cuts of LiNbO3

LiNbO3, cut plane Chemical Temperature (ıC) Etch rate (�m/h) Etch mask Ref.

Z cut, Ti-diffused HF,
HNO3,
ethanol

22 0.8 Chromium [36]

Z cut, domain inverted HF,
HNO3

60 0.8 None [37]

Y-cut, proton exchanged HF,
HNO3

Room temperature Orientation dependent None [38]

moderate rate. As a matter of fact, developing an effective etch technique to attain
high etch rate, smooth and straight etch surfaces in LiNbO3 has been a very active
research topic. Most of the etch efforts that preceded the synthesis of MEMS devices
originated from the need to make optical wedge waveguide in LiNbO3, and thus
were mostly focused on c-axis LiNbO3 substrates. The only well know wet etching
technique uses a mixture of hydrofluoric acid (HF) and Nitric acid (HNO3) with
a slight dose of ethanol to improve the smoothness of the etched surfaces. More
importantly, the wet etching relies on the proton exchange, often by Ti-diffusion, to
accelerate the etch rate of LiNbO3. Nonetheless, such wet etching only produces a
very moderate etch rate of 10 nm/min. What is more discouraging for the acoustic
device researchers is the fact that none of the wet etching approaches (see Table 4.3)
can produce the straight sidewalls that are essential for optimal acoustic boundaries
and high Qs.

On the other hand, dry etching techniques, including ion milling, UV laser
ablation, and reactive ion etching (RIE) with inductively coupled plasma (ICP),
have been shown to be more effective and more versatile on different cuts and
configurations of LiNbO3. They have all shown faster etching rates, finer control
of the sidewall profile, and scalability to mass manufacturing.

Ion milling was first tested as a dry etching approach for LiNbO3 in the
1970s [39]. Due to the high physical nature of ion milling, the process has very
limited selectivity and it is generally not scalable to large substrates. Laser assisted
micromachining of LiNbO3 has also been investigated as an alternative method [40,
41]. Several issues have obstructed its employment for making LiNbO3 acoustic
devices. First, the laser ablation could not directly remove LiNbO3 and still requires
a HF-based wet etch to remove the laser damaged LiNbO3. In addition, the laser
ablation has been reported to amorphize the regions in the vicinity of the area
exposed to the laser and produce crystalline defects [41]. Lastly, the etched sidewalls
have a slanted profile and are far from ideal in enabling the desired sharp and smooth
acoustic boundaries.

RIE-ICP is so far the optimal approach that offers great control in the etched
profile. The ICP is essential in attaining anisotropic etch characteristics. As seen in
Fig. 4.8, the process generally employs hard etch masks (SiO2, Cr, Ni, or Au) that
can be patterned by either wet etch and RIE with photoresist as the mask. PR is not
directly used as the etch mask to micro-machine LiNbO3 due to its low selectivity to
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Fig. 4.8 Processing steps for etching LiNbO3 with ICP-RIE

LiNbO3 in a typical high ICP power RIE recipe. In addition, the PR-based etching
requires operating at a low temperature that often limits the etch rate to a very
moderate value. The hard masks that have been selected are either dielectrics or
metals, depending on their compatibility with the other micromachining steps and
the etch chemistry. Most importantly, the hard masks offer sufficient selectivity
(often >1:1) against LiNbO3 in the corresponding RIE chemistry, and can endure
high temperatures (>120 ıC).

Two gas chemistries, either fluorine or chlorine, have been reported to effectively
etch LiNbO3. Fluorine-based chemistry utilizes either SF6 [42], CHF3 [42], or C4F8

[43] with high ICP power to produce a reasonable etch rate. As seen in Table 4.4,
4.5, and 4.6, the etch rates reported using fluorine chemistry are generally between
20 and 100 nm/min for various cuts. The reaction of Fluorine plasma and LiNbO3

produces mostly volatile fluorinated niobium species at a temperature higher than
200 ıC, except for LiF. LiF has a melting temperature higher than 800 ıC. It gets
re-deposited on etched surfaces and subsequently lowers the etch rate (Fig. 4.9).
Thus, it is extremely challenging to attain vertical sidewalls. To mitigate this effect,
etching of LiNbO3 with fluorine gases requires intermittently pausing the etch and
cleaning the sample in SC-1 solution (70 % H2O, 20 % H2O2, 10 % NH4OH) to
remove the re-deposited LiF [43].
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Table 4.4 Dry etching recipes for Z-cut of LiNbO3

Approach [44] [39] [45] [1]

LiNbO3 cut
plane

Z-cut Z-cut Ti-diffused Z-cut Z-cut

Etch mask Chromium Titanium Chromium PECVD SiO2
Etch technique Focused Ion

milling
Ion milling RIE RIE-ICP

Tool Orsay Physics
LEO FIB4400

Technics Inc.
Model MIM TLA
5.5

ME-3A Trion Phantom
III

Chamber
pressure

2 � 10�6 Torr 1.1 � 10�4 Torr N/A 10 mTorr

Temperature N/A 50 ıC N/A 70 ıC
Power Current: 2 �A,

Biasing
voltage: 30 kV

100 W RIE
500 W ICP

350 W RIE RIE 250 W
ICP 600 W

Etch rate 160 nm/min 0.45 �m/h 46 nm/min 110 nm/min
Etch selectivity
to maska

N/A 1:3 2.5:1 2.2:1

Gas mixture or
relevant settings

GaC ions
current: 2 �A
Acceleration
voltage: 30 kV

ArC and OC
Acceleration
voltage and ion
current: 1.1 kV
and 0.97 mA/cm2

SF640 sccm Cl2 5 sccm
BCl315 sccm
Ar 20 sccm

Sidewall angle N/A N/A 60ı 75ı

aEtch selectivity is defined as the ratio between LiNbO3 and mask etch rates

Cl2-based RIE was first demonstrated in [1] for micromachining MEMS res-
onators, using a mixture of Cl2, BCl3, and Ar. The ratios between gases were
carefully selected to attain a desired balance of the physical and chemical etch of
LiNbO3. Due the anisotropic properties of LiNbO3, the same etch recipe would
produce different etched profiles for different cuts LiNbO3, as seen in Fig. 4.10. In
addition, as seen in Fig. 4.11, the optimization of the gas ratios has a significant
impact on the sidewall profile, ranging from 20ı to near 90ı. The chamber pressure
is generally reduced to below 10 mTorr for maximizing the etch rate.

The ICP-RIE, similar to all the aforementioned techniques, exhibits varying etch
characteristics for different cuts of LiNbO3 substrates. The orientation dependent
nature of the etch arises from the anisotropic crystal properties [53]. Optimizing
the etch rate relies on fine-tuning the balance of physical (with Ar) and chemical
etching (with F2 or Cl2) [51]. None of the reported etching techniques has caused
the processed thin film to change polarization.

After the etching windows are defined by using one of the aforementioned
etching techniques, the final step of the process is to remove the sacrificial layer
and suspend the device via critical point drying (if a wet etch is used) [54, 55].
For processes using transferred LiNbO3 thin films, the sacrificial layer removal
depends on the materials used for the intermediate layer(s) between the transferred
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Table 4.5 Dry etching recipes for Y-cut of LiNbO3

Approach [46] [47] [1] [48]

LiNbO3 cut
plane

Y-cut Y-128ı Y-cut Y-cut

Etch mask Electroplated
nickel

Electroplated nickel PECVD SiO2 Thick photoresist

Etch
technique

RIE RIE-ICP RIE-ICP Ion milling

Tool Plassys MG 200 STS multiplex AOE Trion Phantom
III

AJA Ion Mill

Chamber
pressure

1.5 mTorr N/A 10 mTorr 8–10 Torr

Temperature N/A 20–80 ıC 70 ıC N/A
Power RIE 150–250 W N/A RIE 250 W

ICP 600 W
N/A

Etch rate 40 nm/min at
150 W 50 nm/min
at 200 W

0.5 �m/min 80 nm/min 42 nm/min

Etch
selectivity to
maska

10:1–16:1 N/A 1.7:1 N/A

Gas mixture SF6 10 sccm CF4/ He Cl2 5 sccm
BCl315 sccm
Ar 20sccm

N/A

Sidewall
angle

68ı at RIE 150 W
73ı at RIE 200 W
79ı at RIE 200 W

75ı 40ı Near 90ı

aEtch selectivity is defined as the ratio between LiNbO3 and mask etch rates

LiNbO3 thin films and the supporting substrates. So far, BCB [56], SiO2 [57], and
a proprietary glue [55] are used and all have been removed with wet etch processes
based on either Nanostrip or HF. The removal of the sacrificial layer somewhat
limits the choice of metal material for the top electrodes unless additional steps
are taken to protect the metal electrode during wet etching. For example, neither
Nanostrip nor HF allows for Al top electrodes. The size of the release region can
only be limited via timing the isotropic wet etch, thus lacking the fine control
required for device optimization purposes.

There is an alternative process that also requires ion-implantation, similarly
to the aforementioned process based on micromachining transferred LiNbO3 thin
film. However, it uses the ion-implantation with properly chosen energy and dose
to embed a thin layer of damaged LiNbO3, which is subsequently used as the
sacrificial layer to suspend the LiNbO3 structures [52]. It has been reported that ion-
damaged LiNbO3 can be selectively etched by HF at a much higher rate than virgin
LiNbO3 [58]. Therefore, the damaged LiNbO3 can be exploited as the sacrificial
layer for releasing the structure, as long as the sidewalls are sufficiently protected
(e.g. using a thin layer of gold) during the selective etching. This approach is
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Table 4.6 Dry etching recipes for X-cut of LiNbO3

Approach [43, 49] [50] [51] [52]

LiNbO3 cut
plane

HC proton
exchanged

HC proton
exchanged

X-cut X-cut

Etch mask Chromium Chromium PECVD SiO2 PECVD SiO2

Etch
technique

RIE ICP-RIE ICP-RIE ICP-RIE

Tool Oxford
Plasmalab
80C

Plasma-Therm
SLR 770

Trion Phantom
III

Plasma-Therm
SLR 770

Chamber
pressure

100 mTorr 5 mTorr 10 mTorr 5 mTorr

Temperature 200 ıC 50 ıC 65 ıC 65 ıC
Power 350 W RIE 100 W RIE

500 W ICP
250 W RIE
600 W ICP

280 W RIE
900 W ICP

Etch rate 55 nm/min 94 nm/min 40 nm/min 170 nm/min
Etch
selectivity to
maska

N/A 16:1 1:1 1:1.1

Gas mixture
or relevant
settings

CHF3 50 sccm
Ar 50 sccm

CF4 25 sccm Ar
20 sccm

Cl2 5 sccm
BCl3 15 sccm
Ar 20sccm

Cl2 5 sccm
BCl3 15 sccm
Ar 18 sccm

Sidewall
angle

Sloped >80ı Orientation
Dependent
30–90ı

80ı

aEtch selectivity is defined as the ratio between LiNbO3 and mask etch rates

capable of lithographically defining the release region through hard masking of the
ion implantation, and thus creating more precise acoustic boundary conditions for
optimizing device performance [52]. The inherent challenges with this approach
include fabricating large devices and incorporating bottom electrodes. The selective
etching can only create a very small gap and it takes a long time for the etchant
to access the damaged layer under the center of the resonator and accomplish the
full release. The surface roughness induced by the selective etching has also been
characterized and proven not a limiting factor for the device Q [52]. Any ion-
implantation-induced damages in the resonator body can be significantly reduced by
rapid thermal annealing (>300 ıC), as experimentally validated by the measured Q
enhancement before and after annealing [59]. Other studies targeting the measured
defect density have shown similar conclusions.

So far, the resonant devices that have exhibited the highest performance were
built with the aforementioned processes or some slight variations of such. These
variations are mainly related to releasing or suspending the device structures.
Several approaches either create the release cavities in LiNbO3 [60] before the
LiNbO3 thin film integration on a carrier substrate, or utilize through Si deep RIE
process to suspend the thin film of LiNbO3 on a Si carrier [61]. These approaches
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Fig. 4.9 Dry etch of X-cut
LiNbO3 using SF6-based
ICP-RIE

Fig. 4.10 Etched profiles of (a) X-cut, (b) Y-cut, and (c) Z-cut LiNbO3 after being processed with
the identical ICP-RIE recipe

Fig. 4.11 Sidewalls of etched resonators using (a) a gas mixture that has low Ar content (b) a gas
mixture that has high Ar content
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can define the region with lithographical accuracy, and possibly allows for the
integration of bottom electrodes.

Micromachining epitaxially grown LiNbO3 thin films has also been attempted. In
principle, the etching process can be the same used for transferred or ion-implanted
thin films. The epitaxially grown LiNbO3 thin films have not shown comparable
crystallinity as ion-sliced, ion-implantation enabled, or even chemical mechanical
polishing (CMP) thinned LiNbO3 thin films. This is particularly reflected in the
measured Q of the fabricated devices [62]. As mentioned before, the epitaxially
grown thin films are limited to c-axis or Z-cut. From a device performance
perspective, they are not suitable as a platform for high kt

2 S0 or SH0 mode devices,
although A1 mode has been experimentally demonstrated to feature high acoustic
velocity and high kt

2 [62].

4.5 Design and Performance of Lithium Niobate Devices

The design of LiNbO3 LVRs leveraged the know-hows of AlN-CMRs [19, 63]. As
seen in Fig. 4.12, a typical one-port LiNbO3 LVR consists of a suspended LiNbO3

thin film with inter-digitated electrodes (IDE) patterned on the top surface. In
operation, the IDEs are alternatingly connected to the signal and ground, introducing
electric fields in the LiNbO3 thin film. Differently from the typical AlN CMRs,
the LiNbO3 LVRs are lateral electric-field excited devices so that the high in-
plane (X-cut) piezoelectric constants can be harnessed. For S0 mode devices, the
lateral electric fields excite the LiNbO3 thin film into longitudinal expansion and
contraction under alternating electrode pairs, as depicted in Fig. 4.13a. For SH0
devices, the electric fields, introduced by virtually identical electrode configuration,
excite in-plane opposite-direction transverse motions under alternating electrodes
(Fig. 4.13b). Even though S0 and SH0 devices appear similar in configuration, they
differ in the device orientation at which the wave propagation characteristics are
optimal (detailed in Sect. 4.3).

Fig. 4.12 (a) SEM image and (b) MBVD model of a typical LiNbO3 LVR
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Fig. 4.13 Typical structures and modeshapes of (a) S0 and (b) SH0 LiNbO3 LVRs

The resonant frequency of these devices is predominately determined by the
transducer pitch and the phase velocity of the intended acoustic mode in the
electrode-on-LiNbO3 film stack. For example, the resonance of the longitudinal
mode order i and transverse mode order j, can be estimated by:

fij D v0

s�
i

2W

�2
C
�

j

2L

�2
(4.6)

where W and L are the width and length of the resonator and v0 is the acoustic
velocity. In most cases, LiNbO3 LVRs are designed with several pairs of electrodes
so that the static capacitance, C0, is sufficiently high to interface with 50	. As a
result, the intended resonance is typically a higher order longitudinal mode with
the transverse mode order j D 1 (modes with j D 3, 5, : : : are considered spurious
modes). Given that L is typically larger than W and i is larger than j, the series
resonant frequency (fs) can be approximated by:

fs D v0i

2W
D v0

2Wp
(4.7)

where Wp is the pitch of the transducer. Note that Eq. 4.6 is an approximation
because acoustic velocities along most orthogonal directions in the X-cut plane of
LiNbO3 are not the same. For more precise prediction of the resonance for a given
mode, one has to resort to a 3D finite element simulation of the resonator structure.

In addition to the resonant frequency, the performance of LiNbO3 LVRs is
characterized by the device or transducer electromechanical coupling (kt

2) and
device quality factor (Q). It is important to note that kt

2, different from K2,
is dependent on the mode of operation, electrode configuration, and material
properties. K2 typically sets the maximum achievable kt

2 for a given mode. On
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the other hand, the device Q is collectively determined by various involved loss
mechanisms, including thermal elastic dissipation, anchor loss, attenuation loss in
electrodes and the piezoelectric material, and electrical loss (Rs). The ultimate limit
on Q for devices based on a certain piezoelectric material is set by the attenuation
loss in the piezoelectric material, which is often overshadowed by anchor loss and
damping at the interface between electrodes and the piezoelectric material. For
more information on Q modeling and optimization of laterally vibrating MEMS
resonators, please refer to a later chapter of this book.

kt
2 and Q are the key parameters in constructing the Modified Butterworth-

Van Dyke (MBVD) model that is commonly applied as the equivalent circuit
representing piezoelectric MEMS resonators. More on MBVD model will be also
discussed in the following chapters. As seen in Fig. 4.12b, the MBVD model
typically allows accurate extraction of kt

2 and Q values from measurements as
the motional components (Rm, Cm, and Lm) in the MBVD model are related to
kt

2 and Q [19]. In most cases, it sufficiently captures the electrical performance
of resonators and thus can be embedded in circuit simulations for predicting the
performance of resonator-comprised subsystems.

From the MBVD model of LiNbO3 LVRs, we can define kt
2 as:

k2t D �2

8

Cm

C0
(4.7)

It directly measures device transduction efficiency from the electrical to mechanical
domain as the mechanical and electrical energy is stored in the motional and static
capacitors, respectively.

Q, similar to the definition used for any resonant system, is defined as the ratio of
stored energy versus dissipated energy per cycle. In both models and experiments,
Q is characterized by the ratio between the resonance and its 3 dB bandwidth.

So far, we have discussed the operation and performance characterization of
LiNbO3 LVRs in the general sense. Next, we will focus on understanding the state
of the art performance of both S0 and SH0 mode devices.

The first experimental demonstration of S0 mode devices came in [56], and
was immediately optimized in [1, 51]. As seen in Fig. 4.14, the measured resonant
frequency of 485 MHz for a device with 6 �m electrode pitch at the orientation of
30ı to CY-axis verifies the acoustic velocity of S0 to be 5820 m/s, on par with the
value predicted in Sect. 4.2 for a metalized LiNbO3 plate with an infinitely thin top
electrode. Such a high velocity should permit the electrode definition of devices up
to 3.5 GHz using stepper-based lithography, while devices have been demonstrated
to operate up to 0.88 GHz for X-cut [33] and 1 GHz for Y-cut devices [48].

Given our discussion on the material properties of LiNbO3, it is no surprise
that the S0 mode LVRs achieve the maximum kt

2 at the orientation of 30ı to
CY-axis in the X-cut plane. To further maximize the kt

2, an electrode weighting
technique (depicted in Fig. 4.13) has to be employed for any overmoded resonator
structures. The electrode weighting technique uses two electrodes close to the edges
of the device, each having a width less than the conventional electrode pitch (
/2).
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Fig. 4.14 Measured performance of a S0 LiNbO3 LVR with an orientation of 30ı to CY axis and
the weighted electrode configuration

The weighted electrodes on the edges modify the acoustic boundary conditions
and maximize the electric field distribution between the electrodes. It therefore
excites largest compression or expansion right underneath the electrodes. A similar
technique has also been applied to Y-cut S0 LVRs and proven effective in enhancing
kt

2 [48].
The measured Qs of S0 LiNbO3 LVRs are typically between 1000 and 2000, far

from the ultimate limit imposed by the intrinsic loss in the material. It is believed
that Q is still largely limited by micromachining. Upon improving the straightness
of etched sidewalls and reducing the residual stress accumulated in thin film during
processing, Q is expected to be further enhanced. Other factors, including the
electrode material and anchoring/acoustic boundaries, can also be leveraged to
enhance Q given that fabrication processes can accommodate the implementation
of the optimized designs. Because of the simultaneously attained high kt

2 and Q
of S0 LiNbO3 LVRs, record-breaking FoMs have been achieved for both X-cut
(FoM D 280) [51] and Y-cut (FoM D 110) [48] devices.

Following the success demonstration of high kt
2 S0 LiNbO3 LVRs, SH0 mode

devices have also been explored as they are predicted with higher kt
2 and potentially

an even larger FoM. Additionally, they typically feature less spurious modes than
S0 mode devices, when both modes are excited using a conventional electrode
configuration. So far, the lower phase velocity of SH0 mode has limited device
demonstrations to below 1 GHz [64], although finer lithography tools could scale
SH0 to even higher frequencies.

As shown in Fig. 4.15, the kt
2 of SH0 mode devices reaches optimum at 10ı

to –Y axis with a value larger than 20 % [65]. Given an optimized electrode
configuration, the achieved kt

2 can be even larger, for example, 23.6 % in [59].
Further optimizations in the electrode configuration (e.g. metal coverage and
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Fig. 4.15 Measured performance of a SH0 LiNbO3 LVR with an orientation of 10ı to �Y axis
and the length-controlled electrode configuration

electrode weighting) and device structure are expected to yield kt
2 closer to the

limit set by the calculated K2. Moreover, suppressing unwanted modes can also help
to concentrate the coupling into the intended mode. For example, the device with
its response shown in Fig. 4.15 has a length-controlled electrode configuration for
minimizing the third order transverse SH0 spurious mode [66]. As a result, the kt

2

of intended SH0 mode is increased.
The measured Qs of SH0 devices are comparable to those of S0 mode devices,

ranging from 1000 to 2200 and dependent of the resonant frequency. SH0 mode
devices currently hold the record for the highest experimental FoM at a value of
420, owing to the simultaneously achieved high kt

2 (23.6 %) and Q (2200) [59].
Similar to S0 mode devices, there is still room for improving the Q of SH0 mode
devices. Better processing or more sophisticated designs of acoustic confinement are
all potentially effective approaches and are going to be explored for this purpose.

Beyond the SH0 and S0 modes that we have discussed, readers might be curious
about other higher order S and A modes, such as the degenerate S1 (FBAR mode)
or A1. As a matter of fact, these two modes have been experimentally demonstrated
with high kt

2 [10, 67], but neither of them has the feature of lithographically
definable center frequencies. The resonances of S1 and A1 mode devices are
predominately set by the thin film thickness. In the case of S1 mode, a bottom
electrode is also required. A patterned bottom electrode under a transferred LiNbO3

thin film is difficult to implement as transferring LiNbO3 thin films requires
planarized surfaces. The existing S1 mode device demonstrations used a back-side
Si etch to release the device and included a bottom electrode through the etched
via. This process introduces additional fabrication complications and large parasitic
effects from the Through-Si-vias. Scaling and interconnecting these devices for
forming filters would need a more sophisticated method of including bottom
electrodes.
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4.6 Discussion and Potential Applications of Lithium
Niobate Devices

The previous sections have offered a comprehensive overview of LiNbO3 as a mate-
rial for RF-MEMS platform. The potential of LiNbO3 devices is better appreciated
with a discussion on the most promising applications for this technology, namely
RF front-end filtering and duplexing.

As also discussed in other chapters of this book, it is evident that SAWs and AlN
FBARs are the existing commercial solution for RF front-end filtering, respectively.
SAWs can be manufactured with very simple and low-cost fabrication processes
and offer sufficient bandwidth and low-loss performance for current standards
(<2 GHz). AlN FBARs is pervasive due to its desirable piezoelectric properties
and low-cost CMOS-compatible sputtering process of AlN [68, 69]. These devices
vibrate in a thickness extensional mode and leverage the high d33 piezoelectric
coefficient of AlN to attain high electromechanical coupling. However, FBARs
lack wafer-level frequency diversity because the resonant frequency of FBARs is
determined by thickness of the AlN thin film. Low-cost batch fabrication can only
yield resonators of one resonance across the substrate. Motivated by having access
to a resonator technology that can have wafer level frequency diversity, AlN contour
mode resonators (CMRs) and filters were developed [70]. Similar to FBARs, AlN
CMRs consist of suspended AlN thin film with top and bottom electrodes. Different
from the operation of AlN FBARs, AlN CMRs vibrate in a lateral extensional mode
of which resonant frequency can be lithographically defined via electrode pitch.
However, one major drawback of AlN CMRs is their moderate electromechanical
coupling due to limited d31 coefficient of AlN. The moderate kt

2 results in a lower
figure of merit even though AlN CMRs have comparable high Qs to FBARs.
Moreover, the moderate kt

2 has also limited the maximum FBW that AlN CMRs-
based filters can achieve, and restricted AlN CMRs to applications that have
narrower bandwidth requirement than most of existing telecomm standards.

The LiNbO3 LVR technology essentially combines the technological benefits
of AlN FBARs and CMRs. It shares the same fundamental working principle
of AlN CMRs and offers higher electromechanical coupling than AlN FBARs.
These advantages fundamentally originate from material properties and the method
of integrating high-quality LiNbO3 thin films for micromachining. As seen in
Fig. 4.16, the high electromechanical coupling and lateral mode of operation
of LiNbO3 LVRs ensures attaining wide bandwidth and low-loss filtering with
unprecedented wafer-level frequency-diversity.

It is evident from an application perspective that LiNbO3 LVRs can be a key
enabler for the next generation of RF front-end filtering. The main concern is about
how rapidly the LiNbO3 LVRs can be placed into the market place. Benchmarked to
the development history of AlN FBARs, which started in early 1980s by Ken Lakin
[71], and became a commercial RF filtering solution in the early 2000s (thanks to
an Agilent semiconductor division now owned by now known as Broadcom), the
LiNbO3 technology is still very much in its early adolescence. Several challenges
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Fig. 4.16 Comparison of performance for various types of filters based on SAWs, AlN FBARs,
and LiNbO3 LVRs

still need to be addressed, either on the material side or device level optimization,
before LiNbO3-based resonators become ready for prime time. These challenges
involve suppression of spurious modes, enhancement of power handling, and
improvement of temperature stability.

As seen in the last section, the S0 and SH0 LiNbO3 devices are prone to spurious
responses. The spurious response stems from a number of causes that have been
already investigated for AlN CMRs [72–75]. Completely suppressing or appreciably
subduing the spurious response is essential for engineering high-performance filters
and remains a major bottleneck for LiNbO3 LVRs. In addition, the techniques to
be developed have to be effective without substantially increasing the fabrication
complexity or compromising the chip-level frequency diversity. There have already
been a few reports on this research topic [66, 76–78] and substantial progress should
be expected in the next few years.

The second challenge is the power handling of LiNbO3 LVRs. LiNbO3 LVRs
are formed by thermally isolated thin films, hence suffering from self-heating
caused by electrical losses and thermo-elastic damping [21]. Depending on the size
and anchoring, LiNbO3 LVRs can operate in the nonlinear regime at low power
levels due to the thermal nonlinearity. This issue is more evident when LiNbO3

LVRs are compared with LiNbO3 SAWs and AlN FBARs. LiNbO3 SAWs are built
on bulk substrates that are heat sinked through packages. They have access to a
higher thermal conductance path to dissipate the self-heating. AlN FBARs enjoy



4 Lithium Niobate for M/NEMS Resonators 125

Table 4.7 The comparison
between measured TCF of
micro-resonators

Resonator technology Measured TCF

AlN-FBARs �25 to 30 pmm/K [69]
AlN-CMRs �25 to 30 ppm/K [19]
LN-LVRs �75 to 90 ppm/K [79]

the extremely high thermal conductivity of AlN material and therefore can easily
disperse heat even in a suspended thin film configuration. AlN FBARs are often
fully anchored in the peripherals, further allowing a low thermal resistance path
from the resonator body to the surroundings.

The last technological issue for LiNbO3 LVRs is the temperature instability
induced by the negative temperature coefficients of elastic constants seen in
Table 4.1. A comparison of measured temperature coefficients of frequency is listed
in Table 4.7. It is foreseeable that a TCF larger than �20 ppm/K might become
insufficient in the near future as more closely spaced bands are placed into the RF
spectrum.

Temperature compensation techniques that were developed in the past for creat-
ing ultra-stable on chip oscillators can be readily applied to LiNbO3 devices. Par-
ticularly, passive compensation techniques that do not require power for enhancing
temperature stability are of great interest. They typically involves stacking sputtered
or thermally grown SiO2 with the piezoelectric thin film [80]. There have been
demonstrations of temperature compensated Y-cut LiNbO3 LVRs at the expense
of a reduced electromechanical coupling [57]. However, the impact of passive
temperature compensation on the device quality factor is still unclear. Further
studies are required to determine if a trade-off between the filter temperature
stability and insertion loss exists.

All of the aforementioned challenges are identified by tracing back to the
historical development of successful acoustic filters and targeting the specifications
of existing standards. However, it is not unforeseeable that the capabilities of
LiNbO3 platform may offer a new paradigm for front-end filtering that does not
need to conform to the conventional design space. For example, widely tunable
resonators based on LiNbO3 have been proposed with several mechanisms and
shown promising results [81–83]. The frequency tunability, if implemented with
acceptable tradeoff, could revolutionize the RF design space, reduce cost, and enable
new radio architectures. Because of these benefits, it should definitely be part of the
future work on LiNbO3-based devices.
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Chapter 5
Quality Factor and Coupling in Piezoelectric
MEMS Resonators

Reza Abdolvand, Hedy Fatemi, and Sina Moradian

5.1 Introduction

A piezoelectric-based resonator is an electromechanical device in which electrical
and mechanical energies are reciprocally converted to each other at a resonance
frequency through the two-way coupling between stress and electric field in a
piezoelectric material. Moreover, the mechanical energy in the resonator body
and the applied electrical energy through the metallic electrodes convert from
potential to kinetic and back in every vibration half cycle (Fig. 5.1). Therefore,
the overall performance of a resonant system is determined by both of the energy
conversion mechanisms mentioned above. To quantify the efficiency of these
energy conversions in a resonator, there are two specific parameters defined as
electromechanical coupling factor and quality factor (Q).

In this chapter we will define Q and coupling factor for resonators and explain
how they affect the performance of the systems in which the resonators are
implemented. Also, we briefly study the mechanisms that could influence each of the
two parameters and reference some of the research carried out aiming at improving
these parameters.

5.2 Quality Factor

Quality factor (Q) is a measure of energy loss in a resonator. As the energies convert
from one form to the other, a portion of the energy contained in the system will either

R. Abdolvand (�) • H. Fatemi • S. Moradian
College of Engineering & Computer Science, University of Central Florida, 4000 Central Florida
Blvd, Orlando, FL 32816, USA
e-mail: reza@eecs.ucf.edu

© Springer International Publishing Switzerland 2017
H. Bhugra, G. Piazza (eds.), Piezoelectric MEMS Resonators,
Microsystems and Nanosystems, DOI 10.1007/978-3-319-28688-4_5

133

mailto:reza@eecs.ucf.edu


134 R. Abdolvand et al.

Electrical Energy

Kine�c (current)

Poten�al (charge)

Piezoelectric 
Transduc�on

Mechanical Energy

Kine�c (velocity) 

Poten�al (elas�c)

Fig. 5.1 A block diagram representing the energy flow in a piezoelectric resonator

directly escape or it’s repetitive turn into a form that could no longer be restored
(e.g., heat). The Q is generally defined as [1]:

Q D 2�
peak energy stored

energy dissipated per cycle

There are several distinct dissipation mechanisms in a resonator. Thus, the overall
quality factor of a system can be found by summing up the dissipated energies [1]:

Qtotal D 2�
Estored

†i Edissipatedi=cycle
D
�
†i
1

Qi

��1

An equivalent description of Q in a damped mass-spring system governed by a
second-order differential equation of MxR C CxP C Kx D 0 is:

Q D 1

2—
;

where � is the damping ratio equal to C/Cc and Cc is the value of critical damping
equal to Cc D 2

p
KM [2].

Since resonators are commonly characterized by their frequency response, it is
practically convenient to develop alternative formulas for Q based on the features of
the frequency response plot. One such equation is:

Q D f0
BW3dB

;

where f0 is the resonance frequency and BW stands for the frequency bandwidth.
The Q of a resonator can also be extracted from the slope of the phase response

(†H) at resonance:

Q D !0

2

@†H

@f

ˇ̌
ˇ!0 :
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Both of the equations above indicate that as the Q increases in a resonator the
frequency response becomes sharper or in other words the energy is more confined
to the resonance frequency as expected.

To understand how the resonator Q will affect the performance of a system that
contains the resonator, it should be recalled that any loss mechanism is a coupling
between the energy of the resonator and other forms of undesirable energy that
randomly fluctuate. Therefore, the same mechanism can create a path for such
energy fluctuations to perturb the energy of the system [3]. Such random influx of
energies are sources of noise/interference. This concept is known as the fluctuation-
dissipation theorem in thermodynamic [4]. A simple example for this physical
concept is the energy that is transferred from the resonator to the surrounding air
molecules (i.e., air damping). Reversely, the random movement of air molecules
(Brownian motion) could couple back into the resonator generating noise [5]. With
that, we can conclude that lower resonator Q will ubiquitously result in higher
system noise/interference.

5.2.1 Sources of Loss

In a piezoelectric resonator, three distinctive sources of loss could be identified
within the three main components of the resonator (refer to Fig. 5.1) [6, 7],
namely:

1. Electrical losses including resistive losses associated with the finite resistance of
the conductive material used as electrodes and dielectric losses associated with
the generation of heat in the static capacitances of the device

2. Electromechanical (i.e., piezoelectric) losses associated with non-ideal mutual
conversion of electrical and mechanical energies

3. Mechanical/elastic losses including any mechanism for the conversion of
mechanical energy to heat or leakage of mechanical energy from the system

Among the three categories of loss mentioned above, the electrical losses
are the most straightforward to understand and characterize. On the other hand,
piezoelectric loss is the last to have been recognized as an independent source of loss
[8] and although attributed to the moving domain walls and defects [9], the origin
of the loss is not fully understood. Piezoelectric loss appears to be a considerable
source of loss in ferroelectrics such as lead zirconate titanate (PZT) [10] and is
negligible in other types of piezoelectric material. Lastly, the mechanical losses are
the most complicated to study as there are a variety of physical mechanisms that
contribute to mechanical energy dissipation.

In the following two sections, most common loss mechanisms in a resonator
are reviewed by grouping them into intrinsic (i.e., the dissipative process is
fundamentally linked to the material properties) and extrinsic (i.e., the dissipative
process is dependent on the design and implementation of the resonator) as shown
in the table below:
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Intrinsic loss Extrinsic loss

Dielectric loss (“dielectric loss”) Anchor loss (“support loss”)
Piezoelectric loss (“piezoelectric
loss”)

Air/fluidic loss (“air/fluid damping”)

Phonon-phonon interaction loss
(“loss due to phonon-phonon
interaction”)

Surface loss (“surface loss”)

Phonon-electron interaction loss
(“loss due to phonon-electron
Interaction”)

Ohmic loss (“ohmic loss”)

Intrinsic Losses

In a piezoelectric resonator, there are several fundamental dissipative processes at
work, which cannot be avoided even if the most ideal design of a resonator could
be accurately implemented. Once the dimensions and the material contained in the
resonator are chosen, one could estimate an upper limit for the quality factor of the
resonator based on such dissipative processes, and that is the rationale for using
the term “intrinsic loss” to classify them. In the following, most common intrinsic
losses are described.

Dielectric Loss

The operation of piezoelectric resonators is fundamentally based on the coupling
between the electric field and the stress field inside a piezoelectric material. The
electric field established within the piezoelectric material (which is also a dielectric)
will polarize it, and the energy will be partially conserved in the form of opposite
charges on the metallic electrodes (electrical potential energy). The polarization
process involves movement of centers of charge within the material during which
some of the applied energy will be directly transformed to heat through a process
classically described as dielectric relaxation [11]. Losses associated with dielectric
loss are represented by a complex permittivity value [12]:

� D �0 � j�00

Based on this representation, a material constant known as loss tangent is cited
for dielectrics which is defined as:

tgı D �00

�0 ;

where ı is known as the loss factor. Based on this definition, material with lower loss
tangent exhibit lower dielectric loss and therefore are more desirable for achieving
higher Q resonators. It is of practical importance to note that loss tangent is usually
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a function of electric field frequency. The dielectric loss is a relatively small source
of loss in dielectric piezoelectric resonator such as AlN-based resonators [13], but
that is not the case for ferroelectrics [14].

Piezoelectric Loss

The energy loss in piezoelectric material for which the electric field to strain field
coupling is strong (e.g., PZT) has been reported to be inadequately captured by
dielectric losses (through a complex permittivity) and acoustic losses (through a
complex stiffness). Therefore, researchers in the field have suggested extending the
concept of complex representation of the material properties to the piezoelectric
coefficient [8] in order to better model the operation of devices that utilize such
material [15]. It is postulated that the piezoelectric loss is a result of damped motion
of domain walls in ferroelectrics such as PZT [9, 16]. However, there is no consensus
among researchers whether the piezoelectric loss is an independent loss that exists
without any connection to dielectric and elastic losses [17, 18].

Loss Due to Phonon-Phonon Interaction

In quantum mechanics, a quanta of vibrational energy is referred to as a phonon.
The arrangement of atoms and the overall shape of a solid body define what
specific (and quantized) vibration modes/energy levels are allowed in that system.
At finite temperatures above 0 K, atoms vibrate around their equilibrium position
(i.e., lowest potential energy position). These random lattice vibrations are viewed
as phonons that occupy the allowed levels of vibrational energy. Since these
phonons are generated by heat, they are sometimes labeled as thermal phonons.
The overall distribution of the phonons at different energy levels (i.e., vibration
modes) is known to be governed by the Planck distribution at equilibrium [19].
With the excitation of acoustic vibration modes in the solid body, the distance
between atoms periodically changes around the equilibrium value. The acoustic
waves causing coherent movement of the atoms in a lattice can also be viewed as
phonons generated in the solid (elastic phonons). Therefore, the equilibrium phonon
distribution is disturbed as a result of such acoustic waves. In any inelastic system,
the resulted non-equilibrium status will resettle to a new equilibrium through a
relaxation process. It is during this relaxation process that the elastic phonons
interact with inelastic phonons (i.e., thermal phonons). This interaction could be
divided into two regimes based on the relative value of the phonon scattering time
and the period of vibration as will be discussed below.

Scattering Regime

As mentioned above, in a resonator at resonance, the spatial distance of atoms
periodically varies above and below its equilibrium. In parts of the solid where the
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volume decreases (i.e., compressive strain), the average phonon frequency/energy
increases locally, and the opposite happens at areas where the volume increases.
The resulting non-equilibrium/perturbed thermal phonon distribution function will
resettle into a new equilibrium given there is enough time in each period of the
vibration (i.e., mean phonon scattering time (� s) is shorter than one period of
vibration (�v); �s < �v) [20]. In the process of restoring the thermal equilibrium,
phonons interact with each other (i.e., scattering) resulting in the irreversible loss
of elastic energy. This process was first described and formulated by Akheiser [21].
Given a set of simplifying assumptions, the quality factor associated with this loss
can be calculated from the following formula:

QAKE D �c4

2� f�2avgkT
;

where � is the material density, c is the acoustic velocity, f is the frequency
of vibration, � avg is the average Grüneisen’s parameter (a dimensionless thermal
parameter that explains the dependency of the thermal properties on pressure and
temperature), and k is the thermal conductivity. This loss mechanism exists in all
resonant structures regardless of the resonator design and the mode of vibration.
The distinctive feature of the Akheiser Q is the 1/f proportionality, which predicts
that loss will increase at higher frequencies.

The Akheiser loss mechanism is limited to situations in which the assumption of
�s < �v is valid. If the vibration frequencies are scaled higher so that this assumption
no longer holds, then a thermal equilibrium can’t be achieved during a half cycle
of the wave. The earliest notion of treating this new regime of high-frequency
loss is found in the work published by Landau and Rumer [22]. Their approach is
based on treating the acoustic waves as a beam of phonons and limiting the phonon
interaction to a “three-phonon process” where an elastic phonon (associated with the
elastic wave) collides with a thermal phonon and a third phonon is generated. The
simplified result of their approach is a loss that is no longer a function of frequency,
and therefore the limit of intrinsic Q at extremely high frequencies is expected to
be relaxed considerably compared to what is predicted by Akheiser effect [23]. This
loss regime is dominant at frequencies beyond 500 MHz for most relevant material,
and its onset (i.e., �s D �v/ is a function of the material properties and the crystalline
orientation [24].

Diffusion Regime

A nonuniform instantaneous temperature field could result from a nonuniform
strain field within a resonating body. Under the same original assumption of
�s < �v, such local temperature gradients drive irreversible heat flow. In other
words to reinstitute an overall thermal equilibrium, the phonons diffuse from higher
temperature spots toward lower temperature spots (i.e., thermal transport). This
specific loss mechanism is known classically as thermoelastic damping (TED) [23].
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TED is a significant source of loss if the period of the acoustic wave is close to
the thermal transport time constant (� th), with the maximum loss corresponding
to the case of �th D �v [25]. For �th � �v (i.e., low vibration frequencies), the
aforementioned temperature gradients will no longer develop (system is always in
thermal equilibrium), and therefore the energy dissipation is absent. Reversely, for
�th � �v, the temperature gradients vary much faster than the thermal transport
process. As a result, heat flow is diminished and the TED becomes negligible.
The bending mode of thin solid beams is one of the cases in which the maximum
TED loss could be easily observed as the frequency of vibration for maximum loss
could be relatively low. This case was first studied by Zener in his seminal work
in 1937 [26] in which he offered an equation for calculation of QTED. Zener’s
equation has been evaluated by many researchers and is proved quite accurate
despite the simplifications that were made [27]. In practice the distance between
local extremums of temperature developed in a resonant body is not uniform, and
therefore more than one thermal time constant would be required to capture the TED
effect [28]. Finite element analysis offers a relatively accurate method for estimating
the TED in situations that an analytical solution is out of reach [29].

Most commonly used piezoelectric resonators operate in shear mode or bulk-
extensional modes. TED is not present in shear mode resonators as the change
of volume driving the inhomogeneous temperature field is absent in such modes.
Contribution of TED in bulk-mode resonator is also negligible in the range of
frequency they are normally utilized.

Loss Due to Phonon-Electron Interaction

As described earlier, the mechanical oscillation of a resonating body results in
periodic oscillation of atoms about their equilibrium position. This oscillation
modulates the discrete quantum mechanical energy levels that are occupied by the
electrons, driving the electron distributions out of their equilibrium state (distorting
fermi surfaces). Similar to what was earlier described for non-equilibrium phonon
distributions, the non-equilibrium electron distribution also relaxes back to a new
equilibrium (through interaction of electrons with thermal phonons) given the
electron relaxation time (� e) is significantly smaller than the period of vibration (�v).
Predictably, the electron relaxation process and the magnitude of the loss associated
with this process vary in metals and semiconductors. For metals in which the
free career concentration is high, the equilibrium reestablishment of the disturbed
electron distribution will result in a significant internal loss that is proportional to the
frequency of vibration [30]. In semiconductors, however, this loss is understandably
a strong function of doping concentration (increases for higher doping) [31] and
in general is a less significant source of loss. Very similar to the case of phonon-
phonon interaction loss, for the regime of � e > �v (very high acoustic frequencies),
the quality factor associated with this loss mechanism is no longer a function of
frequency as the electron relaxation vanishes [32].
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It should also be noted that there is an additional mechanism for loss in piezo-
electric semiconductors associated with the coupling of strain field to electric field.
In this case, the developed strain in the material will result in an internal electric
field, and assuming that the carrier concentration is not negligible, this electric field
will generate an internal current (acoustoelectric current) and subsequently gives
rise to loss [33]. This loss has been extensively studied for CdS in the past [34] and
more recently is reported for GaN-based resonator [35].

Extrinsic Losses

In addition to the sources of loss described in the last section, there are several other
dissipation processes that are not fundamentally bound to the material properties,
and rather they depend on practical aspects of design and implementation. As such,
these loss mechanisms are labeled as “extrinsic loss” and described below.

Support Loss

Support loss (also known as anchor loss) quantitatively represents the amount of
acoustic energy that radiates from the body of a resonator to the frame that holds
the resonator in place (Fig. 5.2). Based on this description, it is perceivable that the
support loss is strongly dependent on the position, shape, and the dimensions of the
anchors. Analytical calculation of support loss has been attempted for a variety of
designs [36, 37] and is useful in providing general guidelines for reducing support
loss.

Fig. 5.2 2D model of a third
harmonic lateral-extensional
resonator including the
supporting substrate. The
strain is color coded on the
resonator and the substrate,
but the color intensity is not a
true representation of the
strain intensity (it is
manipulated on the substrate
region to enhance visibility of
waves penetrating the
substrate)
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A general rule for mitigation of support loss is to place the anchors at nodal points
of the resonator mode shape, where the displacement of the resonator boundary
is virtually zero. Numerous examples of this design methodology can be found
in literature such as in center-supported bulk-mode disk resonator [38], free-free
flexural beam resonators supported at the nodal points [39], or notched attachments
in a ring resonator [40]. The success of this technique is restricted by misalignment,
the practical limitations on the dimensions of the anchors, and also the invalidity of
assuming a perfect nodal point in a 3D resonant structure. Considering such non-
idealities, it is not surprising for the support loss to be one of the most significant
factors limiting the quality factor of resonators especially at high frequencies.
Operation at high frequencies necessitates scaling down of the frequency defining
feature. To keep the support loss at the same level, the support will need to shrink
at the same rate. This is because as the frequency defining feature of a resonator
shrinks at high frequencies the anchor dimension should also shrink at the same
rate for the anchor loss to not grow relatively. However, scaling down the anchor
dimension is restricted by the smallest features that could be fabricated and also
by the mechanical integrity of the structure. Therefore, alternative techniques have
been suggested to circumvent excessive support loss at high frequencies.

A prevailing approach undertaken by many researchers is centered on the
hypothesis that given a portion of the acoustic waves will radiate from the anchors,
one could focus on reflecting some of that energy back to the resonator. This idea is
commonly used in solidly mounted thin-film piezoelectric bulk acoustic resonators
in which the acoustic cavity (i.e., the piezoelectric film sandwiched between metal
electrodes) is placed on top of a Bragg reflector [41, 42]. The Bragg reflector is an
alternating stack of high- and low-acoustic impedance films, each usually quarter
wavelength thick. In a Bragg reflector, a large portion of the wave penetrating into
the substrate will be reflected back at every interface between the two films that
exhibit a large acoustic mismatch.

For the bulk waves that travel in the plane of the substrate (as is the case for
most bulk-mode MEMS resonators), a reflector could be implemented by simply
etching vertical trenches into the substrate. This idea has been implemented in
disk resonator [43] as well as lateral-mode piezoelectric-on-silicon resonators [44].
Other researchers have proposed the use of 2D phononic crystals for implementation
of acoustic reflectors in the plane of a substrate [44, 45]. Phononic crystals are
structures designed to create acoustic bandgaps in which propagation of certain
acoustic wave modes or frequencies is prohibited. Phononic crystals have also been
used to design anchors that efficiently reflect the acoustic waves generated at the
resonance frequency of the resonator [46, 47].

Air/Fluid Damping

A resonator vibrating in gaseous/fluid medium will lose some energy to the medium
as a result of movement relative to the surrounding molecules. This interaction with
the surrounding exerts damping forces on the vibrating structure that become a
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dominant source of loss as the ratio of the surface area to the volume of resonator
increases in microscale resonators [48]. If the resonator’s surface movement is in
parallel with respect to the fluid, a shear force is applied to the structure, whereas
for perpendicular vibrations, squeezed film damping occurs [49].

To eliminate air damping, MEMS resonators are often operated and packaged in
partial vacuum [50, 51]. Air damping is dependent on the frequency of vibration and
is less effective at higher frequencies [52]. Therefore, the complexity and the cost of
vacuum packaging (and the electronic frequency multiplication) could be alleviated
by directly increasing the fundamental frequency of the resonator when possible.

Surface Loss

Properties of material on the surface are always different relative to what is
measured and cited for the bulk. Such differences could be intuitively understood by
considering the asymmetric nature of the physical variables on the surface as a result
of the discontinuity of the medium at the boundary. With that, one could imagine
that the effect of surface-related phenomenon on the overall properties of material
(including intrinsic loss mechanisms) is dependent on the surface to volume ratio
of the resonator body. As this ratio becomes larger, the resonator quality factor will
be more dominated by the surface-related dissipation processes [53]. The physics
of loss on the surface of resonators is rather complicated as it strongly depends
on a variety of non-idealities such as roughness, contamination, native oxide films,
and adsorbents to name a few. However, there has been an effort to analyze all
of the surface-related dissipation mechanism using a unified model [54]. In this
treatment it is postulated that the loss on the surface could be described by a model
that was originally developed to explain the nature of loss in amorphous material.
The rationale for this assumption is that all the non-idealities associated with the
surface of the material will result in formation of an amorphous-like layer on the
surface.

Regardless of the true nature of the loss, it has been shown that vacuum annealing
can substantially improve the quality factor of the resonators that are influenced by
surface-related loss [55, 56]. Also, a general guideline to alleviate the surface-related
loss is to avoid resonators with high surface to volume ratios.

Ohmic Loss

The relatively thin films of metals used as electrodes in piezoelectric resonators
introduce a considerable resistive load that directly turn electrical energy to heat.
This loss mechanism can obviously be managed by thickening the metal layers and
by utilizing low-resistivity metals when possible.
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5.2.2 Discussion on Loss

As discussed, intrinsic loss processes in solids predict an upper limit for a resonator
quality factor, which is set by the basic properties of the material used in the resonant
body (hence it is design independent). The intrinsic mechanical losses are well
captured by a constant known as acoustic attenuation coefficient (˛) that could be
found in literature for most relevant material. Attenuation coefficient is defined as
the ratio of mean energy dissipation to twice the mean energy flux for the acoustic
wave traveling in the material [27]. It could be shown that ˛ sets the rate of the
exponentially decaying amplitude of the traveling acoustic wave:

A.x/ D A0e
�˛x

As expected from the discussions in Sect. 5.2.1, the acoustic attenuation coeffi-
cient is a function of frequency and has been studied/measured for a variety of mate-
rial by researchers [57–60]. Such measurements can guide designers in choosing the
material with lower intrinsic loss when the goal is to achieve high Q piezoelectric
resonators. Generally speaking, dielectric piezoelectric material such as quartz,
AlN, lithium niobate (LN), and ZnO tends to exhibit lower acoustic attenuation
compared to ferroelectrics such as PZT. Due to relative ease of integrating AlN into
well-established micro-fabrication facilities, sputtered AlN is the most commonly
used piezoelectric material for micro-fabricated resonators today [61, 62]. It should
be noted that sputtered films are polycrystalline and intrinsic loss in polycrystalline
material could be considerably different than the measured bulk values. Depending
on the ratio of the acoustic wavelength to the average grain size, the intrinsic loss
could be affected differently by the granularity of the media [63, 64].

In a piezoelectric resonator, there are usually more than one layer of material
incorporated in the resonant body (i.e., other than the piezoelectric material), and
as a result the intrinsic loss for each of those material will affect the overall Q of
the resonator. For example, a bulk acoustic wave (BAW) piezoelectric resonator
consists of a thin piezoelectric layer sandwiched between two metallic films which
is either suspended over a cavity or formed on top of a multilayer Bragg reflector
[41]. In both cases the acoustic wave travels in materials other than the piezoelectric
layer; hence, the intrinsic loss associated with metallic electrodes or the layers of
the reflector will play an important role and should be considered. It is needless
to say that the selection criteria for the metal used in a piezoelectric resonator
is not solely based on lowering the acoustic attenuation as other factors such as
electrical resistivity, acoustic impedance, and process compatibility are also of
critical importance. Today, the more common choices of metal for micro-fabricated
acoustic resonators are aluminum, molybdenum, and tungsten which offer process
compatibility as well as relatively low-acoustic attenuation compared to the more
traditional metal films used in microelectronics such as copper and gold [65–68].

The significant impact of metal films on the quality factor of piezoelectric
resonators was first experimentally demonstrated by Besson in quartz crystal
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resonators [69]. In his groundbreaking design, Besson avoided direct contact of
the metallic electrodes with the quartz substrate, and instead the electric field
was applied through small capacitive gaps. Such “electrodeless” quartz resonators
(also known as BVA quartz crystal resonators) were shown to demonstrate record-
breaking quality factors and are now the unparalleled choice of resonator for
applications where extremely stable oscillators are required [70]. The same concept
of spacing the metal electrode from the piezoelectric resonant body has been
successfully implemented in thin-film AlN resonators in recent years [71, 72].

An alternative path taken by researchers to improve the quality factor of the
micro-fabricated thin-film piezoelectric resonators is to incorporate a substrate with
low-acoustic loss in the structural body of the resonator. This class of resonators
(sometimes referred to as thin-film piezoelectric-on-substrate or TPoS) has been
implemented on single crystal silicon [73, 74], nano-crystalline diamond [75, 76],
and polycrystalline silicon carbide [77] and has presented some of the highest
quality factors ever reported from thin-film piezoelectric bulk acoustic resonators
[78–80].

5.3 Coupling Factor

The electromechanical coupling factor in a resonator is the second parameter (after
the quality factor) that describes the efficiency of energy conversion processes
in a resonator. There are a variety of approaches in defining the coupling factor
for a piezoelectric material, most of which result in similar analytical expressions
despite the seemingly different description [81]. It is critical to recognize that the
electromechanical coupling factor of a piezoelectric resonator is different than the
coupling factor of the piezoelectric material used in the resonator; the latter is
solely dependent on material properties (as expected) and is not a function of the
resonator design/implementation. With this introduction the piezoelectric coupling
factor is described first in the next section before moving on to the electromechanical
coupling factor of a resonator.

5.3.1 Piezoelectric Coupling Factor

The piezoelectric coupling factor (K2) is a unitless quantity that could be used to
compare the efficiency of different piezoelectric material in mutually converting
electrical energy to mechanical energy. One way to define the piezoelectric coupling
factor is as follows (in a loss-free scenario):

K2 D WM

WM C WE
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where WM is the work that is delivered to a mechanical load by a piezoelectric
actuator that is preloaded with potential energy (WM C WE) by connecting it to an
electrical source, while it is mechanically free to move [82]. It could be shown that
this ratio is a function of material properties as follows (given the stress is only
non-zero in one direction or in other words in a 1D scenario):

K2 D e2

cE�T
;

where e is the piezoelectric constant (with the unit of C
m2

) in the direction of the
electric field and mechanical stress, cE is the stiffness (i.e., elastic constant with the
unit of N

m2
) at zero electric field, and eT (with the unit of F

m D C
V�m ) is the dielectric

constant in the direction of electric field at zero stress. The strong dependency (i.e.,
second-order proportionality) of the coupling factor on the piezoelectric coefficient
is fully expected as it is the same piezoelectric coefficient that relates stress
from mechanical domain to electric field in the electrical domain. The inverse
proportionality to the stiffness could be understood by the smaller mechanical
displacement for a unit applied electric field as the stiffness of the piezoelectric
material increases (less displacement results in less mechanical work delivered to
the load or in other words smaller WM). Finally, the inverse proportionality to the
dielectric constant could be intuitively described by the larger portion of the total
potential energy that is conserved in the electrical domain (i.e., not converted to
mechanical energy) as the dielectric constant grows for a piezoelectric material.

The piezoelectric coupling factor is the upper bound of energy conversion
efficiency in a resonator that uses a certain type of piezoelectric material (the
effective energy conversion efficiency in the resonator is always smaller than this
value). The nominal maximum piezoelectric coupling factor is listed in the table
below for a few piezoelectric materials commonly used in fabrication of resonators
[41, 83].

Material Quartz AlN ZnO PZT LN (36ı rotated)

K2 (%) 0.86 6.5 8.5 23 23

5.3.2 Effective Electromechanical Coupling Factor

Once a piezoelectric material is used in a resonant device, the energy conversion
efficiency at resonance is of great interest to the designers. To quantify this
conversion efficiency, an effective electromechanical coupling factor is customary
to be defined as [82]:
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Fig. 5.3 Schematic diagram
represents a typical measured
impedance (magnitude) for a
one-port piezoelectric
resonator

fs fp Frequency

Im
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Fig. 5.4 Basic BVD model
of a piezoelectric resonator

Cm Lm

C0

Rm

k2eff D f 2p � f 2s
f 2p

;

where fs and fp are the frequencies at which the magnitude of the impedance is min-
imum and maximum, respectively (Fig. 5.3). This coupling factor is largely affected
by piezoelectric material properties (i.e., the piezoelectric coupling coefficient), but
it is also affected by the design of the resonator.

An alternative definition for the resonator coupling factor is developed based
on the equivalent electrical circuit representing the electrical characteristic of the
resonator. The most common equivalent circuit of a resonator (one-port) known
as the BVD model [84] consists of a series RLC circuit (the motional branch) in
parallel with an static capacitance (C0) (Fig. 5.4).

The electromechanical coupling factor of the resonator could then be defined as
[85, 86]:

k2eff D Cm

C0
;

where Cm and C0 are the motional capacitance and the static capacitance of the
resonator, respectively. Both of the above definitions for the effective coupling
factor originate from the fact that for an ideal 1D loss-less piezoelectric resonator in
which the resonator solely consists of a piezoelectric body with thin electrodes the
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piezoelectric coupling factor can be approximated by the same equations described
in this section. Therefore, it is reasonable to use the same equations to derive the
coupling factor for any piezoelectric-based resonators.

5.3.3 Discussion on Coupling Factor

The coupling factor in piezoelectric MEMS resonators is dependent on both the
piezoelectric material used as the transducer and the design of the resonator.

In order to achieve the highest possible coupling factor while using a certain
crystalline piezoelectric material, the orientation that offers the highest piezoelectric
coefficient should be used if possible. However, incorporation of single crystalline
material in standard silicon-MEMS processes is not trivial, and the piezoelectric
film is usually deposited as a polycrystalline thin film using techniques such as
RF magnetron sputtering. The application of thin-film ZnO sputtered on silicon
substrate for fabrication of micromachined resonators dates back to early days
of micromachining [87]. Despite their extensive presence in research, ZnO-based
micro-resonators have not been manufactured in large scales mainly due to the fact
that zinc is a high-diffusivity metal that could contaminate other materials and also
because ZnO is chemically unstable. The commercial use of piezoelectric-based
micromachined resonators became a reality only after the development of RF-
sputtered piezoelectric AlN [88]. The maximum piezoelectric coefficient of AlN
is slightly lower than that of ZnO, but AlN is a very chemically stable material
with excellent acoustic properties such as large stiffness and low loss. Nowadays,
AlN-based thin-film piezoelectric resonators are commonly used in wireless devices
for filtering application in the form of bulk acoustic wave (BAW) filters [89].
BAW filters are designed based on the thickness extensional modes of a plane and
therefore take advantage of e33 of the C-plane-oriented-sputtered AlN film which
is the largest of the piezoelectric coefficients in AlN. The sputtered AlN films have
also been used to design lateral-extensional (or contour) mode resonators in which
the e31 coefficient is utilized [76, 90]. Predictably, such devices offer lower coupling
factor compared to BAW resonators as e31 is smaller than e33 for AlN.

Beyond the choice of piezoelectric material, the proper design of the resonator
could play an important role in optimizing the coupling factor. The design guideline
for achieving the highest possible coupling factor for a specific resonator design is
conceptually simple. Consider a third harmonic lateral-extensional resonator such as
the one presented in Fig. 5.5a. The presented resonant structure is made of a thin film
of AlN on top of a relatively thick layer of silicon [74]. Thin-film metallic electrodes
should be patterned on the two surfaces (i.e., bottom ad top) of the AlN film with the
objective of maximizing the charge-to-stress conversion (i.e., maximizing coupling
factor). Assuming that a one-port design is targeted, all surface areas with the same
stress polarity should be covered with metal in order to collect the maximum charge
and consequently maximize the coupling factor (Fig. 5.5b). Covering areas with
opposing stress polarity would reduce the coupling factor and should be avoided to
the extent possible.
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Fig. 5.5 The third-order harmonic lateral-extensional resonant mode of a thin-film AlN on silicon
block (a) and a suggested electrode pattern for maximized coupling factor (b)

5.4 Conclusion (Figure of Merit)

Based on the material presented in this chapter, it is reasonable to expect the
definition of the figure of merit (FoM) for a piezoelectric-based resonator be
proportional to both Q and coupling factor. One standard definition for the resonator
FoM is [82]:

FoM D k2eff:Q

1 � k2eff

For small values of k2
eff, this equation reduces to:

FoM D k2eff:Q

The usefulness of this FoM in quantifying the performance of a resonator could
be intuitively understood by recalling that a large coupling factor signifies efficient
mutual conversion of electrical to mechanical energy, while a large Q indicates a
weak coupling between the energy of the system and undesired forms of fluctuating
energy. Therefore larger coupling and Q directly contribute to a better signal-to-
noise ratio (the ultimate figure of merit for any electrical system).
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Chapter 6
Flexural Piezoelectric Resonators

David Horsley, Yipeng Lu, and Ofer Rozen

6.1 Introduction

Flexural piezoelectric resonators can be broadly classified as being one-dimensional
devices, such as bars [1–4], and tuning forks [5], or two-dimensional devices,
such as round or square diaphragms [6–8]. Models for the static deflection of
piezoelectrically actuated one-dimensional beams are presented in [9, 10], while
a lumped-element model for flexural plate-wave resonators is presented in [11].
This chapter focuses on developing lumped-element equivalent circuit models for
vibration of continuous one-dimensional and two-dimensional resonators. These
models allow the designer to predict various aspects of resonator behavior such as
the natural frequency and vibration amplitude of the various vibration modes.

6.2 Mechanics of Laminates

One common feature of flexural piezoelectric resonators is that they are usually
multilayer laminates in which at least one layer exhibits piezoelectricity. The out-
of-plane vibration and cross section of a vibrating laminate are illustrated in Fig. 6.1
along with a cross-sectional SEM image of a piezoelectric laminate resonator [12].
Following the standard notation, the x, y, z coordinate axes are also numbered with
indices 1,2,3.
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Fig. 6.1 (a) Laminate cross section and coordinate definitions. zn denotes the distance from the
bottom plane to the mid-plane of the n-th layer and tn is the thickness of this layer. (b) Flexural
resonator with three layers (Si, Mo, and ScAlN piezo layer), SEM image adapted from [12]

We describe a planar laminate having N layers, and denote the thickness and mass
density of the n-th layer as tn and �n. We assume that the materials are isotropic in
the x/y plane, and denote the in-plane (x/y plane) and out-of-plane (z-axis) Young’s
moduli of the n-th layer as Y11, n and Y33, n and the in-plane Poisson’s ratio as �12, n.
When a short, wide beam (length less than five times the width) or plate is modeled,
the Young’s modulus is replaced by the plate modulus,

Y 0
11;n D Y11;n

1 � �212;n
(6.1)

Following [13], we define the location of the mid-plane (zn) and top (hn) of each
layer relative to the bottom of the laminate as

zn D
n�1X

jD1
tj C 1

2
tn hn D

n�1X

jD1
tj C tn (6.2)

and the mass per unit area is

 D
NX

nD1
tn�n: (6.3)

The location of the neutral axis is then

zNA D
PN

nD1 tnznY11;n
PN

nD1 tnY11;n
(6.4)
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The flexural rigidity of a homogeneous plate of thickness t is defined as:

D D Y11t3

12
�
1 � �212

� D Y 0
11t

3

12
(6.5)

while a laminate’s flexural rigidity is found from [14]

D D
ttotalZ

0

Y 0
11;nz2dz D 1

3

NX

nD1
Y 0
11;n

�Nh3n � Nh3n�1
�

(6.6)

where hn D hn � zNA is the distance from the top of the n-th layer to the neutral
axis. Note that in Eq. (6.6), h0 D 0. For a homogeneous plate, h1 D t, zNA D t/2, and
Eq. (6.6) simplifies to Eq. (6.5).

6.2.1 Natural Frequencies

The natural frequencies of a two-dimensional plate are given by [15]:

!i;j D 
2i;j

l2

s
D


(6.7)

where i, j are the mode indices, 
i,j is a constant that depends on the vibration mode,
and l is the length or diameter of the square or circular plate.

For a one-dimensional resonator such as a beam, only a single index, i, is needed.
Some intuition for how the resonant frequencies scale with the beam geometry can
be gained considering a homogeneous beam, for which D D Y11t3/12 and D �t.
Substituting these values into the equation for natural frequency, we find that the
frequency of the i-th vibration mode is:

!i D 
2i
l2

s
D


D 
2i

t

l2
1

2
p
3

s
Y11
�

D 1

2
p
3

2i

t

l2
c (6.8)

where c D p
Y11=� is the acoustic velocity. Equation (6.8) reveals that the natural

frequencies scale linearly with thickness and with the inverse square of length.

6.2.2 Thin-Film Piezo-Coefficient

Thin-film flexural piezoelectric devices must be modeled using the effective thin-
film piezoelectric coefficients, which are different from the ordinary piezoelectric
coefficients due to the boundary conditions experienced by the thin piezoelectric
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layer. In a thin-film piezoelectric device, the piezoelectric film is free to deform in
the vertical direction but is clamped in the plane of the substrate. Therefore, the out-
of-plane stress �3 is equal to zero, and the in-plane stress can be described as [16]:

�1 D � d31E3
sE
11 C sE

12

D .e31 � �12e33/E3 D �e31;f E3 (6.9)

e31;f D e31 � �12e33 D d31
sE
11 C sE

12

(6.10)

where sE
ij are the coefficients of the piezoelectric layer’s compliance matrix S which

is related to the stiffness matrix C via S D C�1, and d31, e31, e33 are the piezoelectric
coefficients.

As an example, for AlN, the stiffness matrix is:

CAlN D

0

B
BBBBBB
@

c11 c12 c13 0 0 0

c12 c11 c13 0 0 0

c13 c13 c33 0 0 0

0 0 0 c44 0 0

0 0 0 0 c44 0

0 0 0 0 0 .c11 � c12/ =2:

1

C
CCCCCC
A

where c11D 410 GPa, c12D 149 GPa, c13D 120 GPa, c33 D395 GPa, and c44D
125 GPa [17, 18]. Note that Young’s modulus and Poisson’s ratio are given by
Y11 D s�1

11 D 345 GPa and �12 D s21/s11D0.32.
The AlN piezo coefficients are e31 D �0:58 C

m2
, e33 D 1:55 C

m2
[19]. Substituting

these parameters into Eq. (6.9) yields e31, f D � 1.08 C/m2. To verify the accuracy of
e31, f in analytical modeling, a finite element method (FEM) model was created for
a 385 �m radius circular plate consisting of 1 �m thick AlN on varying thicknesses
of Si. The FEM model uses the compliance matrix CAlN listed above along with the
standard piezoelectric coefficients e31 and e33, whereas the analytical model uses
the thin-film coefficient e31, f and lumped-element parameters derived later in this
chapter. The deflections predicted by the FEM and analytical models agree very
closely for all the studied thicknesses, as shown in Fig. 6.2.

6.3 Vibration Analysis via Energy Methods

We use an energy method to derive the parameters of a Butterworth–van Dyke
(BVD) equivalent circuit model for a resonator, shown in Fig. 6.3. The equivalent
circuit parameters are developed in the mechanical domain and represent the mass
(Lm), stiffness (km), and damping (Rm) of a particular vibration mode. These
mechanical parameters can be converted to electrical parameters having the usual
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Fig. 6.2 Static displacement
of a Si/AlN (1 �m) clamped
plate at different silicon
thickness
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units of H, F, and 	 using the electromechanical coupling constant (�) to transform
each mechanical impedance to an equivalent electrical impedance.

Referring to Fig. 6.3, we begin by developing a quasi-static model for the
resonator that considers only the piezoelectric force (Fin D �Vin) and the stiffness
(km). The resonator vibration is separated into spatial and temporal components,
w(x, t) D w(x)ej!t, where w(x) is the vibration mode shape and ! is the frequency. In
the lumped-parameter model, we assume that the vibration occurs in a known mode
shape with unknown amplitude w(x) D w0®(x), where ®(x) is the normalized mode
shape and w0 is the unknown vibration amplitude.

When the piezoelectric force creates a deflection w0, the work done is
Upiezo D (�Vin)w0 and the elastic strain energy stored in the resonator’s stiffness
is Uelastic D 1

2
kmw20. We define an energy function U D Uelastic � Upiezo. When the

exact displacement is known, and the piezoelectric force is the only force acting on
the resonator, the stored strain energy must be exactly equal to the work done by the
piezoelectric force and U D 0. Here, we assume the resonator deflection matches
an assumed mode shape and seek the approximate solution w0 that minimizes U,

dU

dw0
D kmw0 � �Vin D 0 (6.11)

w0 D k�1
m �V in D Cm�V in (6.12)
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where Cm D k�1
m is the mechanical compliance. Equation (6.12) shows that the

static deflection w0 resulting from input voltage Vin can be predicted based on the
compliance Cm and electromechanical coupling �. The deflection at the resonance
frequency w(!) will be amplified by the quality factor Q of the given vibration
mode, w(!) D Qw0. Modeling the quality factor depends on many parameters and is
the subject of a separate chapter. In the following sections, we use the elastic strain
energy and piezoelectric work to develop expressions for Cm and � for common
flexural resonators.

6.4 One-Dimensional Resonators

We begin by analyzing a one-dimensional beam resonator, illustrated in Fig. 6.4.
The beam is a unimorph structure of width b and length l with an elastic layer
of thickness te and a piezoelectric layer of thickness tp. The piezoelectric layer is
covered by a central electrode whose length is a fraction of the total beam length,
le D � l. While the figure shows a clamped–clamped beam, the following analysis
applies to a beam with any boundary conditions.

The elastic strain energy is computed by integrating the strain energy over the
volume of the beam:

Uelastic D 1

2

Z

V

Y"2dV (6.13)

Neutral axis

Fig. 6.4 A clamped–clamped beam of length l, x spans from �l
2

to Cl
2
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For a beam in pure bending, the strain in the x-axis is

"1.z/ D z

R
D z

d2w.x/

dx2
(6.14)

where z is the distance to the neutral axis and R is the radius of curvature. The strain
energy is

Uelastic D 1

2

Z
Yz2dz

“ �
d2w.x/

dx2

�2
dxdy D 1

2
Db

l=2Z

�l=2

�
d2w.x/

dx2

�2
dx (6.15)

To collect all the geometric parameters together, we introduce a normalized

coordinate,
�
x D x=l, and substitute w

��
x
�

D w0'
��

x
�

for the mode shape,

Uelastic D 1

2

Db

l3
w20

1=2Z

�1=2

0

@
d2'

��
x
�

d
�
x
2

1

A

2

d
�
x D 1

2
kmw20 (6.16)

The stiffness km of every mode has the same dependence on the rigidity and beam
dimensions. The effect of a particular mode shape on the stiffness is captured by the
integral

Ielastic D
1=2Z

�1=2

0

@
d2'

��
x
�

d
�
x
2

1

A

2

d
�
x (6.17)

so that the stiffness is simply

C�1
m D km D Db

l3
Ielastic (6.18)

Note that for a homogeneous beam, D D Y 0
11t

3=12 and km is proportional to (t/l)3.
Similarly, the work done by the piezoelectric layer is computed from the

piezoelectric strain energy integral

Upiezo D
•

Vp

1

2
�"dV (6.19)

Where Vp is the volume of the piezoelectric layer that is covered by the electrode
and therefore exposed to electric field E3 D Vin/tp.
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The in-plane piezoelectric stress is � D e31, f E3 and the piezoelectric energy is

Upiezo D
•

Vp

1

2

�
e31;f E3

� �d2w.x/

dx2

�
dV D Mpb

2l
w0

�=2Z

��=2

d2'
��

x
�

d
�
x
2

d
�
x D .�Vin/w0

(6.20)

In the equation above, Mp is the piezoelectric bending moment,

Mp D
Z zt

zb

e31;f E3zdz D e31;f
�
zpVin (6.21)

where
�
zP is the distance from the mid-plane of the piezoelectric layer to the neutral

axis (zNA) and Vin is the input voltage.
The electromechanical coupling, �, is given by:

� D e31;f
�
zpb

2l
Ipiezo (6.22)

where the effect of the electrode layout and the particular mode shape is captured
by the integral

Ipiezo D
�=2Z

��=2

d2'
��

x
�

d
�
x
2

d
�
x (6.23)

6.4.1 Clamped–Clamped Beam Analysis

For a clamped–clamped beam, the exact mode shape of the i-th vibration mode
is [15]:

'i

��
x
�

D �i

h
sin h

�

i

�
x
�

� sin
�

i

�
x
�

� �i

�
cos h

�

i

�
x
�

� cos
�

i

�
x
��i

(6.24)

where the values of the constants 
i, � i, and � i for the first three vibration modes
are given in Table 6.1 below.

However, the resonator can also be analyzed without knowledge of the exact
mode shape. Instead, approximate mode shapes may be used. These approximate
mode shapes only need to satisfy the geometric boundary conditions (i.e., the slope
and displacement at the resonator boundaries). For the first vibration mode of a
clamped–clamped beam, an approximate mode shape is
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Table 6.1 Constants for the
first three modes of a
clamped–clamped
one-dimensional beam
resonator

Mode 
i � i � i

i D 1 4.730 0.618 1.018
i D 2 7.853 0.663 0.999
i D 3 10.996 0.711 1.000

'
��

x
�

D
�
1 � 4�

x
2
�2

(6.25)

which yields

Cm D 5
1024

l3

Db

and

�D 16�
�
�2 � 1� e31;f

�

z pb

2l

The expression for � can be used to determine the electrode coverage that
maximizes the coupling of the piezoelectric bending moment into the desired
vibration mode, thereby maximizing the vibration amplitude per unit voltage. The
maximum occurs where

d˜

d”
D 3”2 � 1 D 0 ) ” D

p
1=3 D 0:58

However, maximizing � does not consider the input power (input current and
voltage) required to achieve a given vibration amplitude. The electromechanical
coupling constant, kt

2, which measures the mechanical vibration energy as a fraction
of the total input energy, can be used to find the electrode coverage that achieves
the maximum vibration amplitude per unit input power. In terms of the equivalent
circuit parameters,

kt
2 Š �2Cm

C0 C �2Cm
(6.26)

For a 1D beam, the electrical capacitance is given by C0 D "33"0� lb/tp. For
most micromachined devices, C0 � �2Cm, and Eq. (6.26) can be simplified to
kt

2 � �2Cm/C0. Since Cm is independent of � , the value of � that maximizes kt
2

can be found from �2/C0. Hence, the value of � that maximizes kt
2 is found from

d

d”

�
˜2

C0

�
D 0 ) d

d”

�
3”2 � 1�2

”
D 0

This equation has several roots; however, the root that maximizes �2/C0 is � Dp
1=5 D 0:45. Because the electrical capacitance appears in the denominator of kt

2,
it can be seen that the electrode size which maximizes kt

2 is smaller than the size
used to maximize �.
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6.4.2 Natural Frequencies

The resonator’s dynamic behavior can be analyzed by adding terms representing
damping and mass to the equivalent circuit model. The modal mass is found by
integrating the square of the vibration mode shape weighted by the density

Lm D
•

� .x; y; z/w.x; y/2dV (6.27)

Continuing the example of the 1D beam, the modal mass simplifies to:

Lm D bl
Z 1=2

�1=2
'
��

x
�2

d
�
x D m

Z 1=2

�1=2
'
��

x
�2

d
�
x (6.28)

where m D bl is the total mass of the beam. Using the approximate mode shape
from Eq. (6.25),

Lm D 128

315
m (6.29)

The natural frequency of the first vibration mode found from the equivalent
circuit parameters is

!1 D
s

1

LmCm
D 6

p
14

l2

s
D


(6.30)

In comparison with the exact natural frequencies of a clamped–clamped beam
from Eq. (6.7) using 
1 D 4.73 for the first mode, the error between the approximate
solution and the exact solution for !1 is less than 0.5 %.

6.4.3 Two-Port Resonators

A two-port resonator having two top electrodes is illustrated in Fig. 6.5 along with
an image of a two-port circular resonator [20]. The equivalent circuit model of a two-
port resonator is shown in Fig. 6.6. The central electrode, identical to the electrode
analyzed for the one-port beam above, forms the first electrical port. The second
electrode is located at the right and left boundaries of the beam. In the beam’s first
vibration mode, the beam’s curvature beneath the central electrode has opposite sign
from the curvature beneath the right and left electrodes, resulting in a sign reversal
between �1 and �2, the electromechanical coupling of the first and second ports.
One method to use this beam is to differentially excite vibration, using voltages of
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Neutral axis

1 2

+
+

--

a

b

Fig. 6.5 (a) Cross section of a two-port resonator. The center electrode is identical to the electrode
of the one-port beam and forms the first electrical port, while the second electrode is located at the
left and right edges of the resonator. (b) Optical image of a two-port circular resonator with two
top electrodes, TE-1 and TE-2 [20]

opposite polarity to excite the two ports, thereby doubling the output displacement
at a given voltage level [21]. More commonly, one of the ports is used as an input,
while the second port is used as an output, allowing the resonator to be driven into
oscillation in a feedback loop [2].

Referring to Eq. (6.22), the second port’s electromechanical coupling �2 is
computed through the corresponding piezoelectric coupling integral, Ipiezo. For a
2-port linear beam resonator, the integral is
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Fig. 6.6 Equivalent circuit of two-port transducer
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�
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At resonance, the impedances Lm and Cm cancel, leaving only Rm. To find the
output voltage in this case, we use Rl to denote the load impedance attached to the
output terminal and solve

Vout

Vin
D 1

1C �22Rm=Rl

�
�1

�2

�
(6.32)

If the load impedance (Rl) is large relative to the motional resistance (�22Rm), Eq.
(6.32) shows that Vout/Vin � �1/�2 and the device acts as a resonant transformer. This
typically requires a high quality factor to achieve low Rm. Note that while reducing
�2 will increase the voltage gain, it may also degrade the impedance matching since
the motional resistance is scaled by �22.

6.5 Two-Dimensional Resonators

For a two-dimensional resonator vibrating with mode shape w(x, y) shown in Fig.
6.1, the in-plane strain and stress components are:

"x D z
Rx
"y D z

Ry
"xy D z

Rxy
D 0 (6.33)

�x D Y 0
11;n

�
"x C v12"y

�
�y D Y 0

11;n

�
"y C v12"x

�
(6.34)

The elastic strain energy is:

Uelastic D 1

2

“ �
�x"x C �y"y

�
dxdy (6.35)
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Substituting the stress and strain components yields [22]:

Uelastic D 1

2
D
“ "�

d2w .x; y/

dx2

�2
C
�

d2w .x; y/

dy2

�2
C 2v12

d2w .x; y/

dx2
d2w .x; y/

dy2

#

dxdy

(6.36)

Similarly, the piezoelectric strain energy is:

Upiezo D 1

2

Z zt

zb

�
e31;f E3

�
zdz
“

Ap

	
d2w .x; y/

dx2
C d2w .x; y/

dy2



dxdy (6.37)

Upiezo D 1

2
Mp

“

Ap

	
d2w .x; y/

dx2
C d2w .x; y/

dy2



dxdy (6.38)

where the integration is performed only over Ap, the area of the piezoelectric
layer that is spanned by the electrodes. These equations may be used to compute
the modal compliance and electromechanical coupling as was shown for a one-
dimensional beam above. In what follows, we consider two simple structures that
are commonly encountered, square plates and round plates.

6.5.1 Square Plates

For a clamped–clamped square plate, we use normalized coordinates
�
x D x=l and

�
y D y=l and write the vibration mode shape as '

��
x;

�
y
�

Uelastic D 1

2

D

l2
w20

“ ��d2'
��
x;

�
y
�

d
�
x
2

�
2

C �d2'
��
x;

�
y
�

d
�
y
2

�
2
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�
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2
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��
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d
�
y
2

�
d

�
xd

�
y (6.39)

Following the one-dimensional example,
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(6.40)
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and

km D D

l2
Ielastic (6.41)

Similarly,

Upiezo D 1

2
Mpwo
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Ipiezo D
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and

� D 1

2
e31;f

�
zpIpiezo (6.44)

The final parameter of the equivalent circuit model, the modal mass, is defined
analogously,

Lm D l2
Z 1=2

�1=2

Z 1=2

�1=2
'
��

x;
�
y
�2

d
�
xd

�
y D m

Z 1=2

�1=2

Z 1=2

�1=2
'
��

x;
�
y
�2

d
�
xd

�
y (6.45)

The mode shapes of the first six vibration modes for a square plate are illustrated
in Fig. 6.7. We assume that the two-dimensional mode shape is separable into two

one-dimensional functions, 'ij

��
x;

�
y
�

D 'i

��
x
�
'j

��
y
�

. For example, the first mode

can be analyzed using the same mode shapes used to analyze the beam, '11
��

x;
�
y
�

D
'1

��
x
�
'1
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y
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D
�
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x
2
�2�
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. Substituting the mode shape function,

'11

��
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�
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, into the elastic energy integral Ielastic, and piezoelectric coupling integral

Ipiezo we find
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Fig. 6.7 mode-shapes of a rectangular plate, obtained via FEM modeling

Table 6.2 Eigenvalues œij
2

of the first four modes of a
square plate with clamped
boundary conditions


ij
2 i D 1 i D 2

j D1 35.99 73.41
j D 2 73.41 108.3

where m is the total mass of the plate. The resulting natural frequency is

!11 D
s

1

LmCm
D 12

p
2v12 C 7

l2

s
D


(6.46)

To allow comparison with the natural frequency predicted using Eq. (6.7), the
eigenvalues œij

2 of a square plate with clamped boundary conditions for i, j D (1,2)
are listed in Table 6.2. The error between the approximate solution from Eqs. (6.46)
and (6.7) is 8 % assuming that v12 D 0.3.

Comparing a square 2D resonator with a 1D beam, the fundamental frequency
of a square plate is approximately eight times higher than that of a 1D beam of
the same length. By comparing Eq. (6.22) with Eq. (6.44), it can be seen that the
electromechanical coupling � of the square plate resonator is l/b times larger than
that of the beam resonator, assuming Ipiezo is similar (Ipiezo is �5.7 for a square plate
resonator and �6.2 for a beam resonator when �D 0.58).
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6.5.2 Round Plates

Round plates may be solved using similar methods, with the vibration mode shape

defined in polar coordinates, 'ij

��
r ; �

�
D 'i

��
r
�
'j .�/. Here, we define the

normalized radial coordinate as
�
r D r=a where a is the plate’s radius. In polar

coordinates, the elastic strain energy is
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and the piezoelectric energy is:

Upiezo D 1
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MpIpiezow0 (6.49)
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In the case of the axisymmetric mode shapes ®j(� ) D 1, and the integrals are
simplified:
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km D D

a2
Ielastic (6.52)

Ipiezo D 2�

Z �

0

 
@2'

@
�
r
2

C 1
�
r

@'

@
�
r

!
�
rd

�
r (6.53)

� D 1

2
e31;f

�
zpI

piezo

The mode shapes of the first four vibration modes for a circular plate are
illustrated in Fig. 6.8 along with the mode shapes and corresponding natural
frequencies of a 510 �m diameter circular piezoelectric resonator measured via
scanning laser Doppler vibrometer (LDV).
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Fig. 6.8 (a) Mode shapes of a circular plate, obtained via FEM. (b) Vibration mode shapes and
corresponding natural frequencies of a 510 �m diameter circular piezoelectric resonator

Table 6.3 Eigenvalues œij
2

of the first 16 modes of a
circular plate with clamped
boundary conditions.


ij
2 i D 0 1 2 3

j D 0 10.22 21.26 34.88 51.04
1 39.77 60.82 84.58 111.0
2 89.1 120.1 153.8 190.3
3 158.2 199.1 242.7 289.2

The exact equation for a circular plate’s mode shape is
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cos .j�/ (6.54)

where Ii and Ji are Bessel functions and the eigenvalues 
ij are the solutions of

Ji .
/ IiC1 .
/C Ii .
/ JiC1 .
/ D 0 (6.55)

The eigenvalues for the first several modes are summarized in Table 6.3.

Considering the first vibration mode of a clamped circular plate (
200 D 10:22
�

,

the mode shape is given by
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We use a simplified mode shape that is identical to the one used to analyze the
beam and square plate,

'
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�
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r
2
�2

(6.57)

which yields

Cm D 1
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Lm D  a2�

5
D 0:2m (6.59)

The resulting natural frequency for this mode is

!0 D 10:327

a2

s
D


(6.60)

In comparison with the exact natural frequency from Eq. (6.7), the approximate
solution for the natural frequency is within 1 % of the exact value.

Note that in deriving the values of Cm and Lm above we have used the
displacement at the center of the circular plate, w0. In modeling acoustic resonators,
some authors [23, 24] use the average displacement,

�
w D w0=3, which results in

different motional impedance values,
�

Lm D 9Lm and
�

Cm D Cm=9.

6.5.3 Example – Predicting Coupling to Multiple Vibration
Modes

A circular piezoelectric micromachined ultrasonic transducer (PMUT) [25] with a
single central electrode covering 70 % of the PMUT (� D 0.7) was designed to
excite transducer’s (0,0) vibration mode. The device has a 255 �m radius and is
composed of a 1 �m AlN layer on a 4 �m Si elastic layer. The measured frequency
response, Fig. 6.9, shows both the (0,0) mode at f0 D402.8 kHz and the (0,1)
vibration mode at f1 D1517 kHz. Using the analysis presented above, the expected
amplitude ratio for these modes can be computed from

w .f0/

w .f1/
D Q0

Q1

Cm0

Cm1

�0

�1
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Fig. 6.9 Measured PMUT displacement frequency response showing the (0,0) and (0,1) vibration
modes

where the subscripts 0 and 1 denote the appropriate parameters for the (0,0) and
(0,1) modes. Similarly, the frequency ratio of these modes is given by:

f1
f0

D
s

Lm0

Lm1

Cm0

Cm1

To compute these parameters, we use the following approximate mode shapes in
the integrals for modal mass, modal compliance, and electromechanical coupling
constant.
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The resulting ratios are:
Cm0/Cm1 D 11.6, Lm0/Lm1 D 1.25, �0/�1 D 0.74
where only the last ratio depends on the electrode geometry.
Using these values, and assuming that both modes have the same Q, we calculate

the amplitude and frequency ratios of the two modes to be:

w.f0/
w.f1/

D 8:6 and f0
f1

D0.26.

The measured frequency ratio is 0.27 while the measured amplitude ratio is
26:1, after correcting for the measured difference in Q between the two modes.
The difference between the predicted and experimental amplitude ratio may be due
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to the fact that �1, the piezoelectric coupling to the (0,1) mode, is very sensitive to
the electrode diameter—reducing � from 0.7 to 0.62 reduces �1 by a factor of 3,
producing better agreement with the experiment.
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Chapter 7
Laterally Vibrating Piezoelectric MEMS
Resonators

Matteo Rinaldi

7.1 Introduction

Sensors are found in a wide variety of applications, such as smart mobile devices,
automotive, healthcare, and environmental monitoring. The recent advancements in
terms of sensor miniaturization, low power consumption, and low cost allow envi-
sioning a new era for sensing in which the data collected from multiple individual
smart sensor systems are combined to get information about the environment that is
more accurate and reliable than an individual sensor data. By leveraging such sensor
fusion it will be possible to acquire complete and accurate information about the
context in which human beings live, which has huge potential for the development of
the Internet of Things (IoT) in which physical and virtual objects are linked through
the exploitation of sensing and communication capabilities with the intent of making
life simpler and more efficient for human beings.

This trend towards sensor fusion has dramatically increased the demand of
new technology platforms, capable of delivering multiple sensing and wireless
communication functionalities in a small foot print. In this context, Micro- and
Nanoelectromechanical systems (MEMS/NEMS) technologies can have a tremen-
dous impact since they can be used for the implementation of high-performance
sensors and wireless communication devices with reduced form factor and Inte-
grated Circuit (IC) integration capability.

This chapter describes a particular class of laterally vibrating piezoelectric
MEMS resonators that can address some of the most important challenges in the
areas of physical, chemical, and biological detection and can be simultaneously used
to synthesize high-Q multifrequency radio frequency (RF) resonant devices. Partic-
ular attention is dedicated to the basic concepts needed to understand the working

M. Rinaldi (�)
Department of Electrical and Computer Engineering, Northeastern University, Boston, MA, USA
e-mail: rinaldi@ece.neu.edu

© Springer International Publishing Switzerland 2017
H. Bhugra, G. Piazza (eds.), Piezoelectric MEMS Resonators,
Microsystems and Nanosystems, DOI 10.1007/978-3-319-28688-4_7

175

mailto:rinaldi@ece.neu.edu


176 M. Rinaldi

principle, design, fabrication, and testing of such laterally vibrating piezoelectric
resonant MEMS/NEMS devices including structural mechanics, piezoelectric sens-
ing and actuation principles, lumped modeling of mechanical vibration, material
properties, and fabrication technologies. Furthermore, key applications and ongoing
challenges are identified and discussed through a state of the art review of
demonstrated device prototypes including sensors and RF components.

7.2 Operating Principle

A typical laterally vibrating piezoelectric resonator is formed by a thin-film piezo-
electric film sandwiched between metallic electrodes (Fig. 7.1). The application of
a potential across the thickness of the piezoelectric film induces a lateral strain in
the plane of the device. When the frequency of the excitation signal coincides with
the mechanical resonance of the piezoelectric body, the device exhibits enhanced
amplitude of vibration, which is translated to an electrical signal by the direct
piezoelectric effect and generates a charge proportional to the amplitude of the
displacement.

The modes and the resonant frequencies of the lateral vibrating structure can be
determined by solving the wave equation with proper boundary conditions. For a
longitudinal bar resonator vibrating along its width (width-extensional) the wave
equation in one space dimension can be written as:

�
@2u

@t2
D Ep

@2u

@x2
(7.1)

Fig. 7.1 Mock-up view of a typical laterally vibrating piezoelectric resonator
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Where � and Ep are respectively the equivalent density and Young’s modulus of
the material stack forming the bar, u is the displacement, t is time, and x is the
one-dimensional space dimension (direction of vibration). A general solution for
Eq. 7.1 is:

u .x; t/ D Œa sin .ˇx/C b cos .ˇx/� ej!0t (7.2)

Considering a bar of width, W, and applying the boundary conditions that there is
no stress and no stress gradient at the free lateral boundaries of the bar (x D ˙W=2)
the solution of the wave equation for the width-extensional vibration of the bar
becomes:

u .x; t/ D U.x/X.t/ D sin .ˇnx/ ej!0t (7.3)

ˇn D .2n � 1/ �
W

(7.4)

By substituting Eq. 7.3 into Eq.7.1, the resonant frequencies of the width-
extensional bar can be readily found. In particular, by computing the solution
for n D 1 the fundamental mode of vibration of the structure (at frequency f0) can
be derived:

f0 D 1

2W

s
Ep

�
(7.5)

Equation 7.5 highlights a key feature of laterally vibrating resonators: the
operating frequency of the resonator is set by the in-plane lateral geometrical
dimension of the structure (width in the case of a width-extensional bar). This
enables the possibility of lithographically defining multiple frequency devices
on the same substrate and effectively producing components that are capable of
operating over a broad spectrum independently from the thickness, T, and length,
L, of the piezoelectric structure. Therefore, the device thickness and length can
be independently selected to define the electrical static capacitance, C0, of the
piezoelectric transducer and therefore its electrical impedance.

A laterally vibrating resonator, as any other second order mechanical system, can
be represented by an equivalent lumped mass, a spring and a damper that depend
on the mode of vibration of the structure. An equivalent mass, meff, that has the
same characteristic of the overall resonator but lumped at a specific location of
interest (typically at the point of maximum displacement, x D xmax) can be derived
bay equating the kinetic energy at the point of interest (i.e. point of maximum
displacement) to the overall kinetic energy of the vibrating body:

1

2
meff

�
dX

dt

�2
D 1

2

W=2Z

�W=2

�LT

�
dX

dt

�2
U.x/2dx (7.6)
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meff D �LT

W=2Z

�W=2

sin2 .ˇx/ dx D �LTW

2
(7.7)

Since the mass and the spring of a second order mechanical system are intrinsically
related by the resonance angular frequency, !0, of the structure (!0 D p

keff=meff),
the equivalent spring constant, keff, can be readily found:

keff D �2

2

EpTL

W
(7.8)

Furthermore, for a given quality factor, Q (ratio of the energy stored in the oscillating
resonator to the energy dissipated per cycle by damping processes), the effective
damping coefficient of the resonator can be expressed as:

beff D meff!0

Q
(7.9)

These lumped mechanical variables of the laterally vibrating resonator can be
made to correspond to equivalent electrical variables in order to model the behavior
of the mechanical structure in terms of circuit parameters (resistance, inductance,
and capacitance), for which well-established and powerful analysis tools and design
techniques already exist (Fig. 7.2).

Furthermore, the intrinsic capability of the piezoelectric structure to convert
mechanical displacement into an electrical signal (and vice versa) can be represented

Fig. 7.2 Electrical equivalents for mechanical lumped elements
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Fig. 7.3 Equivalent electrical
circuit of a laterally vibrating
piezoelectric resonator

by an electromechanical transduction factor, �, that relates force to voltage and
charge to displacement:

� D F

V
D q

u
(7.10)

F D meff Ru C beff
:
u C keffu ! V D meff

�2
Rq C beff

�2
:
q C keff

�2
q (7.11)

Therefore, the piezoelectric laterally vibrating resonator can be represented by
the equivalent electrical circuit in Fig. 7.3 consisting of two branches in parallel:
an acoustic branch, composed by the series combination of the motional resistance,
Rm D beff=�

2 (quantifying dissipative losses), motional capacitance, Cm D �2=keff

(inversely proportional to the effective stiffness), and motional inductance,
Lm D meff=�

2 (proportional to the effective mass), and an electrical branch
composed by the static electrical capacitance, C0, of the piezoelectric transducer
(i.e. parallel plate capacitance formed by the piezoelectric material sandwiched
between two metal electrodes).

For a given geometry and material properties of the mechanical structure, the
value of the electromechanical transduction factor, �, determines the equivalent
electrical impedance of the resonator. In general, for piezoelectric resonators, � can
be computed through a three-dimensional analysis of the piezoelectric constitutive
equations that determine the relationship between the stress, the strain, and the
electric field in the piezoelectric material employed. A matrix formalism is typically
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required to account for the anisotropic nature of piezoelectric materials and the
three-dimensional spatial distribution of the electric field. Nevertheless, a one-
dimensional analysis, assuming displacement only in one direction and a uniform
distribution of electric field in one dimension, provides a relatively simple model
that well approximates the actual behavior of the majority of practical piezoelectric
resonators.

In the case of a piezoelectric laterally vibrating resonator (i.e. width-extensional)
it is possible to assume that an uniform electric field applied across the thickness
of the piezoelectric layer, E3, generates an orthogonal stress along the width of
the structure, T1 (the axis direction x, y, and z are indicated with numbers 1,
2, and 3 respectively). Therefore, the piezoelectric constitutive equations can be
simplified to:

T1 D c11S1 � e31E3 (7.12)

D3 D �33E3 C e31S1 (7.13)

where c11 is the longitudinal stiffness coefficient of the material forming the
resonator, S1 is the longitudinal strain, e31 is the piezoelectric coefficient (in C/m2)
relating the electric field along the z direction (‘3’) to the longitudinal stress along
the x direction (‘1’), D3 is the electric displacement field along the z direction and
�33 is the dielectric constant of the material in the direction of the electric filed.
Therefore, the general relationship between the voltage applied across the thickness
of the piezoelectric layer, V, and the generated longitudinal force, F, is given by:

F D e31LV (7.14)

where L is the length of the longitudinal bar (along the y dimension).
Nevertheless, the efficiency of this force in exciting the vibration mode described

by Eq. 7.3 depends on the location it is applied along the width of the bar. Indeed,
the structure is most efficiently actuated from the two ends (x D ˙W=2) that have
the highest vibration amplitude, while the same force applied in the center of the bar
(x D 0), where the displacement is zero (nodal point), will not excite the resonant
mode. Therefore, the location of the transducer must be taken into account when
computing the electromechanical transduction factor of the distributed laterally
vibrating bar resonator. Assuming that the electrode covers the entire surface of
the bar and accounting for the force on both the electrode edges (at x D ˙W=2) and
the mode shape in Eq. 7.3, the relationship between the effective force acting on the
resonator, Feff, and the applied voltage, hence the electromechanical transduction
factor of the resonator, �, can be calculated as shown in Eqs. 7.15 and 7.16 (where
U(x) is the normalized mode shape of vibration with maximum amplitude equal
to 1).

Feff D e31LV

�
U

�
W

2

�
� U

�
�W

2

��
D 2e31LV (7.15)
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� D F

V
D 2e31L (7.16)

The relationship between charge, q, and displacement, u, of a laterally vibrating
resonator (i.e. width-extensional) can be found by integrating Eq. 7.13 along the
direction of displacement (i.e. assuming displacement only along the width of
the bar, u .x; t/ D X.t/U.x/, and an uniform electric field distribution across its
thickness):

W=2Z

�W=2

D3dx D
W=2Z

�W=2

"33E3dx C
W=2Z

�W=2

e31S1dx (7.17)
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i D :
q D "33
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i D :
q D "33

WL

T

:

V C 2e31L
:

X (7.20)

Therefore, the electromechanical transduction factor, �, relating force, F, to voltage,
V, and charge, q, to displacement, X, in width-extensional laterally vibrating
resonator is given by:

� D F

V
D q

X
D 2e31L (7.21)

By substituting Eqs. 7.7–7.9 and 7.21 in Eq. 7.11 it is possible to find expressions
for the equivalent circuit elements, describing the width-extensional resonator, as
functions of the device geometrical dimensions and material properties (assuming
Ep � c11 in case of one-dimensional longitudinal displacement along the width):

Rm D beff=�
2 D �

8

T

L

p
Ep�

Qe231
(7.22)

Cm D �2=keff D 8

�2
WL

T

e231
Ep

(7.23)

Lm D meff=�
2 D �

8

WT

L

1

e231
(7.24)

C0 D "33
WL

T
(7.25)
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It is worth noting that this simple model neglects the intrinsic coupling between
transversal and axial strains determined by the Poisson’s ratio, �, of the material
which, for an electric field applied across the thickness of the bar, induces an addi-
tional lateral stress, T1 � �e33E3, that effectively increases the electromechanical
coupling factor of the laterally vibrating resonator to � � 2L .e31 C �e33/.

Two parameters that best describe the performance of any electromechanical
resonator are the quality factor, Q, and electromechanical coupling coefficient, k2

t .
The quality factor is a dimensionless parameter representing the ratio of the energy
stored in the vibrating resonant structure to the energy dissipated per cycle by the
damping processes (the higher is the Q, the lower is the energy loss), while the
electromechanical coupling coefficient is a quantitative measure of the conversion
between the electrical and mechanical energy in the electromechanical resonator:

k2t D �2

8

Cm

C0
(7.26)

Cm

C0
D

1
2
keff

�2V2

keff
2

1
2
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D
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�
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keff

�2

1
2
C0V2

D
1
2
keffx2

1
2
C0V2

(7.27)

For a given geometrical capacitance, C0 and angular resonance frequency, !0,
the motional resistance (Rm), capacitance (Cm) and inductance (Lm) of the resonator
are determined by the values of Q and k2

t .

Rm D �2

8

1

!0C0k2t Q
(7.28)

Cm D 8

�2
C0k

2
t (7.29)

Lm D �2

8

1

!20C0k2t
(7.30)

In particular the device equivalent motional resistance, Rm, is inversely propor-
tional to the k2t �Q product. The achievement of a low value of motional resistance, in
a radio frequency electromechanical resonator, is of crucial importance for the direct
interface of the device with compact and low-power 50-	 electronics. Therefore,
the figure of merit (FOM) of an electromechanical resonator is defined as the k2t � Q
product. The FOM is the main factor in determining the performance of the system
in which it will be used, and affects parameters such as insertion loss and bandwidth
in a filter, and power consumption and phase noise in an oscillator or resonant
sensor.
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In the case of a piezoelectric laterally vibrating resonator, k2
t can be readily

calculated from Eq. 7.23 and 7.25, highlighting the important results that the energy
conversion process in this kind of resonators is completely determined by material
properties:

k2t D �2

8

Cm

C0
D e231

Ep"33
(7.31)

7.3 Materials

Laterally vibrating piezoelectric resonators are formed either entirely by a thin-film
piezoelectric film sandwiched between metallic electrodes [1, 2] or by a composite
constituted by the same piezoelectric film stacked on top of another structural layer
such as a semiconducting or insulating material (Fig. 7.4). This layer has generally
been introduced to enhance the quality factor, Q, of the pure piezoelectric device. In
various demonstrations, materials with intrinsically high Q have been used, such as
silicon [3–6], diamond [7], and silicon carbide [8]. Although beneficial, its insertion
introduces a trade-off between Q and the electromechanical coupling coefficient,
k2

t . In fact, in the case of purely piezoelectric laterally vibrating resonator, the k2
t

is set exclusively by material properties (for a given mode of vibration) as shown
in Eq. 7.31. In the case of a composite, the intrinsic electromechanical coupling is
approximately scaled by the ratio of the thickness of the piezoelectric layer, Tp, to
the total thickness of the composite, Tp C Ts (being Ts the thickness of the structural
layer). Therefore, composite structures typically show FOM values similar to the
ones of purely piezoelectric resonators, but, within fabrication limits, they enable
the tuning of k2

t and Q values by varying the thickness of the structural layer, Ts

(depending on the resonator application, Ts can be tailored to either enhance the
device Q or maintain a certain k2

t ).

Fig. 7.4 Mock-up view of laterally vibrating piezoelectric resonators formed either by a pure
piezoelectric material (left) or (right) a composite stack of a piezoelectric and semiconducting
or insulating material (structural layer)
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Various thin-film piezoelectrics have been used for making laterally vibrating
resonators, with zinc oxide (ZnO), lead zirconate titanate (PZT), gallium nitride
(GaN), aluminum nitride (AlN) and, recently, lithium niobate (LN), being the most
commonly available. The selection of one over the others is dictated by material
properties, process compatibility, reproducibility, and specific application of inter-
est. For example, PZT offers a very large k2

t , but exhibits very low Q and therefore
is exclusively used in a composite configuration with other materials such as silicon
showing values of FOM < 30. On the other side, GaN based laterally vibrating
resonators showing high f0 �Q product values up to 5:5�1012 (comparable to the ones
of commercially available microacoustic AlN thin-film bulk acoustic resonators,
FBARs) have been demonstrated [9, 10]. GaN resonators take also advantage of
intrinsic integration capability with GaN HEMTs, which has great potential for the
implementation of monolithic microwave ICs (MMICs) platforms in which passive
devices (such as resonators and filters) are integrated with GaN active electronics
to enable advanced functionalities for high-power and high-frequency applications.
Nevertheless, due to the relatively low piezoelectric coupling coefficients of GaN
(�3� lower than AlN), resonators based on this material have shown low values
of FOM < 10 [9]. Furthermore, the high temperature (800–1100 ıC) epitaxial
process needed to grow GaN on a crystalline substrate makes the use of bottom
electrodes (commonly employed with sputtered piezoelectric materials, such as
AlN) challenging (only possible with post-processing) and has so far required the
use of buffer layers, not optimized for MEMS applications, in order to mitigate
stress issues in the piezoelectric thin-film. Laterally vibrating resonators with
high values of FOM approaching �500 have been recently demonstrated using
LN thin films [11–13]. This technology suffers from the lack of a deposition
technique capable of producing a piezoelectric LN thin film on a substrate which
requires the use of complex fabrication techniques involving either wafer bonding
and grinding of LN or high energy ion implantation to create an ion damaged
release layer below the wafer surface. Nevertheless, the high electromechanical
coupling of this new class of laterally vibrating resonators show great promise for
the implementation of multifrequency wideband multiplexers and filter banks for
reconfigurable RF front-ends. In this context, AlN offers some unique advantages
compared with other piezoelectric materials: high-quality AlN thin-films of various
thicknesses (from 10s nm to several m) can be easily deposited on a substrate
by low-temperature sputtering process showing very reproducible properties with
high Q and intermediate values of k2

t . Laterally vibrating AlN resonator with
f0 � Q > 5 � 1012 and FOM > 30 have been demonstrated [14–16]. Furthermore,
the low-temperature sputtering deposition process of thin-film AlN enables staking
of multiple AlN and electrode layers which can be properly configured to efficiently
transduce the desired mode of vibration of the structure and simultaneously achieve
the optimum input and output impedance values. For these reasons AlN has been
often considered as a preferred material for the fabrication of purely piezoelectric
laterally vibrating resonators.
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7.4 Frequency Scaling

In order to attain higher frequency of operation, the frequency setting dimension
of the laterally vibrating resonator (i.e. W) needs to be made smaller (Eq. 7.5)
(Fig. 7.5a). At the same time, taking into accounts the constraints on C0 (Eq. 7.25),
the surface area of the structure needs to be increased and its thickness reduced in
order to maintain a low device electrical impedance (Eq. 7.25). For this purpose the
following criteria are proposed as guidelines for the frequency scaling of a laterally
vibrating resonator:

• Mechanically couple a large number, n, of subresonators whose width, W, has
been scaled to operate at higher frequency (Fig. 7.5b). In this way a higher order
mode of vibration is excited in the piezoelectric plate (f0 is set by W), but the
capacitance of the device is n times larger (total width equal to n � W).

• Reduce the thickness, T, of the piezoelectric film (Fig. 7.5c). This is extremely
important in order to further increase the device capacitance while simultane-
ously keeping small the effective area occupied by the device.

• Reduce the length, L, of the resonator (Fig. 7.5d) to avoid loading the quality
factor of the device with the electrical resistance of the metal electrodes. The
reduction in the length of the electrode compensates for the increase in resistance
associated with the scaling of the electrode width.

Fig. 7.5 Schematic representation of the scaling criteria for a piezoelectric laterally vibrating
resonator [17]: (a) scaling of the width to increase the frequency; (b) mechanical coupling of a
large number of scaled subresonators to increase the device capacitance; (c) reduction of the AlN
film thickness to increase capacitance and reduce device form factor; (d) reduction of the device
length to compensate for increase in electrode resistance due to scaling of the width
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7.5 Fabrication Techniques

Laterally vibrating piezoelectric resonators are generally fabricated by microma-
chining techniques. Although each process has its own specific implementation,
there are common steps. In particular, standard integrated circuit (IC) processes are
used for the deposition and patterning of the metals that sandwich the piezoelectric
film. The production and micromachining of the piezoelectric thin-film are the two
most challenging steps and require the most attention since the most important
resonator characteristics are affected by the property of this film.

Bulk piezoelectric substrates such as quartz and lithium niobate can be micro-
machined to attain suspended thin films. For example, few groups [17, 18], have
successfully demonstrated the capability to transfer high-quality thin film LN on
either Si [19, 20], or LN [18] substrates using the crystal ion slicing technique.
High-quality LN thin films have also been produced by wafer bonding and grinding
of LN or high-energy ion implantation to create an ion damaged release layer below
the wafer surface [12, 13, 21]. Nevertheless, the complexity associated with these
processes poses some significant challenges in terms of yield and reproducibility of
the device fabrication process, miniaturization, and dense integration of resonators
on micromachinable substrates. In this context, the use of a piezoelectric material
that can be produced as a thin film on a silicon substrate (such as AlN or
GaN) can potentially reduce significantly the complexity of the micro-fabrication
process (using conventional micro-machining of thin-film materials) and enable the
implementation of high performance, miniaturized, and highly integrated resonant
devices on a silicon substrate. It is worth noting that compatibility with standard
IC processes is crucial for large-scale manufacturing of these devices, which will
be ultimately required for commercialization (production of billions of devices is
needed for filtering or frequency setting applications). In addition, the monolithic
integration of these laterally vibrating resonators with complementary metal oxide
semiconductors (CMOS) electronics is highly desirable since it provides circuit
designer with an extended library of passive devices (resonators, filters, and
sensors) that can be broadly employed for design of high-performance systems
with more than Moore functionalities. In this context, aluminum nitride (AlN)
offers some unique advantages compared with other piezoelectric materials: high-
quality AlN thin-films of various thicknesses (from 10s nm to several m) can
be easily deposited on a substrate by low-temperature sputtering process showing
very reproducible properties. Since it is very stable and is not considered to be
a contaminant, AlN is already employed in some CMOS facilities. A simple
schematic of the fabrication process for an AlN laterally vibrating resonator is
shown in Fig. 7.6.

Figure 7.7 is a scanning electron micrograph of a 9.9 GHz AlN laterally vibrating
resonator. This is an individual resonator formed by a 250 nm thick AlN nano-plate
with a top interdigital electrode properly patterned (99 aluminum fingers with a pitch
of 500 nm) to excite an acoustic wave (lamb-wave) in the nano-plate and operate at
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Fig. 7.6 Post-CMOS compatible 4-mask fabrication process for a typical AlN laterally vibrating
resonator: (a) deposition and patterning of the bottom metal electrode on a high resistivity Si
substrate; sputter deposition of the thin AlN piezoelectric layer; (b) open vias in AlN to access the
bottom electrode; (c) deposition and patterning of the top metal electrode; (d) dry etching of AlN
in Cl2-based chemistry; (e). XeF2 dry release of the AlN resonator from the Si substrate

Fig. 7.7 SEM picture of a fabricated 9.9 GHz AlN laterally vibrating NEMS resonator [14] with
zoomed view of the nano-patterned interdigital electrode (electrode pitch is 500 nm, electrode
width is 300 nm)
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a frequency around 9.9 GHz. In this case, only a top electrode is employed (lateral
field excitation scheme [14, 15]). The release of this kind of AlN laterally vibrating
resonators is straightforward and is generally performed by a dry fluorine etch
chemistry that removes the underlying silicon. In the case of a composite structure
incorporating silicon, an additional etch step is required to define the structural
layer (bulk micromachining of silicon via a Bosch-type process) and generally a
silicon dioxide sacrificial layer is employed which is removed by a wet etch step to
accomplish device release [4].

7.6 Examples of Demonstrated Prototypes

The piezoelectric laterally vibrating resonator technology has emerged as one of
the most promising in enabling the fabrication of multiple frequency and high-
performance resonators on the same silicon chip. This is a crucial feature for
advanced wireless communication systems, for which single-chip, multiband RF
solutions are becoming the dominant trend. The reproducibility of AlN deposition
and its compatibility with CMOS fabrication have made it the piezoelectric of choice
for such laterally vibrating resonators. These devices have exhibited k2

t around 2 %
and Q factors as high as 4000 in ambient conditions, with values of FOM > 30

[1, 16, 22, 23]. More recently the frequency of operation of these resonators has
been extended around 10 GHz [2, 14, 24] (Fig. 7.7) and there is no fundamental
limit to operating them at higher frequencies. This implies that this technology is
effectively broadband and could be employed to synthesize filters and oscillators for
a wide range of communication systems that operate over different frequency bands.
The demonstrated k2

t and Q values of AlN laterally vibrating resonators are sufficient
to satisfy the stringent power and phase noise requirements for oscillators and have
proven adequate to meet the specifications for narrowband filtering. Nevertheless,
the development of laterally vibrating resonators with improved FOM would enable
a broader range of applications including wideband multiplexers and ultra-low
power and high-resolution resonant sensors. Therefore, a significant research effort
has been recently devoted to the investigation of advanced materials and design
solutions capable of delivering laterally vibrating resonators with increased k2

t and
Q values. For example, LN material has attracted considerable attention due to its
high piezoelectric coefficients that directly enable the implementation of laterally
vibrating resonators with increased k2

t (Eq. 7.31). Despite the challenges in terms
of complexity, yield, and reproducibility of the device fabrication process, laterally
vibrating resonators based on thin film LN have shown k2t > 20 % and FOM as high
as � 500 [11–13]. The simultaneous achievement of such high values of k2

t and Q
has great potential for the implementation of multifrequency band select filters with
percent bandwidths of 2–5 % and duplexers with narrow frequency gaps between
the transmit and receive bands.

Another interesting approach recently proposed to increase the k2
t of lat-

erally vibrating piezoelectric resonators involves the transduction of a single



7 Laterally Vibrating Piezoelectric MEMS Resonators 189

2-dimensional (2D) mechanical mode of vibration based on the coherent combi-
nation of multiple piezoelectric coefficients of the material [25–27]. In particular,
the AlN cross-sectional Lamé-mode resonator (CLMR) technology [25, 26] has
been recently proposed and developed. This technology relies on the transduction
of a Lamé-mode in the cross-section of an AlN plate through the coherent
combination of the e31 and e33 piezoelectric coefficients of AlN. Thanks to the
opposite sign of these two piezoelectric coefficients, in-phase charge components
are generated by vibration along both the cross-sectional directions (thickness
and width) of the plate. As a consequence, the kt

2 attained by AlN CLMRs is
function of both the e31 and e33 piezoelectric coefficients of AlN and it is higher
than the kt

2 achieved by conventional laterally vibrating AlN resonators. Similarly
to conventional laterally vibrating resonators, CLMRs can be excited through
either a Lateral-Field-Excitation (LFE) [25] or a thickness-field-excitation (TFE)
scheme [26, 27]. CLMRs achieve maximum kt

2-value of �7 % when the pitch
of the IDTs (W) is set to a specific value (Wopt) similar to the thickness (TAlN)
of the AlN plate [26]. In fact, in this scenario, a nondegenerate Lamé-mode is
excited in the cross-section of the AlN plate. However, due to the capability of
exciting high-kt

2 degenerate cross-sectional Lamé-modes in plates, CLMRs can
attain high kt

2 (>5 %) also when W is different from Wopt [26]. Since the device
resonance frequency, fres, depends on W, the transduction of such degenerate modes
also enables a significant lithographic tunability of fres (�40 % while maintaining
kt

2 > 5 %). The capability of achieving high FOM (comparable to the ones of
commercially available AlN FBAR devices) and multiple operating frequencies
on the same chip without additional fabrication costs (lithographic tunability of
the resonance frequency), makes this technology one of the best candidate for the
implementation of monolithic integrated contiguous and not-contiguous pre-select
filters for platforms adopting carrier-aggregation (CA).

These unique features have been recently exploited for the experimental demon-
strations of: (1) a LFE CLMR operating around 2.8 GHz and showing kt

2 and FOM
in excess of 2.5 % and 45, respectively, which are the is the highest ever reported
among LFE AlN MEMS resonators employing a single top interdigital electrode
(2-maskfabrication process) [25]; (2) a TFE CLMR operating around 920 MHz
and showing kt

2 and FOM in excess of 6.2 % and 108, respectively, which are
the highest ever demonstrated in AlN resonators operating in the same frequency
range (Fig. 7.8) [28]; (3) two contiguous ladder filters operating around 900 MHz,
fabricated on the same silicon substrate and showing a fractional bandwidth
(BW3dB) as high as 3.3 % and an insertion loss as low as 0.4 dB [27]; (4) a Cross-
Sectional Lamé-Mode Transformer (CLMT), showing a record-high open-circuit
voltage-gain (Gv

(max)) in excess of 39, which is suitable for the implementation
of low-loss narrow-band matching networks and voltage-amplification stages in
miniaturized AC-to-DC and DC-to-DC converters [29].

Another key challenge in the development of laterally vibrating piezoelectric
resonators has been the isolation of energy-dissipating mechanisms limiting the
device quality factor, Q [23, 30–33]. It has been shown that, especially for devices
operating in the ultra-high frequency (UHF) band or above, most of the energy
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Fig. 7.8 Prototype of AlN Cross-Sectional Lamé-Mode Resonator (CLMR) operating around
920 MHz and showing kt

2 and FOM in excess of 6.2 % and 108, respectively [28]: (a) SEM
picture; (b) 3D FEM simulation of the Lame’ Mode excited in the cross-section of the AlN plate;
(c) measured and 3D FEM-simulated admittance curves and BVD fitting (Images courtesy of
Dr. Cristian Cassella, Northeastern University)

loss is attributed to bulky metal-electrodes attached to the resonant body, which
induce damping and interfacial strain that limit the resonant frequency f0 and
the quality factor Q [30–32, 34]. Moreover, the physical and electrical properties
of the metal electrodes fundamentally limit the volume and frequency scaling
since, with current nano-fabrication techniques, the thickness of metal layers
cannot be arbitrarily reduced. The most promising approach for overcoming the
deleterious effects of metal electrodes, beyond optimizing the type of metal [30],
has been the elimination of the mechanical contact between metal electrodes and
piezoelectric layer by artificially creating a nano-scale air gap [31, 34]. Although
this floating-electrode approach is effective in increasing Q (�5� improvement
demonstrated), it also reduces (by a similar factor) the effective electromechanical
coupling coefficient, k2

t of the resonant system (due to the physical separation
between the electrode and the vibrating body of the structure), which limits the
benefit in terms of improved FOM. Therefore, designing “ideal electrodes” that
simultaneously guarantee low mechanical damping and electrical loss as well
as high electromechanical coupling in ultra-low-volume piezoelectric micro and
nano mechanical structures can be considered to be a key challenge in the field.
Recently it has been shown that mechanically transferred graphene, floating at van
der Waals proximity, closely mimics “ideal electrodes” for ultra-high frequency
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Fig. 7.9 Laterally vibrating AlN NEMS resonator using an atomically thin and virtually massless
graphene electrode [35]. (a) False-color SEM image: a bottom metal interdigitated electrode
(shown in dark gray underneath the AlN nanoplate), connected to the two electrical terminals of the
device, and a top electrically floating graphene electrode (the gray rectangular area on top of AlN
nanoplate), are employed for the piezoelectric actuation and sensing of a high-frequency lateral-
extensional mode of vibration in the AlN nanoplate. The zoomed-in views highlight the boundary
of the patterned graphene electrode on the anchor region of the device and the honeycomb
lattice of the atomically thin and virtually massless graphene electrode. (b) Frequency response
of admittance in graphene and reference devices with 100 and 50 nm thick gold top-electrode.
A significant enhancement of resonant frequency is obtained (f0 � 1.27 GHz) in the graphene-
electrode devices compared to the reference devices (f0 � 0.87 and 1.05 GHz), without any loss
of resonance amplitude which immediately outlines the superiority of graphene as an electrode in
piezoelectrically driven MEMS/NEMS devices (Images courtesy of Zhenyun Qian, Northeastern
University)

(0.2 GHz < f0 < 2.6 GHz) laterally vibrating piezoelectric resonators (Fig. 7.9) with
negligible mechanical mass and interfacial strain and perfect radio-frequency elec-
tric field confinement [35]. These unique attributes have enabled graphene-electrode
based laterally vibrating piezoelectric resonators to operate at their theoretically
“unloaded” frequency-limits, with significantly improved electromechanical per-
formance compared to metal-electrode counterparts, despite their reduced volumes
[35]. This represents a spectacular trend inversion in the scaling of piezoelectric
laterally vibrating resonators, opening up new possibilities for the implementation
of micro and nano electro mechanical systems with unprecedented performance.

Although the capability to fabricate on the same silicon chip multiple frequency
and high-performance AlN laterally vibrating resonators has been demonstrated,
the implementation of dynamically reconfigurable solutions based on AlN micro-
acoustic resonant devices remains an open challenge due to the intrinsic static nature
of such resonant structures: the operating frequency and electrical impedance of the
device are set by material properties and geometrical dimensions that cannot be
dynamically controlled to a large extent. Only very limited frequency tuning due to
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piezoelectric [36–38] and thermal effects has been demonstrated [39–41]. A broader
coverage of the RF spectrum could potentially be achieved by developing a bank of
multifrequency laterally vibrating AlN micro-acoustic resonators in an electrically
programmable matrix in which RF switches are used for frequency selection. The
major limitation to the implementation of such reconfigurable architectures is the
need of a dense integration of resonators and switches which necessarily increases
size and complexity of the system and negatively affects its RF performance due to
the resistive losses and capacitive loading effects introduced by the switches and the
interconnections. In this perspective, the monolithic integration of RF switches and
laterally vibrating AlN MEMS resonators in a single technology platform is highly
desirable since it would eliminate the loading effect introduced by the conventional
hybrid integration with other RF CMOS-MEMS tunable components (i.e. switches
and capacitors), and significantly reduce the area required, allowing the achievement
of the highest level of reconfigurability with minimum possible effect on the
resonator electromechanical performance. Therefore, in recent years, a significant
research effort, has been devoted towards the development of technology platforms
in which high-performance laterally vibrating AlN resonators and RF switches are
monolithically integrated to minimize complexity and losses to enable new radio
architectures with enhanced spectrum coverage [42, 43]. In particular, effective
ON/OFF switching of the acoustic resonance, with minimal effect on the elec-
tromechanical performance of the device, has been recently demonstrated with the
monolithic integration of chalcogenide phase change material (PCM) switches in the
design of AlN laterally vibrating resonators [44–49]. PCM (specifically Ge50Te50

[50–53]) RF switches have been recently demonstrated, showing ON resistance
values of less than 1 	 [53], the ability to cycle between ON and OFF states over
10,000 times [52], insertion loss values of less than 0.2 dB [51], and a figure of merit
as high as 12.5 THz which is rapidly approaching the best reported (�40 THz)
for RF MEMS switches [54]. Furthermore, PCMs do not require constant power
to maintain either the ON (low resistance) or the OFF (high resistance) state (i.e.
behave as latching switches) and can be fabricated using a relatively simple and
post-CMOS compatible process which, differently from RF MEMS switches, does
not require the implementation of air-gaps [44, 47]. Recently RF PCM switches,
with a small form factor (2 �m � 2 �m) and cut-off frequencies in the THz range,
have been monolithically integrated in the design of an AlN laterally vibrating
resonator and used to switch the terminal connections of the individual metal fingers
composing the device top interdigital electrode [46, 47] (Fig. 7.10). This innovative
approach not only enabled ON/OFF switching of the acoustic resonance, but also
effective reconfiguration of the device electrical impedance (electromechanical
coupling coefficient, kt

2, and static capacitance, C0) and operating frequency
[45, 47, 48] (Fig. 7.10).

These prototypes have set a milestone towards the demonstration of highly
reconfigurable filter architectures, exclusively based on the same micro-acoustic
resonator technology, in which order, bandwidth and roll-off can be dynamically
adjusted to adapt to the needs of different wireless communication standards: filter
order can be modified by reconfiguring into a short circuit of one or more resonators
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Fig. 7.10 Highly reconfigurable AlN laterally vibrating resonator using 12 monolithically inte-
grated phase change material switches [47]. (a) SEM image; (b) Admittance response measured
in nine different programmable states (Images courtesy of Gwendolyn Hummel, Northeastern
University)

composing the filter, while the positions of the poles and zeroes that set the filter
bandwidth and roll-off can be adjusted by reconfiguring the electromechanical
coupling coefficient, kt

2, and static capacitance, C0, of the individual resonant
elements.

Piezoelectric laterally vibrating resonators have also shown great potential for the
development of high-resolution and low-power chemical physical and biological
sensors. In general, micro- and nano-electro mechanical resonators have been
used successfully as ultra-sensitive detectors for sensing mass, fluids flow, and
specific chemical or biological agents [55–63]. The fundamental advantage of
MEMS/NEMS resonant sensors over other existing sensor technologies is related to
the unique combination of extremely high sensitivity to external perturbations (due
to their very reduces dimensions) and ultra-low noise performance (due to the intrin-
sically high-quality factor, Q, of such resonant systems). Nevertheless, the greatly
reduced dimensions of these devices often render their transduction extremely
difficult, requiring the use of cumbersome, complex, and power-inefficient read-
out techniques, and limiting the effective interaction between the sensor and the
environment (extremely reduced sensing area). This limits the performance of
MEMS/NEMS resonant sensors, which should ultimately be evaluated in terms of
limit of detection per unit area. In this perspective, optimal sensor performance is
attained by synthesizing a transducer that occupies a relatively large area (which
facilitates efficient transduction) and is very thin (which allows fabricating low
mass devices with ultra-high sensitivity). Suspended membranes with thickness
in the nanometer range are therefore desirable [56, 57, 64, 65]. Flexural plates
(instead of beams) are a good compromise [59, 66], but higher frequencies and
power handling are achieved in bulk mode acoustic resonators [67–69]. Laterally
vibrating piezoelectric resonators belong to this category and represent one of the
most suitable technologies to devise high-performance resonant sensors.



194 M. Rinaldi

The substantial difference between laterally vibrating piezoelectric resonant
sensors and the other MEMS/NEMS resonant sensors technologies is that the
sensitivity of a laterally vibrating resonator, to the particular external perturbation
of interest, can be set independently of its vibration frequency. In fact, differently
from more conventional piezoelectric resonant sensors, such as quartz crystal
microbalances (QCMs), FBARs, or flexural beam resonators, whose sensitivity
per unit area and operating frequency are highly dependent on the thickness
of the structure, in a laterally vibrating resonant sensor the sensitivity per unit
area can be adjusted by varying the thickness of the piezoelectric layer without
any significant effect on the chosen optimal operating frequency of the device.
This is an important and unique feature that offers a degree of flexibility in the
sensor design when operation is constrained to a particular frequency dictated by
the application requirements such as in wireless or radio frequency identification
(RFID) components. Furthermore, attaining high sensitivity at a low frequency
translates in the use of lower power electronic readout circuits than what is possible
with other devices, such as FBARs, which require operating at approximately two
orders of magnitude higher frequencies in order to achieve the same levels of
sensitivity. In fact, the power consumption of the CMOS circuitry used as readout
typically increases with the square of the operating frequency. In addition, for
typical flexural beam resonators, FBARs and QCMs an increase in sensitivity per
unit area, due to a reduction in thickness and an increase in the frequency of
operation, does not translate in an improvement of the overall sensor performance.
In fact, the noise level of a resonant sensor (which ultimately limits the detection
capability for a given sensitivity) is intrinsically related to the frequency stability of
the device, hence to the inverse of its quality factor, Q [64, 65, 70]. Since FBARs
and QCMs are generally characterized by a constant f0�Q product (at least for a
wide range of frequencies), an increase in sensitivity per unit area, is typically
accompanied by a reduction in Q (due to the associated increase in the resonance
frequency), hence rendering unaltered the sensor limit of the detection per unit
area. On the contrary, for laterally vibrating resonators, once the desired frequency
of operation, f0, has been set, the performance of the sensor can be improved by
reducing the thickness, T, of the piezoelectric layer up to the limit for which a high
Q is preserved.

For example, Q comparable to thicker films and in the order of 1000 has
been attained for AlN Nano-Plate Resonator (NPR) employing an AlN layer as
thin as 50 nm [71]. The efficient on-chip piezoelectric actuation and sensing of
lateral-extensional bulk acoustic modes of vibration in AlN nano plate structures,
instead of more conventional beams, have enabled the fabrication of ultra-low
volume (high sensitivity) and high Q (low noise) nano-plate resonators that can be
directly connected to compact and power-efficient electronic readouts [56, 57, 72]
(without the need of off-chip bulky piezoceramic disks for actuation and complex
and power-inefficient optical readouts for displacement detection), which is a key
requirement for the implementation of miniaturized, multifunctional integrated
sensing platforms.
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Thanks to these unique features, the same core AlN NPR technology has been
successfully used for the implementation of multiple high-performance physical
[40, 73, 74], chemical [55–57, 61], and biological sensors [62, 75]. Recently,
the extraordinary transduction properties of the AlN NPR technology have also
been combined with the unique physical, optical, and electrical properties of
advanced materials such as graphene, photonic metamaterials, and magnetic mate-
rials, to devise laterally vibrating resonant sensors with unprecedented sensi-
tivity to infrared radiation and magnetic field [76–80]. For example, high fre-
quency and high electromechanical performance (quality factor, Q > 1000 and elec-
tromechanical coupling coefficient, kt

2 > 1.0 %) magnetoelectric laterally vibrating
micro-mechanical resonators based on self-biased Aluminum Nitride/Iron-Gallium-
Boron (AlN/FeGaB) bilayer nano-plates (250 nm/250 nm) have been implemented
(Fig. 7.11) and used to synthesize miniaturized and low-power MEMS-CMOS
resonant sensors capable of detecting magnetic field at the pico-Tesla level [79, 80].

Furthermore, the use of a thin piezoelectric plasmonic metasurface forming the
resonant body of a laterally vibrating nanomechanical resonator with simultane-
ously tailored optical and electromechanical properties has also been demonstrated
(Fig. 7.12) [76, 77]. Differently from all the previously proposed plasmonically
enhanced MEMS devices [82], such unique nano-structure simultaneously acts as

Fig. 7.11 Magnetoelectric AlN/FeGaB laterally vibrating resonator for high-resolution magnetic
field sensing [79–81]. (a) SEM image; (b) Cross sectional view of the AlN/FeGaB laterally
vibrating nano-plate; (c) resonator admittance amplitude as a function of a minute varied DC
magnetic field superimposed to a fixed bias DC field of 5 Oe; (d) resonator admittance amplitude
as a function of a minute varied DC magnetic at zero bias magnatic field (Images courtesy of Dr.
Yu Hui and Dr. Tianxiang Nan, Northeastern University)
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Fig. 7.12 Plasmonic piezoelectric laterally vibrating resonator for high-resolution and spectrally
selective uncooled infrared sensing [76, 77]. (a) Mock-up view: an aluminum nitride nano-plate is
sandwiched between a bottom metallic interdigitated electrode and a top nanoplasmonic metasur-
face. The incident IR radiation is selectively absorbed by the plasmonic metasurface and heats up
the resonator, shifting its resonance frequency from f0 to f 0 due to the temperature dependence of its
resonance frequency. (b) SEM images of a fabricated plasmonic piezoelectric resonator with fully
metallic anchors. The dimensions of the resonator are: L D 200 �m, W D 75 �m, W0 D 25 �m
(19 �m C 6 �m), LA D 20 �m, WA D 6.5 �m. The dimensions of the unit cell of the plasmonic
metasurface are: a D 1635 nm, b D 310 nm. (c) Simulated and measured absorption spectra of the
fabricated plasmonic piezoelectric nanomechanical resonator. The dimensions of the gold (Au)
patches which compose the metasurface area D 1635 nm b D 310 nm, and the thickness of the
Au, AlN, and Pt layers are 50, 500, and 100 nm, respectively. (d) Measured response of the
plasmonic piezoelectric resonator and a conventional AlN MEMS resonator to a modulated IR
radiation emitted by a 1500 ıK globar (2–16 �m broadband spectral range) (Images courtesy of
Dr. Yu Hui, Northeastern University)

an efficient piezoelectric transducer (without the need of off-chip actuation and
sensing techniques), a high-frequency and high-Q laterally vibrating resonator and
a subwavelength, strong and spectrally selective infrared (IR) absorber (without
the need of integrating any additional IR absorbing materials). The combination of
nanoplasmonic and piezoelectric resonances in such an ultra-thin planar structure,
enabled the simultaneous achievement of efficient transduction (electromechanical
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Fig. 7.13 Schematic representation of the envisioned miniaturized, low-power, multifunctional,
and reconfigurable wireless sensing platform enabled by the core AlN nano-plate laterally vibrating
resonator technology

coupling coefficient >1 %), high quality factor (>1000), low detection limit (noise
equivalent power �100s pW/Hz1/2) and strong, polarization independent, and
spectrally selective absorption of long wavelength infrared (LWIR) radiation over
an ultrathin thickness, addressing all fundamental challenges associated with the
development of performing resonant IR detectors which could potentially lead to a
new paradigm for high-performance, miniaturized, power-efficient IR spectroscopy
and multispectral imaging systems.

The unique capability of such AlN NPR technology to deliver high performance
and CMOS compatible sensors and RF components makes it the best candidate for
the realization of the next generation miniaturized, low-power, multifunctional, and
reconfigurable wireless sensing platforms (Fig. 7.13) that can fully leverage sensor
fusion to acquire more accurate and reliable information about the context in which
we live.

References

1. Piazza G, Stephanou PJ, Pisano AP (2006) Piezoelectric aluminum nitride vibrating contour-
mode MEMS resonators. J Microelectromech Syst 15:1406–1418

2. Rinaldi M, Zuniga C, Zuo C, Piazza G (2010) “Super-high-frequency two-port AlN contour-
mode resonators for RF applications. IEEE Trans Ultrason Ferroelectr Freq Control 57:38–45



198 M. Rinaldi

3. Harrington BP, Shahmohammadi M, Abdolvand R (2010) Toward ultimate performance in
GHZ MEMS resonators: low impedance and high Q. In: IEEE 23rd international conference
on micro electro mechanical systems (MEMS), 2010, pp 707–710

4. Ho GK, Abdolvand R, Sivapurapu A, Humad S, Ayazi F (2008) Piezoelectric-on-silicon lateral
bulk acoustic wave micromechanical resonators. J Microelectromech Syst 17:512–520

5. Chandrahalim H, Bhave SA, Polcawich RG, Pulskamp JS, Kaul R (2010) PZT transduction
of high-overtone contour- mode resonators. IEEE Trans Ultrason Ferroelectr Freq Control
57:2035–2041

6. Chandrahalim H, Bhave SA, Polcawich R, Pulskamp J, Judy D, Kaul R, Dubey M (2008)
Performance comparison of Pb(Zr0.52Ti0.48)O3-only and Pb(Zr0.52Ti0.48)O3-on-silicon
resonators. Appl Phys Lett 93:233504

7. Abdolvand R, Ho GK, Butler J, Ayazi F (2007) ZNO-on-nanocrystalline diamond lateral
bulk acoustic resonators. In: IEEE 20th international conference on micro electro mechanical
systems, MEMS, 2007, pp 795–798

8. Songbin G, Nai-Kuei K, Piazza G (2011) A 1.75 GHz piezoelectrically-transduced SiC
lateral overmoded bulk acoustic-wave resonator. In: 2011 16th international solid-state sensors,
actuators and microsystems conference (TRANSDUCERS), 2011, pp 922–925

9. Rais-Zadeh M, Gokhale VJ, Ansari A, The X, Faucher M, Ron D, Cordier Y, Buchaillot
L (2014) Gallium nitride as an electromechanical material. J Microelectromech Syst 23:
1252–1271

10. Popa LC, Weinstein D (2014) L-band lamb mode resonators in gallium nitride MMIC
technology. In: 2014 IEEE international frequency control symposium (FCS), 2014, pp 1–4

11. Songbin G, Piazza G (2013) Design and analysis of lithium-niobate-based high electromechan-
ical coupling RF-MEMS resonators for wideband filtering. IEEE Trans Microw Theory Tech
61:403–414

12. Olsson III RH, Hattar K, Baker MS, Wiwi M, Nguyen J, Padilla C, Homeijer SJ, Wendt JR,
Friedmann TA (2014) Lamb wave micromechanical resonators formed in thin plates of lithium
niobate. In: Solid state sensors, actuators, and microsystems workshop (Hilton Head 2014),
Hilton Head, South Carolina, 2014, pp 281–284

13. Renyuan W, Bhave SA, Bhattacharjee K (2013) High kt
2*Q, multi-frequency lithium niobate

resonators. In: IEEE 26th international conference on micro electro mechanical systems
(MEMS), 2013, pp 165–168

14. Rinaldi M, Zuniga C, Piazza G (2009) 5–10 GHz AlN contour-mode nanoelectromechanical
resonators. In: IEEE 22nd international conference on micro electro mechanical systems, 2009.
MEMS 2009, pp 916–919

15. Rinaldi M, Zuniga C, Zuo C, Piazza G (2010) GHz range nanoscaled AlN contour-mode
resonant sensors (CMR-S) with self-sustained CMOS oscillator. In: Proceedings of solid-state
sensors, actuators and microsystems workshop (Hilton Head 2010), Hilton Head, USA

16. Rinaldi M, Zuo C, Van der Spiegel J, Piazza G (2011) Reconfigurable CMOS oscillator
based on multifrequency AlN contour-mode MEMS resonators. IEEE Trans Electron Dev 58:
1281–1286

17. Levy M, Osgood RM, Liu R, Cross LE, Cargill GS, Kumar A, Bakhru H (1998) Fabrication of
single-crystal lithium niobate films by crystal ion slicing. Appl Phys Lett 73:2293–2295

18. Poberaj G, Koechlin M, Sulser F, Guarino A, Hajfler J, Günter P (2009) Ion-sliced lithium
niobate thin films for active photonic devices. Opt Mater 31:1054–1058

19. Diest K, Archer MJ, Dionne JA, Park Y-B, Czubakowski MJ, Atwater HA (2008) Silver
diffusion bonding and layer transfer of lithium niobate to silicon. Appl Phys Lett 93:092906

20. Solal M, Pastureaud T, Ballandras S, Aspar B, Biasse B, Daniau W, Hode JM, Calisti S, Laude
V (2002) “Oriented lithium niobate layers transferred on 4” [100] silicon wafer for RF SAW
devices. In: Proceedings of the 2002 IEEE ultrasonics symposium, 2002, vol 1, pp 131–134

21. Olsson Iii RH, Hattar K, Homeijer SJ, Wiwi M, Eichenfield M, Branch DW, Baker MS, Nguyen
J, Clark B, Bauer T, Friedmann TA (2014) A high electromechanical coupling coefficient SH0
Lamb wave lithium niobate micromechanical resonator and a method for fabrication. Sensor
Actuat A Phys 209:183–190



7 Laterally Vibrating Piezoelectric MEMS Resonators 199

22. Olsson RH, Fleming JG, Wojciechowski KE, Baker MS, Tuck MR (2007) Post-CMOS
compatible aluminum nitride MEMS filters and resonant sensors. In: IEEE international
frequency control symposium, 2007 joint with the 21st European frequency and time forum,
2007, pp 412–419

23. Cassella C, Segovia-Fernandez J, Piazza G, Cremonesi M, Frangi A (2013) Reduction of
anchor losses by etched slots in aluminum nitride contour mode resonators. In: European
frequency and time forum & international frequency control symposium (EFTF/IFC), 2013
Joint, 2013, pp 926–929

24. Wojciechowski KE, Olsson RH, Nordquist CD, Tuck MR (2009) Super high frequency width
extensional aluminum nitride (AlN) MEMS resonators. In: 2009 IEEE international ultrasonics
symposium (IUS), 2009, pp 1179–1182

25. Yu H, Zhenyun Q, Rinaldi M (2013) A 2.8 GHz combined mode of vibration aluminum nitride
MEMS resonator with high figure of merit exceeding 45. In: European frequency and time
forum & international frequency control symposium (EFTF/IFC), 2013 Joint, pp 930–932

26. Cassella C, Hui Y, Qian Z, Hummel G, Rinaldi M (2016) Aluminum nitride cross-sectional
lame’ mode resonators. J Microelectromech Syst 25:275–285

27. Cassella C, Chen G, Qian Z, Hummel G, Rinaldi M (2016) Cross-sectional lame’ mode ladder
filters for UHF wideband applications. IEEE Electron Dev Lett 37:681–683

28. Cassella C, Chen G, Qian Z, Hummel G, Rinaldi M (2016) Unprecedented figure of merit in
excess of 108 in 920 MHz aluminum nitride cross-sectional lamé mode resonators showing kt2
in excess of 6.2%. In: 2016 solid-state sensors, actuators and microsystems workshop (Hilton
Head 2016), Hilton Head Island, 2016, pp 94–96

29. Cassella C, Chen G, Qian Z, Hummel G, Rinaldi M (2016) 920 MHz aluminum nitride cross-
sectional lamé mode piezoelectric MEMS transformer with high open-circuit voltage gain in
excess of 39,” in 2016 solid-state sensors, actuators and microsystems workshop (Hilton Head
2016), Hilton Head Island, 2016, pp 412–415

30. Segovia-Fernandez J, Nai-Kuei K, Piazza G (2012) Impact of metal electrodes on the figure of
merit (kt

2*Q) and spurious modes of contour mode AlN resonators. In: 2012 IEEE international
ultrasonics symposium (IUS), pp 299–302

31. Ting-Ta Y, Pisano AP, Nguyen CTC (2013) High-Q capacitive-piezoelectric AlN lamb wave
resonators. In: 2013 IEEE 26th international conference on micro electro mechanical systems
(MEMS), 2013, pp 114–117

32. Segovia-Fernandez J, Cremonesi M, Cassella C, Frangi A, Piazza G (2015) Anchor losses in
AlN contour mode resonators. J Microelectromech Syst 24:265–275

33. Cassella C, Singh N, Soon BW, Piazza G (2015) Quality factor dependence on the inactive
regions in AlN contour-mode resonators. J Microelectromech Syst

34. Li-Wen H, Nguyen CTC (2015) Capacitive-piezoelectric transducers for high-Q micromechan-
ical AlN resonators. J Microelectromech Syst 24:458–473

35. Qian Z, Liu F, Hui Y, Kar S, Rinaldi M (2015) Graphene as a massless electrode for ultrahigh-
frequency piezoelectric nanoelectromechanical systems. Nano Lett 15:4599–4604

36. Karabalin RB, Matheny MH, Feng XL, Defaÿ E, Le Rhun G, Marcoux C, Hentz S, Andreucci P,
Roukes ML (2009) Piezoelectric nanoelectromechanical resonators based on aluminum nitride
thin films. Appl Phys Lett 95:103111

37. Defay E, Ben Hassine N, Emery P, Parat G, Abergel J, Devos A (2011) Tunability of aluminum
nitride acoustic resonators: a phenomenological approach. IEEE Trans Ultrason Ferroelectr
Freq Control 58:2516–2520

38. Songbin G, Piazza G (2013) Large frequency tuning of lithium niobate laterally vibrating
MEMS resonators via electric boundary reconfiguration. In: The 17th international conference
on solid-state sensors, actuators and microsystems (TRANSDUCERS & EUROSENSORS
XXVII), 2013 Transducers & Eurosensors XXVII, 2013, pp 2465–2468

39. Tazzoli A, Rinaldi M, Piazza G (2012) Experimental investigation of thermally induced
nonlinearities in aluminum nitride contour-mode MEMS resonators. IEEE Electron Dev Lett
33:724–726



200 M. Rinaldi

40. Hui Y, Rinaldi M (2013) Fast and high resolution thermal detector based on an aluminum
nitride piezoelectric microelectromechanical resonator with an integrated suspended heat
absorbing element. Appl Phys Lett 102:093501

41. Bongsang K, Olsson RH, Wojciechowski KE (2010) Ovenized and thermally tunable alu-
minum nitride microresonators. In: Ultrasonics symposium (IUS), 2010 IEEE, 2010, pp
974–978

42. Rashed M, Nipun S, Marcelo BP, Gianluca P (2008) Dual-beam actuation of piezoelectric
AlN RF MEMS switches monolithically integrated with AlN contour-mode resonators.
J Micromech Microeng 18:105011

43. Nordquist CD, Olsson RH, Scott SM, Branch DW, Pluym T, Yarberry V (2013) On/off
micro-electromechanical switching of AlN piezoelectric resonators. In: 2013 IEEE MTT-S
international microwave symposium digest (IMS), 2013, pp 1–4

44. Hummel G, Hui Y, Qian Z, Rinaldi M (2014) Switchable aluminum nitride MEMS resonator
using phase change materials. In: 2014 solid-state sensors, actuators and microsystems
workshop (Hilton Head 2014), Hilton Head Island, South Carolina, 2014, pp 431–434

45. Hummel G, Yu H, Rinaldi M (2014) Phase change material programmable vias for switching
and reconfiguration of aluminum nitride piezoelectric MEMS resonators. In: 2014 IEEE
international frequency control symposium (FCS), 2014, pp 1–3

46. Hummel G, Rinaldi M (2015) Switchable 2-port aluminum nitride MEMS resonator using
monolithically integrated 3.6 THz cut-off frequency phase-change switches. In: 2015 Joint
conference of the IEEE international frequency control symposium & the european frequency
and time forum (FCS), 2015, pp 706–708

47. Hummel G, Hui Y, Rinaldi M (2015) Highly reconfigurable aluminum nitride MEMS resonator
using 12 monolithically integrated phase change material switches. In: 18th international
conference on solid-state sensors, actuators and microsystems (TRANSDUCERS), 2015
transducers – 2015, pp 323–326

48. Hummel G, Yu H, Rinaldi M (2014) Reconfigurable mode of vibration in AlN MEMS
resonators using phase change materials. In: 2014 IEEE International, ultrasonics symposium
(IUS), pp 799–802

49. Hummel G, Hui Y, Rinaldi M (2015) Reconfigurable piezoelectric MEMS resonator using
phase change material programmable vias. J Microelectromech Syst 24:2145–2151

50. Raoux S, Xiong F, Wuttig M, Pop E (2014) Phase change materials and phase change memory.
MRS Bull 39:703–710

51. Jeong-Sun M, Seo HC, Le D (2014) High linearity 1-ohm RF switches with phase-change
materials. In: 2014 IEEE 14th topical meeting on silicon monolithic integrated circuits in RF
systems (SiRF), 2014, pp 7–9

52. El-Hinnawy N, Borodulin P, Jones E, Wagner B, King M, Mason J, Hartman J, Howell R,
Lee M, Young R (2014) Improvements in GeTe-based inline phase-change switch technology
for RF switching applications. In: CS MANTECH conference, Denver, CO, USA, 2014,
pp 401–403

53. Jeong-Sun M, Hwa-Chang S, Duc L (2014) Development toward high-power sub-1-ohm DC-
67 GHz RF switches using phase change materials for reconfigurable RF front-end. In: 2014
IEEE MTT-S international microwave symposium (IMS), pp 1–3

54. Rebeiz GM, Entesari K, Reines I, Park SJ, El-Tanani MA, Grichener A, Brown AR (2009)
Tuning in to RF MEMS. IEEE Microw Mag 10:55–72

55. Rinaldi M (2012) NEMS resonant chemical sensors. In: Bhushan B (ed) Encyclopedia of
nanotechnology. Springer, Amsterdam, pp 1888–1895

56. Rinaldi M, Duick B, Zuniga C, Zuo C, Piazza G (2010) SS-DNA functionalized ultra-thin-
film ALN contour-mode resonators with self-sustained oscillator for volatile organic chemical
detection. In: IEEE 23rd international conference on micro electro mechanical systems (MEMS
2010) 2010, pp 132–135



7 Laterally Vibrating Piezoelectric MEMS Resonators 201

57. Rinaldi M, Zuniga C, Piazza G () ss-DNA functionalized array of ALN contour-mode NEMS
resonant sensors with single CMOS multiplexed oscillator for sub-ppb detection of volatile
organic chemicals. In: IEEE 24th international conference on micro electro mechanical systems
(MEMS 2011), 2011, pp 976–979

58. Li M, Tang HX, Roukes ML (2007) Ultra-sensitive NEMS-based cantilevers for sensing,
scanned probe and very high-frequency applications. Nat Nanotechnol 2:114–120

59. Lee HJ, Park KK, Oralkan O, Kupnik M, Khuri-Yakub BT (2008) CMUT as chemical sensor
for DMMP detection. In: 2008 IEEE international frequency control symposium, pp 434–439

60. Rahafrooz A, Pourkamali S (2010) Fabrication and characterization of thermally actuated
micromechanical resonators for airborne particle mass sensing: I. Resonator design and
modeling. J Micromech Microeng 20

61. Zuniga C, Rinaldi M, Khamis SM, Johnson AT, Piazza G (2009) Nanoenabled microelectrome-
chanical sensor for volatile organic chemical detection. Appl Phys Lett 94:223122–223123

62. Zuniga C, Rinaldi M, Piazza G (2011) Reduced viscous damping in high frequency piezoelec-
tric resonant nanochannels for sensing in fluids. In: 2011 IEEE 24th international conference
on micro electro mechanical systems (MEMS), 2011, pp 960–963

63. Lee J, Shen W, Payer K, Burg TP, Manalis SR (2010) Toward attogram mass measurements in
solution with suspended nanochannel resonators. Nano Lett 10:2537–2542

64. Rinaldi M, Piazza G (2011) Effects of volume and frequency scaling in AlN contour mode
NEMS resonators on oscillator phase noise. In: 2011 Joint conference of the IEEE international
frequency control and the european frequency and time forum (FCS), 2011, pp 1–5

65. Rinaldi M, Zuniga C, Piazza G (2009) Ultra-thin-film AlN contour-mode resonators for sensing
applications. In: 2009 IEEE international ultrasonics symposium (IUS), 2009, pp 714–717

66. Lee HJ, Park KK, Cristman P, Oralkan O, Kupnik M, Khuri-Yakub BT (2009) A low-noise
oscillator based on a multi-membrane CMUT for high sensitivity resonant chemical sensors.
In: IEEE 22nd international conference on micro electro mechanical systems, 2009 (MEMS
2009), pp 761–764

67. Ruby RC, Bradley Y, Oshmyansky Y, Chien A, Larson JD (2001) Thin film bulk wave acoustic
resonators (FBAR) for wireless applications. In: Proceedings of the 2001 IEEE international
ultrasonics symposium, 2001, pp 813–821

68. Lin A, Hongyu Y, Waters MS, Eun Sok K, Goodman SD (2008) Explosive trace detection
with FBAR-based sensor. In: 21st IEEE international conference on micro electro mechanical
systems (MEMS 2008), 2008, pp 208–211

69. Clark JR, Wan-Thai H, Abdelmoneum MA, Nguyen CTC (2005) High-Q UHF micromechan-
ical radial-contour mode disk resonators. J Microelectromech Syst 14:1298–1310

70. Vig JR, Walls (FL) A review of sensor sensitivity and stability. In: Proceedings of the 2000
IEEE/EIA international frequency control symposium and exhibition, 2000, pp 30–33

71. Rinaldi M (2010) Piezoelectric aluminum nitride nano plate resonant sensors for next genera-
tion miniaturized sensing platforms. Ph.D., Electrical and Systems Engineering, University of
Pennsylvania, ProQuest, 2010

72. Rinaldi M, Zuniga C, Duick B, Piazza G (2010) Use of a single multiplexed CMOS oscillator
as direct frequency read-out for an array of eight AlN contour-mode NEMS resonant sensors.
In: Proceedings of IEEE sensors 2010, pp 2666–2670

73. Hui Y, Rinaldi M (2013) High performance NEMS resonant infrared detector based on an
aluminum nitride nano-plate resonator. In: 2013 transducers & eurosensors XXVII: the 17th
international conference on solid-state sensors, actuators and microsystems (TRANSDUCERS
& EUROSENSORS XXVII), 2013, pp 968–971

74. Zhenyun Q, Vyas R, Yu H, Rinaldi M (2014) High resolution calorimetric sensing based
on aluminum nitride MEMS resonant thermal detectors. In: 2014 IEEE sensors, 2014,
pp 986–989

75. Zuniga C, Rinaldi M, Piazza G (2010) High frequency piezoelectric resonant nanochannel for
bio-sensing applications in liquid environment. In 2010 IEEE sensors, 2010, pp 52–55

76. Hui Y, Gomez-Diaz JS, Qian Z, Alu A, Rinaldi M (2016) Plasmonic piezoelectric nanome-
chanical resonator for spectrally selective infrared sensing. Nat Commun 7



202 M. Rinaldi

77. Yu H, Rinaldi M (2015) Spectrally selective infrared detector based on an ultra-thin piezo-
electric resonant metamaterial. In: 2015 28th IEEE international conference on micro electro
mechanical systems (MEMS), 2015, pp 984–987

78. Qian Z, Hui Y, Liu F, Kai S, Rinaldi M (2015) 1.27 GHz graphene-aluminum nitride nano
plate resonant infrared detector. In: 2015 18th international conference on solid-state sensors,
actuators and microsystems (TRANSDUCERS), 2015 transducers, 2015, pp 1429–1432

79. Yu H, Tianxiang N, Sun NX, Rinaldi M (2015) High resolution magnetometer based on a high
frequency magnetoelectric MEMS-CMOS oscillator. J Microelectromech Syst 24:134–143

80. Nan T, Hui Y, Rinaldi M, Sun NX (2013) Self-biased 215MHz magnetoelectric NEMS
resonator for ultra-sensitive DC magnetic field detection. Scientific Rep 3:1985

81. Hui Y, Nan TX, Sun NX, Rinaldi M (2013) MEMS resonant magnetic field sensor based on
an AlN/FeGaB bilayer nano-plate resonator. In: 2013 IEEE 26th international conference on
micro electro mechanical systems (MEMS), 2013, pp 721–724

82. Yi F, Zhu H, Reed RC, Cubukcu E (2013) Plasmonically enhanced thermomechanical detection
of infrared radiation. Nano Lett 13:1638–1643



Chapter 8
BAW Piezoelectric Resonators

Ken-ya Hashimoto

8.1 Introduction

This chapter describes basic properties and modeling of resonators using acoustic
waves propagating in a solid body. This type of waves is called the bulk acoustic
wave (BAW), which can be excited and detected efficiently using piezoelectricity.
The resonators are widely used in various applications such as clock generation,
frequency filtering, and sensing. The most popular ones are crystal quartz resonators
[1] for relatively low frequency applications (<100 MHz). Recently BAW resonators
fabricated by thin film and micromachining technologies, i.e., film bulk acoustic res-
onators (FBARs) [2], are getting popular for relatively high frequency applications
(>1–3 GHz) such as duplexers used in mobile and smart phones.

BAWs can be also excited and detected electrostatically, and some devices have
already been mass produced and applied to various frequency control applications
[3]. However, owing to the very weak electromechanical coupling, electrostatically
driven BAW devices are not feasible for low-loss and wideband applications.

First basic device operation is discussed using a very simple phenomenological
model, and a one-dimensional model based on the wave theory is introduced
for detailed discussions. Then typical device structures and fabrication steps are
explained, and choice of piezoelectric and electrode materials are also discussed.
Finally, wave propagation in three-dimensional structures is explained, and possible
spurious and loss mechanisms including their countermeasures are discussed.
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8.2 BVD Model

Let us consider acoustic wave propagation in a plate with thickness h. It is known
that the plate causes a mechanical resonance (thickness resonance) at frequencies
satisfying the condition of

fr D nV

2h
; (8.1)

where V is the acoustic wave velocity, and n is an integer called the order of reso-
nance modes. Equation (8.1) indicates that in addition to a lowest order resonance
(n D 1) called the fundamental resonance, a series of higher-order (n ¤ 1) ones exist.
Since fr for n ¤ 1 will be an integer times fr for n D 1, higher-order resonances
are often called harmonic resonances or overtones. When the longitudinal BAW
is responsible for the thickness resonance, it is called the thickness extensional (TE)
resonance while it is called the thickness shear (TS) resonance when the shear BAW
is responsible. In general, V of the longitudinal BAW is faster than that of the shear
BAW for the identical propagation direction in the identical material.

When the plate is piezoelectric and sandwiched in between two parallel elec-
trodes (see Fig. 8.1a), we can excite and detect the resonances electrically. This
device can be used as an impedance element in electronic circuits. This type of
electronic components is called BAW resonators.

In the structure shown in Fig. 8.1a, when a sinusoidal voltage v with the
frequency f is applied to two electrodes, a mechanical force vm is generated through
piezoelectricity, and the displacement u is generated in the plate as a reaction. The
relation might be written as

v / vm D M
d2u

dt2
C �

du

dt
C Ku; (8.2)

where M, �, and K are an effective mass, effective viscosity, and effective spring
constant of the plate, respectively. In the right hand side of the equation, first to
third terms correspond to inertia, friction, and elasticity, respectively.

Fig. 8.1 Simplified model for BAW resonators. (a) Physical model. (b) Electromechanical
equivalent circuit
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Fig. 8.2 Electrical equivalent
circuit model (BVD model)

Fig. 8.3 Frequency
dependence of input
admittance jYj derived from
the BVD model. Case A:
calculated by the original
BVD model, Case B:
calculated by the modified
BVD model (see Fig. 8.5)
with Re ¤ 0, and Case C:
calculated by the modified
BVD model with R0 ¤ 0

Due to the reciprocity of piezoelectricity, electrical charges qm proportional to u
will be induced on the electrodes.

From these relations, we may derive an electromechanical equivalent circuit
shown in Fig. 8.1b. In the figure, im D du/dt is a mechanical current, and C0 is
called the clamped capacitance which expresses the electrostatic coupling between
two electrodes.

Since we are only interested in electrical characteristics, the equivalent circuit
can be simplified as shown in Fig. 8.2, where Cm, Lm, and Rm are called the
motional capacitance, inductance, and resistance, respectively. This circuit is called
the Butterworth–Van Dyke (BVD) model [4], and is quite often used as the simplest
model for one-port acoustic resonators.

Case A in Fig. 8.3 shows a typical frequency dependence of the input admittance
Y calculated from the BVD model. In the figure, Rr is an impedance used for the
normalization. A series resonance where jYj takes a maximum is seen at 1 GHz
while a parallel resonance where jYj takes a minimum is seen at 1.025 GHz.

From the BVD model, we can express Y in a form of

Y D 2� jfC0
1 � .f=fa/

2 C j .f=fa/Q�1
a

1 � .f=fr/
2 C j .f=fr/Q�1

r

: (8.3)



206 K.-y. Hashimoto

In the equation, fr is the resonance frequency where the series resonance occurs,
and fa is the anti-resonance frequency where the parallel resonance occurs. From
the equivalent circuit, these frequencies are given by

fr D 1

2�
p

LmCm
(8.4)

and

fa D 1

2�

q
Lm
�
C�1

m C C�1
0

��1 ; (8.5)

respectively. In Eq. (8.3), Qr and Qa are called the resonance and anti-resonance
quality factors, respectively, and are given by

Qr D 2� frLm

Rm
(8.6)

and

Qa D 2� faLm

Rm
: (8.7)

They give steepness of the resonance peaks, and influence the minimum insertion
loss and steepness of the passband edges for filter applications [5].

Here we define the capacitance ratio � , which is defined as

� D C0
Cm

D 1

.fa=fr/
2 � 1 : (8.8)

Figure 8.2 implies that � gives the weakness of piezoelectricity. For filter appli-
cations, it influences the minimum insertion loss and determines the maximum
passband width [5].

When multiple resonances exist, their influences can be taken into account by
increasing the number of LCR branches as shown in Fig. 8.4, where the nth branch
expresses the nth order mechanical resonance [4].

It is important to note that Eqs. (8.6) and (8.7) imply that Qr is almost equal to
Qa. This is not true in general. This is because only the viscous loss is considered in
the original BVD model shown in Fig. 8.2.

Figure 8.5 shows the modified BVD model taking the difference in Qr and Qa

into account [6]. In the figure, Re stands for the ohmic resistance of electrodes, and
R0 considers the dielectric loss in the piezoelectric film. Other loss mechanisms such
as the acoustic leakage discussed in Eq. (8.6) may be also included in Re and/or R0.

Figure 8.2 also shows influence of these resistances on the resonance character-
istics. In the figure, Re is considered for case B while R0 is included for case C. It



8 BAW Piezoelectric Resonators 207

Fig. 8.4 BVD model taking
multiple resonances into
account

Fig. 8.5 Modified BVD
model

is seen that Re influences only the response at f � fr while R0 influences only the
response at f � fa. Traces for cases B and C are mostly overlapped with that for case
A at the remaining frequency ranges.

Existence of these resistances modifies Eqs. (8.6) and (8.7) as

Qr D 2� frLm

Rm C Re
(8.9)

and

Qa D 2� faLm

Rm C R0
: (8.10)

These equations indicate that Qr > Qa when Re < R0 while Qr < Qa when Re > R0.
Equation (8.3) indicates that

Ymax 	 Yjf Dfr � 2� frC0Qr

n
1 � .fr=fa/

2
o

� 2� frC0Mr; (8.11)

and

Ymin 	 Yjf Dfa � �2� faC0
Q�1

a

1 � .fa=fr/
2

� 2� faC0M
�1
a ; (8.12)
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where Mr D Qr/� and Ma D Qa/� are the figure of merit for BAW resonators at the
resonance and anti-resonance, respectively. Equations (8.11) and (8.12) indicate that
when Rr is chosen as 2� frC0 or 2� faC0, Mr and Ma are approximately given by
YmaxRr and (YminRr)�1, respectively, and thus we can estimate them graphically from
the jYjRr curve shown in Fig. 8.3. Since � are estimated from fr and fa, we can
calculate Qr and Qa from estimated Mr and Ma.

For better understanding of device behavior, we often want to know how the
Q factor changes with the frequency. For the purpose, Feld et al. proposed the
following frequency dependent Q factor for device characterization [7];

Q.f / D 2� f �.f /
jS11j

1 � jS11j 2 ; (8.13)

where S11 is the electrical reflection coefficient measured by a vector network
analyzer and � is the group delay estimated by

�.f / D �@†S11
2�@f

: (8.14)

Variation of fr with temperature T is one of the most important characteristics
of acoustic resonators. Equation (8.1) indicates that the temperature coefficient of
frequency (TCF) of the acoustic resonator is given by

TCF D f �1
r
@fr
@T

D V�1 @V

@T
� h�1 @h

@T
: (8.15)

In the right hand side of the equation, the first and second terms correspond to
the temperature coefficient of the BAW velocity (TCV) and the thermal expansion
coefficient of the plate toward the thickness direction, respectively. Equation (8.15)
indicates that choice of the plate medium and propagation mode is determinative for
the TCF.

It is known that TCF can be very small for a wide temperature range when single-
crystal quartz is chosen as a plate material and its crystallographic orientation is set
properly [1]. This is the main reason why quartz resonators are widely used for
frequency control applications. However, materials with good TCF possess weak
piezoelectricity in general, and this is also true for quartz. Thus we must choose an
appropriate piezoelectric material under a compromise between TCF and kt

2 (or � )
as we will discuss in Sect. 8.5.

It should be noted that the TCF at f D fr (TCFr) is different from that at f D fa
(TCFa). Equation (8.8) indicates that TCFr and TCFa are related to each other by
the temperature coefficient of � (TCF� ) as

TCFa D TCFr � 1

2 .1C �/
TCF� : (8.16)

This equation indicates that difference between TCFr and TCFa becomes large when
� is small.
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8.3 Mason’s Equivalent Circuit Model

As for one-dimensional case, the rigorous analysis is possible by using the Mason
equivalent circuit [8, 9]. Figure 8.6 shows the equivalent circuit of the resonator
structure shown in Fig. 8.1a for the TE vibration. In the figure,

n2 D k2t C0ZpVpS=h; Zap D �jZpS csc
�
ˇph

�
; Zbp D jZpS tan

�
ˇph=2

�

Zae D �jZeS csc .ˇehe/ ; Zbe D jZeS tan .ˇehe=2/ ;

Zp and Ze are the acoustic impedance [9] (mass density � BAW velocity) of the
piezoelectric layer and electrodes, ˇp and ˇe are the wavenumbers (2� f /BAW
velocity) in the piezoelectric layer and electrodes, and he and S are the thickness and
surface area of the electrodes, and kt

2 is the “intrinsic” electromechanical coupling
factor of the piezoelectric layer for the TE vibration [9]. In the figure, both ends of
acoustic ports are short-circuited because the mechanical voltage (stress) is zero at
the top and bottom surfaces.

We can derive the input admittance Y (Di/v) from this circuit as

Y D 2� jfC0

1Cjn2.!C0/
�1
h
ZapCZbp=2C

n
ZbeC.Z�1

be CZ�1
ae /

�1
o
=2
i

�1

D 2� jfC0

1�k2t .ˇph=2/
�1fcot.ˇph=2/�Rg�1

;
(8.17)

Fig. 8.6 Mason equivalent circuit model of the BAW resonator
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where R D ZeZp
�1tan(ˇehe) is a factor giving influence of the electrodes on the res-

onance characteristics. It should be noted that when ˇehe � 1, R � 2� fZp
�1(�ehe),

where �e is the mass density of the electrode material.
From Eq. (8.17), the resonance frequency fr is given as a solution of

cot
�
ˇph=2

� D R (8.18)

while the anti-resonance frequency fa is given as a solution of

cot
�
ˇph=2

� � k2t
�
ˇph=2

��1 D R: (8.19)

Figure 8.7 shows calculated variation of fr and fa of the fundamental resonance
with R at f D fa. In the figure, the calculated frequencies are normalized by fa when
he D 0, and kt

2 was set at 0.05. In the calculation, we assume R is proportional to f. It
is seen that fr and fa decrease monotonically with R at f D fa. The frequency decrease
is due to an increase in the total mass of the resonator structure.

When he D 0, Eq. (8.17) reduces to

Y D 2� jfC0
1 � k2t tan

�
ˇph=2

�
=
�
ˇph=2

� : (8.20)

This equation relates fr/fa with kt
2 as

k2t D .n� fr=2fa/

tan .n� fr=2fa/
; (8.21)

Fig. 8.7 Variation of resonance and anti-resonance frequencies, and ke
2 with the electrode related

parameter R at f D fa
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Fig. 8.8 Vertical standing wave pattern

where n is the resonance order appeared in Eq. (8.1). When fr � fa, we can derive
the following relation from Eqs. (8.8) and (8.21);

2 .fa � fr/ =fa � ��1 �

8k2t =n2�2 n W odd

0 n W even
: (8.22)

Equation (8.22) indicates that three important facts: (a) achievable ��1 is limited
by kt

2 of the employed piezoelectric material, (b) even-order overtones cannot be
excited electrically, and (c) ��1 decreases rapidly with an increase in n.

Figure 8.8 shows the standing wave pattern of resonances with different n.
Because of stress free on the top and bottom surfaces, the displacement takes a
maximum there. When n is even, the displacement polarity at the top surface is
in-phase with that on the bottom surface. Then the resonance cannot be excited and
detected electrically, and ��1 is zero for the case. Even when n is odd, periodicity of
the distribution causes cancellation of excited electric fields, and thus ��1 becomes
very small when n is large.

It should be noted that Eqs. (8.21)–(8.22) hold only when he D 0. Since influence
of electrodes is not negligible in general, we often characterize piezoelectric strength
of the resonator by the “effective” electromechanical coupling factor ke

2 defined by

k2e D .� fr=2fa/

tan .� fr=2fa/
: (8.23)

or its approximated forms of

k2e D �2

4

fa � fr
fa

: (8.24)

Figure 8.7 also shows ke
2 calculated by Eq. (8.23) as a function of R at f D fa. It

is seen that ke
2 increases with an increase in R at f D fa, and is going to converge

to �2/8 D 1.234. This value is the coefficient appearing in Eq. (8.22), and originates
from unmatching of the excitation electric field with the acoustic wave field. When
R is large, the electrodes can be regarded as the mass and the piezoelectric plate
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behaves like a spring. Then the stress field in the plate becomes uniform, and is
matched with the excitation electric field. This positive effect of the electrode mass
loading was first reported by Lakin et al. [10].

It should be noted that the figure of merit are often evaluated by Mr D Qrke
2 and

Ma D Qake
2 instead of Mr D Qr/� and Ma D Qa/� defined in Eqs. (8.9) and (8.10).

8.4 Resonator Structures

For many years, piezoelectric thin plates required for BAW resonators have been
manufactured by mechanical thinning and polishing of piezoelectric plates of quartz
and ceramics. Due to difficulty in mechanical processes, practical limit of h was
circa a few tens of micrometers, and thus the fundamental resonance frequency was
limited in the high frequency (HF) range (<30 MHz). Although use of harmonic
resonances with n ¤ 1 extends this limit, it results in significant increase in � or
decrease in ke

2.
Smythe and Angove applied anisotropic chemical etching for thinning quartz

plates, and this extended applicability of quartz resonators close to the GHz
range [11].

In 1980–1981, three groups independently proposed high frequency BAW res-
onators fabricated by the thin film and micromachining technologies [12–14]. This
technology extended applicability of BAW resonators to the ultra high frequency
(UHF) and super high frequency (SHF) ranges.

Figure 8.9a shows the proposed device structure called the film bulk acoustic
resonator (FBAR). Bottom electrode, piezoelectric film, and top electrode are
sequentially deposited and patterned on a supporting substrate (Si). Then the
substrate is partially removed from the back side by chemical etching [12–14] or
deep reactive ion etching [15], and the free standing diaphragm is realized.

Satoh et al. proposed to use the sacrificial layer technique for the air gap
fabrication (see Fig. 8.9b) [16]. First, two additional layers are deposited and
patterned, and then bottom electrode, piezoelectric film, and top electrode are
successively deposited and patterned. Finally, first additional (bottom) layer is
etched away chemically and the air gap is created under the composite diaphragm.

In this process, sticking of the diaphragm to the base substrate is troublesome.
The second additional layer is aimed at keeping the distance large and avoiding this
problem.

Taniguchi et al. proposed use of bending of the composite diaphragm caused by
the internal stress to keep the air gap height [17]. This can eliminate the second
additional layer.

Ruby et al. proposed to use the surface micromachining for the same purpose (see
Fig. 8.9c) [2]. First, the top surface of the supporting substrate is partially etched,
and the etched portion is filled with another material such as phosphosilicate glass,
which is used as a sacrificial layer. Remaining fabrication steps are identical with
those described above.
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Fig. 8.9 FBAR structures.
(a) Back-side etched. (b)
Sacrificial-layer etched. (c)
Front-side etched

Lakin et al. proposed to use the Bragg reflection instead of the air cavity to isolate
the composite membrane acoustically from the base substrate [18]. Figure 8.10
shows this type of proposed device structure called the solidly mounted resonator
(SMR). Thin films of low and high acoustic impedance Za with quarter wavelength
layer are stacked alternately, and they act as the Bragg reflector. SiO2 is used for
low Za layers while W or Ta is chosen for high Za layers. Due to penetration of
acoustic energy into the Bragg reflector, achievable ke

2 is a little smaller than that in
the FBAR structure [19].

It should be noted that the layer thicknesses are slightly modified from quarter
wavelengths so that strong reflection occurs not only for the longitudinal vibration
but also for shear ones [20]. This modification gives significant enhancement of the
Q factors.
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Fig. 8.10 SMR structure

8.5 Material Choice

Choice of the piezoelectric material is determinative for designing high performance
RF BAW resonators. That is, kt

2 limits achievable fractional frequency bandwidth
for filter applications.

Aluminum nitride (AlN) is widely used for the purpose because of its several
distinct features: low propagation loss, high electrical resistivity, and compatibility
with CMOS fabrication processes and equipment [21, 22]. Although various
materials such as zinc oxide (ZnO) [12–14, 16] and lead zirconate titanate (PZT)
[23, 24] have been investigated extensively for the use, realized performances are
much worse than those attained by AlN and far from practical use.

In general, piezoelectric films used in these resonators are polycrystalline, and
resonator performances are significantly dependent on various film properties such
as crystallinity, orientation, grain size, and binding strength among grains, and
they must be uniform through the wafer and/or batches for mass production. Thus
appropriate techniques and/or apparatus must be selected for the film deposition
[22, 25].

Recently, Sc doping in AlN films is paid much attention owing to its drastic
enhancement of the electromechanical coupling [26–28]. When the Sc content is
43 at.%, kt

2 takes a maximum value about five times larger than non-doped AlN
films. Yokoyama et al., proposed co-doping of Mg and Zr for the same purpose [29].
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In general, stiff materials have small acoustic attenuation. With an increase in the
doping amount, BAW velocities in these films decrease and the acoustic attenuation
becomes large.

Molybdenum (Mo) [2], tungsten (W) [19], and ruthenium (Ru) [30] are often
used for the electrodes because their large acoustic impedance offers increase in ke

2

described in Sect. 8.3, and they act as a good seed layer for the AlN growth.
Another important merit of these materials is compensation of the internal stress

generated during the AlN deposition. This property is crucial for realization of the
free standing membrane in the FBAR structures. In many cases, AlN films with
good crystal quality possess large internal stress.

Amorphous silicon dioxide (SiO2) possesses a quite unique feature in acoustics.
Namely, SiO2 becomes stiff with temperature T. In contrast, most of all materials
including AlN, Mo, and Ru become soft with T. Thus the temperature coefficient
of the resonance frequency (TCF) can be improved by inclusion of SiO2 in the
resonator structure [31, 32].

It should be noted that SiO2 is non-piezoelectric and relatively lossy. Thus the
TCF compensation by SiO2 is only possible at an expense of the ke

2 and Q reduction.
In general, SMRs offer better TCF but worse Q than FBARs because SiO2 is used
in the Bragg reflector [19].

There is another aspect to be paid much attention when fabricating a BAW
resonator with SiO2 layers. That is, properties of SiO2 are very dependent on the
deposition technique, apparatus, and conditions, and thus appropriate deposition
environments must be endeavored for the current purpose [33].

8.6 Lateral Wave Propagation

Since real BAW resonators possess three-dimensional structures, we must take their
influences into account.

Let us consider, as an example, the FBAR structure shown in Fig. 8.11. When the
center portion of the resonator vibrates, excited acoustic waves may also propagate

Fig. 8.11 FBAR structure
and Lamb wave propagation
and leakage
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laterally in the diaphragm. Acoustic waves guided in a plate are called Lamb waves.
Since leakage of excited Lamb waves causes deterioration of the resonator Q, its
suppression is necessary.

The energy leakage can be suppressed by designing side edges to cause the
total reflection for all Lamb modes and confine wave energy in the resonator area.
However, this strategy causes another problem. That is, due to phase lag with
propagation, trapped Lamb modes cause unnecessary spurious resonances close to
the main resonance. They are called the transverse mode resonances or inharmonic
overtones. The most important but never ending design theme is their suppression
without badly affecting the Q factor of the main mode.

The resonance condition of the transverse modes is given by

ˇyW � †�y D ny�; (8.25)

where ˇy is the wavenumber of Lamb modes along the surfaces, W is the electrode
width, n is the order of the lateral resonance, and � y is the reflection coefficient at
the side edges, respectively.

Figure 8.12 shows lateral standing pattern of the Lamb modes when the lateral
edges are mechanically free. In this case, the displacement takes a maximum there.
It should be noted that, similar to the longitudinal resonances, electrical excitation
efficiency will be decreased significantly with an increase in ny (or ˇy) because of
mutual cancellation of charges induced by the sinusoidal field.

By a simple analogy from electromagnetic waveguides, readers may think the
relation between ˇy and !, namely, the dispersion relation is given by

ˇy D
q
.!=V/2 � .n�=h/2 D V�1

q
!2 � !2r ;

where h is the plate thickness and !r is the thickness resonance frequency. This
equation indicates that waveguide modes exhibit cutoff nature and can propagate
laterally only when ! >!r. However, it is more complex for acoustic waveguide
cases and cannot be expressed in a closed form even when anisotropy is ignored.
This is because the mutual conversion occurs between longitudinal and shear bulk

Fig. 8.12 Lateral resonance patterns
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Fig. 8.13 Dispersion relation of Lamb modes in the AlN plate

waves at the top and bottom surfaces and its influence to the Lamb wave propagation
is significant. Existence of anisotropy and piezoelectricity makes the analysis more
complex. Detailed discussions on acoustic waveguides are seen in Ref. [34].

Figure 8.13 shows the horizontal wavenumber ˇy of Lamb modes propagating
in an AlN plate with he D 0 as a function of f. In the figure, Sn and An indicate
the nth order symmetric and anti-symmetric Lamb modes, respectively. A branch
of the first-order symmetric (S1) mode intercepts with the vertical axis at f D fS1c

(5.55 GHz • �m/h), which corresponds to the resonance frequency fr of the main
TE mode. When fS1b < f < fS1c, the S1 mode can propagate laterally, and it may cause
spurious lateral resonances after reflections at side edges. On the other hand, when
f < fS1b and f > fS1c, the S1 mode is cut off, and the spurious resonances do not occur.

Two branches of the S1 mode meet at f D fS1b, and both of them cannot propagate
laterally when f < fS1b. This variation of ˇy with respect to !, i.e., @ˇy/@! < 0, is
often called the Type-II dispersion.

In other device structures and materials, @ˇy/@! is quite often positive near the
cut off frequency corresponding to the fundamental resonance. This type is called
the Type-I dispersion, and the transverse resonances occur at frequencies above the
fundamental resonance in the case.

Other Lamb modes exist in the structure. When ˇ is large, these modes are
hardly excited electrically because sinusoidal variation causes mutual cancellation
of excited vibration. A1 and S2 modes correspond to the first and second-order
thickness shear resonances, respectively, at the cut off, which are not excitable
electrically when c-axis oriented AlN films are used. Thus only the S1 mode close
to the cutoff (f D fS1c) is efficiently excitable electrically.

Equation (8.25) indicates that resonance frequencies with ny ¤ 0 can be set far
from the main resonance frequency with ny D 0 when W is small. But it is not
acceptable for filter applications because reduced electrode area results in increased
resonator impedance. Furthermore, reduction of the electrode size results in that of
the resonator Q factor. Thus it is not practical to connect multiple resonators with
small electrode area electrically in parallel.
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As a practical solution, electrodes are often shaped into a polygon with nonpar-
allel edges to smear out spurious resonances. This technique is called apodization
[35, 36]. It may cause Q deterioration of the main resonance due to relatively large
attenuation of Lamb waves with propagation.

One interesting idea is the so called piston mode structure [37], where the
resonator side edges are designed to be †� y D 0. As shown in Fig. 8.12, charges
induced on the electrodes will be cancelled out due to the sinusoidal field variation
of higher-order modes (ny > 0). On the other hand, the fundamental mode (ny D 0) is
excitable and detectable electrically because of uniformity of the displacement field.

This idea seems simple and easy to realize. But it is not true. This is because
oblique incidence of longitudinal waves to the boundaries causes conversion to shear
waves and vice versa, and Lamb modes incident to side edges will cause additional
phase shift and/or conversion to the other modes. Namely, electrode edges cause
significant scattering of the TE vibration to Lamb modes.

As shown in Fig. 8.11, top and bottom electrodes and/or the piezoelectric film
are often extended to peripherals for the electrical connection. They may cause not
only the phase shift and mode conversion but also energy leakage.

It is known that these effects can be reduced by defining boarders for efficient
reflection of Lamb modes [38]. An example is the overlay (mass-loading) on the
top electrodes shown in Fig. 8.11. Under proper design, the mode conversion is well
suppressed and large � y is achievable. Furthermore, the piston mode operation is
possible by designing the perimeter region so that †� y D 0 at its inner edge [39, 40].

8.7 Summary

This chapter described basic properties and modeling of piezoelectric BAW res-
onators.

Due to the limited space, all rigorous and/or detailed discussions are intentionally
omitted. Also, discussions on several important aspects such as history, filter
applications, packaging, fabrication, and integration could not be included in this
chapter due to the same reason.

Readers who are willing to know them more in detail, please refer to Refs.
[41, 42].
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Chapter 9
Shear Piezoelectric MEMS Resonators

D.T. Chang and D.J. Kirby

High Q, low loss, small size, and the potential for high-frequency operation are the
primary benefits of shear piezoelectric MEMS resonators. The mechanical Q of a
device strongly determines the overall frequency stability of the resonator/oscillator
under test. In particular, piezoelectric crystals such as quartz can be carefully
oriented to provide frequency stabilization over temperature. Thickness-shear-mode
(TSM) piezoelectric resonators have been fabricated in the MHz–GHz frequency
range using wafer-level processing suitable for volume manufacturing of frequency
control devices. This chapter discusses the fundamentals of shear-mode operation
and provides examples of simulated and fabricated devices and their performance
and applications.

9.1 Introduction to MEMS Resonators

Miniaturization of crystal resonators for frequency control applications has driven
technology development toward MEMS components. MEMS resonators are attrac-
tive for use as oscillators by virtue of their reduced cost, size, weight, and power
(CSWaP), combined with the potential for integration with electronics. When
designing crystal oscillators for frequency sources, the resonator frequency stability
is of paramount importance. In general, thermal frequency variation and quality
factor, Q, of the resonator play a dominant role in overall frequency stability.

The aspects of MEMS resonator systems determining efficient, low-noise
operation and high-frequency stability are the transduction technique, vibration
mode type, and the material system. Examples of MEMS resonator transduction
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techniques include electrostatic, piezoelectric, piezoresistive, magnetic, and
thermal. Examples of vibration modes are flexural, contour, extensional, and shear.
Material systems for MEMS devices commonly include silicon, polysilicon, quartz,
AlN, LiNbO3, LiTaO3, ZnO, PZT, and GaN.

Piezoelectric transduction exploits a reciprocal mechanical strain induced with
applied electric field. With an AC voltage applied, the fluctuating mechanical
strain excites a vibration. By comparison, electrostatic (capacitive) transduction uses
electrodes across an air gap to produce alternating electrostatic forces necessary to
drive the device into motion. In contrast the piezoresistive mechanism, used mainly
for sensing as opposed to excitation, utilizes an induced change in flexure of an
element to provide a change in measured resistance. For magnetic transduction, a
uniform magnetic field applied to a magnetic material causes the material to deflect,
thereby mechanically actuating the structure. And for thermal devices, an oscillating
voltage passing through a resistive medium results in an alternating ohmic loss
component. An element subjected to varying losses experiences heating and cooling
which, via thermomechanical coupling, can resonantly actuate the structure. In each
of the excitation categories, amplitude of mechanical vibration builds according
to the Q of the resonant mode. Modal vibration amplitude is Q times larger on
resonance compared with off resonance. The mechanical Q of the resonant mode is
important as it strongly determines the overall frequency stability of the component
under test.

MEMS resonators support flexural, contour, extensional, and shear modes with
the vibration mode type generally classifying the resonator type. Resonant frequen-
cies are determined by the material properties and the mechanical dimensions of the
resonator. The general operating frequency range of each of these resonator classes
is summarized in Table 9.1.

Lower-frequency devices (10 kHz–10 MHz) are typically flexure-mode res-
onators such as a polysilicon beam [1]. Next higher in frequency are the AlN or
LiNbO3 contour-mode resonators (CMR) which vibrate in a body dilation mode in
the range 10 MHz–10 GHz [2, 3]. Shear-mode devices, for example, quartz and
silicon thickness-shear-mode resonators, operate up to 1–2 GHz [4–6]. Finally, the
higher-frequency devices operating up to 20 GHz include thickness extensional
resonators which vibrate across the thickness of the piezoelectric device. Exam-
ples include the thin-film bulk acoustic resonator (FBAR) devices, commercially
available in aluminum nitride (AlN) [7, 8].

Table 9.1 Operating
frequency range versus
vibration mode of resonators

Vibration mode Operation frequency range

Flexure 10 kHz–10 MHz
Contour 10 MHz–10 GHz
Shear 10 MHz–2 GHz
Thickness extensional 500 MHz–20 GHz
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Fig. 9.1 Thickness-shear-
and face-shear-mode
schematics

Face Shear ModeThickness Shear Mode

9.2 Piezoelectric Shear Modes

Narrowing our focus to piezoelectric shear resonators, devices can support either
“thickness”-shear or “face”-shear modes. Examples of the distortion occurring for a
thickness-shear mode and a face-shear mode are shown in Fig. 9.1.

Piezoelectric thickness-shear modes exhibit shearing displacement along one
axis which is perpendicular to the device thickness. These modes are electrically
excited by an electric field along the Y-axis (direction of thickness) and shear along
the crystal X- or Z-axes. Resonance frequencies of the thickness-shear modes occur
when the thickness contains an odd integral number of half wavelengths. (Even
modes are eliminated due to charge conservation.) Thickness-shear modes have
high Q and low impedance. Quartz face-shear devices typically use CT- and DT-
cut crystals and distort along more than one axis. Face-shear resonators are not
yet as well developed because of their susceptibility to interference from flexural
modes [9].

9.3 Piezoelectric Thickness-Shear Principles

For a crystal to be piezoelectric, it must have no center of symmetry (non-
centrosymmetric). The piezoelectric effect is a reciprocal effect converting mechan-
ical pressure into an electric field or an electrical field into mechanical strain energy.

At rest and in the absence of any applied potential E, the net charge on the surface
of a piezoelectric crystal is zero since all charges within the material sum to zero.
However, with a potential bias applied across opposite crystal faces, the surface
charge is locally non-zero and a strain or dimensional change takes place. With an
applied AC potential, a vibration mode is created in the structure. As the charges
change sign with the applied field, the resulting strain follows the field, creating a
vibration mode. The material and dimensions of the structure determine the absolute
frequency of the resonant modes, and on resonance the vibration amplitude is
amplified by the Q-factor of the mode.

Evaluating the total strain in the crystal, one needs to sum the strain developed
under the piezoelectric effect plus the strain derived from Hooke’s law for a non-
piezoelectric material. Hooke’s law for a non-piezoelectric material states that

Tij D cijklSkl (9.1)
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or

Sij D sijklTkl (9.2)

where T D applied stress, S D strain, c D the components of Young’s modulus
(elastic stiffness coefficients), and s D the elastic compliance coefficients (inverse
of c). Note that for isotropic uniaxial cases, the stiffness is a single value of
the Young’s modulus, E, whereas for anisotropic materials, stiffness has a tensor
representation as in Eqs. 9.1 and 9.2. For a piezoelectric material, an applied stress
(T) or strain (S) produces a contribution to electric polarization (P) through the
piezoelectric strain coefficients (d) or the piezoelectric stress coefficients (e) as in
Eqs. 9.3 and 9.4 [10]:

Pi D dijkTjk (9.3)

or

Pi D eijkSjk (9.4)

Conversely, when placed in an electric field E, a piezoelectric crystal develops strain
which deforms the structure as represented in Eqs. 9.5 and 9.6:

Sjk D dijkEi (9.5)

or

Tjk D eijkEi (9.6)

The first subscript denotes the direction of the electric polarization or of the electric
field, and the last two subscripts denote the direction of stress or strain. Hence
summing Eqs. 9.2 and 9.5, the total strain S can be expressed as a function of the
piezoelectric strain by

Sij D sijklTkl C dkijEk (9.7)

Similarly, summing polarization contributions from the applied stress (Eq. 9.3) and
from the applied electric field (Eq. 9.8),

Pi D "0�ijEj (9.8)

And, using the well known electric displacement equation,

D D "0E C P (9.9)

Where "0 D permittivity of free space, 8.854 � 10�12 F/m.



9 Shear Piezoelectric MEMS Resonators 225

We can sum Eqs. 9.3 and 9.8 and subsequently convert to electric displace-
ment D. Therefore, we complete the pair of piezoelectric constitutive equations with
Eq. 9.10:

Di D diklTkl C "ikEk (9.10)

An alternate form of the pair of Eqs. 9.7 and 9.10 can be written for the total stress
T in terms of the piezoelectric stress as in Eqs. 9.11 and 9.12:

Tij D cijklSkl � ekijEk (9.11)

Di D eiklSkl C "ikEk (9.12)

where "D dielectric permittivity coefficients. Note that the stress and strain tensors
are symmetric and therefore dijk D dikj and similarly eijk D eikj. The piezoelectric
stress e and strain d coefficients are related through the elastic stiffness constants, c.

Considering the strain arising from the applied electric field as in Eq. 9.7,
represented in matrix notation, we can write that the strain (S) and electric field (E)
are related by the piezoelectric strain coefficient matrix d. To convert from tensor
notation to matrix condensed notation, the first tensor subscript is retained, and the
following two subscripts are replaced with a single value according to Table 9.2:
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Ex

Ey

Ez

3

5 (9.13)

In Eq. 9.13, the shearing terms are the cross terms of the strain coefficients, Syz,
Szx, and Sxy. For thickness-shear-mode resonators, the resonator thickness lies in the
crystal Y-direction. Therefore, the thickness-shear terms are generated in the YZ-
and XY-planes via the components Syz and Sxy, whereas the term Szx corresponds to
“in-plane” shearing.

Considering piezoelectric materials, it is useful then to compare the strength
of the piezoelectric stress/strain coefficients. Many thin-film piezoelectrics such as
AlN, ZnO, and PZT have three significant piezoelectric coefficients, d31 (or e31),
d33 (or e33), and d15 (or e15), which can be exploited to induce strains/stress in

Table 9.2 Conversion
between tensor notation and
matrix notation

Tensor notation, jk 11 22 33 23,32 31,13 12,21
Matrix notation, p 1 2 3 4 5 6
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Table 9.3 Piezoelectric
strain coefficients d (�10�12

C/N) [10]

Material d11 d14 d22 d31 d33 d15

˛-Quartz 2.31 �0.67 0 0 0 0
LiNbO3 0 0 20.8 �0.85 6.0 69.2
LiTaO3 0 0 7.5 �3.0 5.7 26.4

Table 9.4 Piezoelectric
stress coefficients e (C/m2)
[10–12]

Material e11 e14

˛-Quartz 0.171 0.0403
La3Ga5SiO14 �0.431 0.108
La3Ga5.5Ta0.5O14 �0.54 0.07

different directions. Lithium niobate (LiNbO3) and lithium tantalate (LiTaO3) have
four non-zero components, d21 D �d22 (or e21 D �e22), d31(or e31), d33 (or e33),
and d15 (or e15) [10]. However, quartz (SiO2), langasite (La3Ga5SiO14, LGS), and
langatate (La3Ga5.5Ta0.5O14, LGT) are of the same crystal class and have only two
non-zero components, d11 (or e11) and d14 (or e14) [10–12]. Values of some available
piezoelectric strain coefficients d are given in Table 9.3, and the piezoelectric stress
coefficients e are given in Table 9.4.

Although alpha (˛)-quartz has moderate to small values for the piezoelectric
strain coefficients, d, it is attractive for frequency control applications because of
its potential for high Q and low impedance. Alpha-quartz belongs to the trigonal
crystal system with point group 32. A crystal has X-, Y-, and Z-axes along which
the material properties are defined. The Z-axis of the crystal is defined as parallel to
the trigonal c-axis of crystal symmetry. A phase transition occurs at T D 573 ıC, at
which temperature ˛-quartz transforms to ˇ-quartz and is no longer piezoelectric.
Any further discussion of quartz in this chapter assumes it is in the ˛-phase.

Examining more closely, quartz crystals have many piezoelectric strain terms
equal to zero, and the trigonal symmetry reduces the generalized matrix of Eq. 9.13
to that of Eq. 9.14:
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5 (9.14)

In this case, as can be seen from Eq. 9.14, shearing can develop in quartz, langasite,
or langatate with either Ex or Ey applied. All other d terms corresponding to Ez

are zero. From Table 9.3, for ˛-quartz, we have the piezoelectric strain coefficients
d11 D 2.3 � 10�12 C/N and d14 D �0.67 � 10�12 C/N. The corresponding piezo-
electric stress coefficients are e11 D 0.171 C/m2 and e14 D 0.0403 C/m2 as seen
in Table 9.4. The absolute value of 2d11 compared with d14 is such that the Sxy

dominates over Szx for applied electric field Ey. Note that in order to use d11 for
thickness-shear modes in quartz, we must apply Ey. For the case of finite Ey and
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3rd Overtone
Thickness Shear

Fundamental Mode
Thickness Shear

+x displacement

–x displacement

Y

X

Fig. 9.2 Schematic of AT-cut quartz crystal X-displacement for the fundamental and third
overtone thickness-shear modes. An integral number of half wavelengths exist through the crystal
thickness

Ex and Ez D 0, the piezoelectric strain coefficient d11 produces an Sxy component of
strain resulting in a thickness shearing displacement of the crystal in the XY-plane.

Pictorially, an AT-cut quartz crystal shears in the X-direction, through the
thickness, Y, and about the Z-axis as presented in Fig. 9.2. In both the fundamental-
mode and a third overtone thickness-shear mode, the top and bottom surfaces
of the crystal undergo maximum X-displacement in opposite directions. For the
fundamental mode, a single minimum displacement (null) occurs between these two
maxima, forming a half shear-mode wavelength through the thickness. For the third
overtone mode, three half wavelengths are formed between the two surfaces of the
crystal.

9.4 Quartz Crystal Cut Angles

Thickness-shear modes can be generated in quartz using AT-, SC-, BT-, FC-, and
IT-cut crystals. These cuts are desirable because they lie on the locus of the zero
temperature coefficient curves and therefore have the potential to provide a high
degree of frequency stability over temperature [13, 14].

Crystals are cut with reference to the X-, Y-, and Z-axes. In the case of a Y-cut
crystal, the Y-axis lies perpendicular to the crystal plate, and the thickness of the
crystal plate lies along the Y-axis. Similarly, X- and Z-cut plates lie perpendicular to
the X- and Z-axes, respectively. The quartz blank material is orientated differently
before wafer and device fabrication to form the varying quartz cuts. Thus, for
each cut, the transduction/excitation field interacts with a modified version of the
material.

AT- and SC-cuts (modified Y-cuts) are the most effective quartz cuts to achieve
temperature compensation for high-frequency devices. A classic AT-cut quartz
crystal is a singly rotated Y-cut such that the quartz plate rotates about the
X-axis and from the Z-axis toward the XY-plane by 35.25ı (35ı 150) as illustrated
in Fig. 9.3. In this case, shearing occurs in the X-direction. In contrast, an
SC-cut crystal is a doubly rotated Y-cut. As an example, the quartz is first rotated by
�D 22.4ı about the Z-axis from X toward Y and subsequently by � D 33.88ı again
about the X-axis and from the Z-axis toward the XY-plane [15]. An SC-cut crystal
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Fig. 9.3 Crystal orientation
angles defining singly rotated
(e.g., AT-cut) and doubly
rotated (e.g., SC-cut) quartz
crystals

has a small out-of-plane shearing component in the Y-axis. These two crystal cuts
offer quite different frequency-temperature (f -T) performance. The highest stability
crystal oscillators typically use SC-cuts. Although they are more difficult and costly
to manufacture, they offer in-plane stress compensation and therefore higher thermal
frequency stability over AT-cut crystals.

Additionally, it is useful to examine the piezoelectric coupling constant, K,
for each crystal cut. This is a dimensionless number derived from the material
properties and provides an indication of the strength of the piezoelectric effect for a
given material. Quartz has low coupling factor K compared with other piezoelectric
materials, but is still desirable for its high Q and low electrical impedance. Values of
the electromechanical coupling factor K D 8.8 % for AT-cut quartz and K D 4.99 %
for SC-cut quartz. The electromechanical coupling coefficient kt

2 represents the
efficiency of coupling from an electric field to a mechanical mode and is readily
derived from K using Eq. 9.15 [16]:

k2t D K2

1C K2
(9.15)

For AT-cut quartz the electromechanical coupling coefficient is approximately
0.77 % and approximately 0.25 % for SC-cut quartz.

9.5 Frequency Dependence on Plate Dimensions

The resonant frequency of a piezoelectric plate is primarily dependent on the
plate thickness and material properties as described in Eq. 9.16 with thinner plates
providing higher fundamental frequencies:
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fn D n

2t

r
cij

�
(9.16)

n D nth harmonic
cij D elastic stiffness coefficient
�D density
t D plate thickness

The lateral dimensions of the plate are scaled appropriately as the plate thickness
varies for a desired fundamental operating frequency. Electrodes included on the
top and bottom surfaces of the plate confine the thickness-shear mode. Dimensions
of the plate and the electrodes are scaled in such a way as to maintain effective
modal trapping within the electrode region; otherwise, the resonator Q is spoiled
and frequency stability compromised.

For quartz, the elastic stiffness coefficient c66 � 3 � 1010 (1/Pa) and density
�D 2649 kg/m3, and therefore as a convenient estimate for the fundamental
thickness-shear mode of quartz, the resonant frequency can be approximated by
the ratio of 1.6 GHz to the plate thickness in microns as in Eq. 9.17:

f0 D 1:6 GHz

t .�m/
(9.17)

Note that due to mass loading effects, the actual resonant frequency of the device is
reduced by the electrode metal.

9.6 Thickness-Shear-Mode Simulation

As an example of an AT-cut quartz thickness-shear-mode (TSM) resonator, Fig. 9.4
shows a finite element analysis (FEA) fundamental-mode eigenfrequency result, in
which the top and bottom surfaces of the quartz under the electrodes experience a
displacement in the X-direction. The crystallographic axes appear in each figure.
For the purposes of simulation, the quartz plate is fixed on one edge by an
absorbing strip, similar to a perfectly matched layer (PML) boundary condition.
The quartz plate is 1.5 �m thick for 1 GHz operation. Aluminum electrodes are
of 120 � 120 �m2 area and 0.04 �m thick. Notice that the region surrounding the
electrodes does not encounter significant displacement and that the shear mode is
“energy trapped” under the electrodes. The arrows in the center of the electrode
indicate the magnitude of displacement in the X-direction. Dark regions represent
larger X-displacement, whereas light regions represent minimal X-displacement.
Referring to the XY-plane side view, the maximum displacement of the top surface
occurs in the �X-direction, while for the lower surface, maximum displacement
is in the CX-direction. The simulation shows a confinement of energy under the
electrode region with little or no energy leaking to the edges of the quartz plate.
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Fig. 9.4 Simulation of displacement associated with thickness-shear mode. Displacement is
limited to the electrode region and occurs in the CX-direction (bottom of quartz) and in the
�X-direction (top of quartz)

9.7 Frequency Dependence on Temperature

Referring back to the thickness-frequency relation of Eq. 9.16, taking the log of both
sides and then differentiating, we obtain the fractional frequency of a resonator for
varying temperature, also known as the linear temperature coefficient of frequency
(TCF):

log .fn/ D log
�n

2

�
� log.t/C log

�
1p
�

�
C log

�p
cij
�

(9.18)

TCF D d .log fn/

dT
D 1

fn

dfn
dT

D �1
t

dt

dT
� 1

2�

d�

dT
C 1

2cij

dcij

dT
(9.19)

We see that the TCF is dependent on the thickness, the density, and the elastic
stiffness change over temperature. The magnitude of the components of Eq. 9.19
affecting the frequency stability is primarily determined by the crystal cut. The TCF
can approach zero for certain cuts when the contribution from the elastic coefficients
balances those of the thermal expansion and density change with temperature. The
orientation of the crystal cut is therefore a key component of resonator design.

The crystal cut additionally defines the vibrational modes that can exist in the
resonator. AT- and SC-cut quartz typically have low TCF and support thickness-
shear vibrational modes. An AT-cut quartz crystal can exhibit a frequency variation
of less than 15 ppm over a wide temperature range of �35 to C85 ıC leading
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Fig. 9.5 Thickness-shear-mode frequency dependence on temperature for varying AT-cut quartz
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to high thermal frequency stability without the need for further temperature
compensation. An SC-cut offers in-plane stress compensation and therefore higher
thermal frequency stability over AT-cut crystals.

An example of simulated frequency variation versus temperature for varying
quartz angle of cut is shown in Fig. 9.5 for a 500 MHz AT-cut thickness-shear-
mode resonator. Note the upper and lower turnover temperatures at approximately
T D �15 ıC and T D C65 ıC representing zero frequency-temperature slope. The
frequency variation is <15 ppm for the standard AT-cut quartz angle of 35ı150
(solid circle symbol). As the quartz cut angle is rotated in the positive direction,
the steepness of the curve (temperature coefficient of frequency) increases and the
overall ppm excursion also increases. As the cut angle is decreased, the S-shape of
the curve flattens out and the overall frequency variation is reduced. In the center
of the temperature variation, the frequency excursion can become quite flat until
the turnover points merge together. At this point, typically over a slightly large
temperature range, the temperature coefficient of frequency is zero. However, the
frequency change at the temperature extremes can become quite large under this
condition, as seen in the curve for the cut angle 35ı120 of Fig. 9.5 (open square
symbols). Note that the final f -T behavior is modified slightly for specific resonator
designs.

For comparison with AT-cut, an f -T curve for an SC-cut quartz resonator
thickness-shear mode is shown in Fig. 9.6. The doubly rotated SC-cut offers a
difference in shape of the curve, exhibiting a much flatter region near T D 100 ıC,
bounded by lower and upper turnover points. The inflection point lies between these
two turnovers where the second derivative of the slope changes sign. As � increases,
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the lower turnover temperature decreases. And as � increases, the inflection point
temperature increases. More specifically, as � increases, the two turnover points
separate in temperature, and the frequency change (ppm) between the turnovers
increases. Thus, the crystal cut is important for determining f -T performance and
placing the turnover temperatures at desired locations for appropriate frequency
stability. For comparison silicon has a linear thermal coefficient of frequency of
approximately 30 ppm/ıC, demanding a higher level of temperature compensation
for high precision applications.

Another important consideration of resonator frequency stability is activity dips.
An activity dip is either a frequency jump or a dip in the Q of the desired resonant
mode. Activity dips occur when flexural modes close in frequency to the thickness-
shear mode interfere with and extract energy from the desired mode. Figure 9.7
shows a simulated f -T and Q versus temperature of an ideal AT-cut resonator
without any frequency jumps or dips in Q. In general, SC-cut crystals exhibit fewer
activity dips than AT-cut counterparts. Activity dips are avoided through resonator
design by minimizing the presence of spurious flexural modes within the vicinity
of the thickness-shear mode. Stable shear MEMS resonators approaching GHz have
shown f � Q products close to 1 � 1013 Hz.

9.8 The Equivalent Circuit

The inherent electrical parameters used to describe a resonator can be related to
their mechanical counterparts as summarized in Table 9.5. The force applied to a
system corresponds to an applied voltage, the displacement of a mass corresponds
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Table 9.5 Correspondence
of mechanical to electrical
resonator parameters

Mechanical parameter Electrical parameter

Force (F) Voltage (V)
Displacement (x) Charge (q)
Velocity (v) Current (I)
Compliance (1/k) Capacitance (C)
Damping (Cm) Resistance (R)
Mass (m) Inductance (L)

Fig. 9.8 Butterworth-Van
Dyke equivalent circuit of a
piezoelectric resonator

L1 R1 C1

C0

to a charge on the capacitor, and the velocity of a component relates to the current.
Continuing, for the elements of a mechanically vibrating system, the compliance of
the structure relates to a motional capacitance, damping is described via a motional
resistance, and the effective mass of the structure is associated with a motional
inductance.

A schematic of the Butterworth-Van Dyke equivalent circuit model used to
describe a piezoelectric resonator is presented in Fig. 9.8 in which C0 is the static
capacitance of the electrodes sandwiching the dielectric material. L1, C1, and R1

represent the motional arm of the resonator, i.e., the mechanically vibrating body.
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The relationships between equivalent circuit parameters are summarized in
Eqs. 9.20–9.24 [17]:

C0 D "0"
A

t
(9.20)

where "0 D permittivity of free space, "D dielectric permittivity of piezoelectric
material, A D electrode area, and t D resonator thickness.

For the motional arm of Butterworth-Van Dyke model, the series resonant
frequency is given by !0,

!0 D 1p
L1C1

(9.21)

f0 D 1

2�

s
1

L1C1
(9.22)

and quality factor

Q D !0L1
R1

(9.23)

Substituting for either L1 or !0 from Eq. 9.21, we have

Q D 1

2� f0R1C1
D 1

R1

s
L1
C1

(9.24)

With the equivalent circuit parameters in hand, one can predict the impedance, Z
(V/I), or the related admittance, Y D 1/Z (I/V), response of a resonator. A simulated
example admittance (Y) response for a 1 GHz AT-cut resonator is shown in Fig. 9.9.
For the Butterworth-Van Dyke RLC circuit, the impedance of the motional arm Z1

is given by Eq. 9.25

Z1 D R1 C j!L1 C 1

j!C1
(9.25)

and the impedance of the static arm Z2 is

Z2 D 1

j!C0
(9.26)
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Fig. 9.9 Admittance of a
1 GHz quartz resonator
showing the resonance peak
(1/R1) and the off-resonance
static capacitance C0
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The total impedance Zt of the resonator is the sum of the static and motional
impedances in parallel:

1

Zt
D 1

Z1
C 1

Z2
D 1

R1 C j!L1 C 1
j!C1

C j!C0 (9.27)

On resonance, the real part of the impedance ÍZRÍ � R1. The complex impedance
(reactance) of the resonator ÍZC Í � 1/!C0. Therefore, the peak of the resonance in
the admittance plot is approximately the inverse of the motional resistance, (1/R1),
of the resonator, and the static capacitance C0 is derived from the value of the
admittance off resonance (!C0).

9.9 Fabrication of Thickness-Shear Devices

To achieve fundamental-mode resonance in the UHF range, one has to employ
wafer-scale micromachining techniques used in MEMS device fabrication. Minia-
turization of quartz resonators using key processing enablers such as high aspect-
ratio plasma quartz etching and wafer bonding allows the creation of novel
piezoelectric structures that are impossible to achieve with the traditional quartz
resonator manufacturing process. An example of the thickness-shear-mode quartz
MEMS resonator fabrication process is illustrated in Fig. 9.10.

The starting materials for this process are (1) a double-side polished AT-cut
single crystal quartz wafer, (2) a silicon handle wafer, and (3) a host substrate such as
a GaAs or a high-resistivity silicon wafer. The process begins with a plasma cavity
etch into the silicon handle wafer to later accommodate the top metal electrodes
of the quartz wafer. The quartz wafer is metallized with electrodes (Al or Au) and
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Fig. 9.10 Fabrication process of quartz shear-mode resonator

then aligned and directly bonded to the silicon handle wafer using plasma-assisted
room-temperature bonding in a wafer aligner and bonder. The bonded quartz is
subsequently thinned to a thickness of approximately 10 �m using wafer grinding
and chemical mechanical polishing techniques. The final target thickness is achieved
to less than 5 �m with a combination of argon ion milling and hydrofluoric acid-
based wet etching. A deep reactive ion etching (DRIE) with CF4 chemistry creates
the through-wafer vias. Bottom-side metallization deposits electrodes matching the
previous topside electrode metal (Al or Au), and also the metal interconnects to
bridge the topside metallization to bottom-side bonding pads. The thin sheet of
quartz on the silicon handle is then patterned and etched using a second DRIE step
to delineate the resonators [18]. The host substrate is first patterned and etched to
form protrusions on its surface, creating a spacing underneath the quartz resonator
for when it is bonded to the host. Au and In metals are then deposited on the
protrusions to form the bond pads for the subsequent thermal compression bond.
In the bonding step, the silicon/quartz pair is aligned to the host substrate using a
wafer aligner and then bonded at 100 ıC in a wafer bonder using a compression
pressure of approximately 10 MPa. Finally, the silicon handle wafer is removed
using either an SF6 plasma etch or a wet TMAH process to release the individual
quartz resonators on the host substrate. Completed resonators are shown in both the
microscope photographs (Fig. 9.11) and SEM images (Fig. 9.12).
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Fig. 9.11 Photographs of fabricated (a) rectangular shear-mode resonator and (b) disc shear-mode
resonator

Fig. 9.12 SEM photos of fabricated (a) rectangular shear-mode resonator and (b) disc shear-mode
resonator

9.10 Examples of Prototype Devices

The piezoelectric shear-mode resonator can be electrically represented by a
Butterworth-Van Dyke model with equivalent circuit parameters, capacitors C0

and C1, inductor L1, and resistor R1 as shown previously in Fig. 9.8. The resonant
frequency f0, quality factor Q, and the equivalent circuit parameters can be measured
by an RF impedance analyzer. Table 9.6 shows the equivalent circuit parameters
of a typical 635 MHz AT-cut resonator fabricated using the quartz MEMS process
previously described in Fig. 9.10.

Piezoelectric resonators are key elements in electronic systems since they provide
important frequency control functions. One of the most important applications
of shear-mode quartz crystal resonators is the stabilization of frequency sources.
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Table 9.6 Measured
Butterworth-Van Dyke model
equivalent circuit parameters
for a rectangular AT-cut
quartz resonator

Parameter Value

R1, motional resistance 56.1	
C1, motional capacitance 0.309 fF
L1, motional inductance 203 �H
C0, static capacitance 0.415 pF
f0, series resonant frequency 635.09955 MHz
Q, quality factor 14,463
f0 � Q product 9.19 � 1012 Hz

Fig. 9.13 (a) Photograph of a 645 MHz oscillator with a quartz MEMS shear-mode resonator and
(b) an infrared image of an encapsulated resonator viewed through its silicon cap

The frequency sources, or oscillators, provide (1) the carrier signals for electronic
communications and navigation systems and (2) the clock signals for data process-
ing and digital communication systems. A shear-mode resonator, when combined
with a gain element such as an amplifier in a feedback network, will oscillate when
the Barkhausen stability criteria are met, i.e., sufficient loop gain 
1 and proper
phase shift in the loop (2n� radians).

Figure 9.13 shows an oscillator constructed with a 645 MHz quartz MEMS
resonator mounted on a printed circuit board. An infrared image of the vacuum
encapsulated resonator is shown on the right. To understand the stability of the
oscillator, one performs phase noise measurements typically with a signal source
analyzer to determine the spectral purity of the oscillator signal as a function of the
offset frequency from the carrier. Figure 9.14 shows a phase noise measurement of
the 645 MHz oscillator with the shear-mode resonator.

Vibration can cause a significant increase in the noise level of a piezoelectric
frequency source such as a quartz MEMS shear-mode oscillator. In oscillators
operating on high-vibration mobile platforms, the vibration-induced phase noise
is usually the greatest compared with all other noise sources. UHF quartz MEMS
oscillators have been tested on a shaker table to determine acceleration sensitivity,
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Fig. 9.14 Phase noise response of a 645 MHz oscillator with a shear-mode resonator

� , and fractional frequency change per g. Figure 9.15 shows the measured out-
of-plane acceleration sensitivity � for a 645 MHz oscillator with a 0.5 g peak
amplitude sinusoidal input from 10 Hz to 1 kHz. The measured � is approximately
5.0 � 10�10/g. For comparison, predicted vibration sensitivities from quartz FEA
models for 500 MHz shear-mode designs and 0.5 g peak sinusoidal vibration inputs
have yielded � D 1.8 � 10-10/g, 9 � 10�13/g, and 3.0 � 10�15/g for the out-of-plane
and two in-plane axes, respectively. MEMS resonators have exhibited reduced
acceleration sensitivity compared with macroscale counterparts by virtue of their
significantly lower mass.

Another important application of piezoelectric shear-mode resonators is their use
as monolithic crystal filters [19] in RF front ends. High-performance communi-
cation systems require narrow-band, low insertion loss filters for high sensitivity,
channel selectivity, and noise rejection. Filter bandwidth and insertion loss are
dependent on electromechanical coupling coefficient, kt

2. As kt
2 increases, band-

width increases and insertion loss decreases and approaches zero. Insertion loss is
also dependent on the product of kt

2 � Q, and therefore the high-quality factor of
quartz offsets its lower kt

2 value to enable low insertion loss.
Two or more resonators separated by a quartz acoustic gap form a monolithic

crystal filter [20]. The filters can have identical resonator electrodes to form a
symmetric design or different electrodes resulting in an asymmetric configuration.
The asymmetric design minimizes anharmonic modes in the stop band of the filter.
Using the quartz MEMS fabrication process outlined in Fig. 9.10, filters with
both symmetric and asymmetric electrodes have been designed and fabricated.
A photograph of a completed device is shown in Fig. 9.16 with asymmetric
electrodes of 80 � 64 �m2 and 67.5 � 80 �m2.
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Fig. 9.15 Acceleration sensitivity, � , of the 645 MHz oscillator

Fig. 9.16 A UHF monolithic
crystal filter formed with two
asymmetric resonators

The AT-cut quartz crystal filter of Fig. 9.16 has a demonstrated insertion loss of
�2 dB and bandwidth of approximately 800 kHz (0.2 %) with a center frequency
of 366 MHz. In addition, the center frequency is highly stable over temperature as
expected for AT-cut resonators. Figure 9.17 shows a typical S12 scattering parameter
of the asymmetric monolithic crystal filter comprised of two shear-mode quartz
MEMS resonators.
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Fig. 9.17 S12 scattering
parameter of an asymmetric
monolithic crystal filter with a
center frequency of 366 MHz
based on two quartz MEMS
shear-mode resonators

9.11 Future Development

Alpha (˛)-quartz undergoes a phase transition to the beta (ˇ)-phase (trigonal
to hexagonal phase transformation) at a Curie temperature of 573 ıC. Because
of this phase transition, quartz is not suitable for very high-temperature bulk
acoustic wave resonator applications. For high-temperature and harsh operating
environments, langasite (LGS, La3Ga5SiO14) and some of its isomorphs such as
langatate (LGT, La3Ga5.5Ta0.5O14) have been shown to operate as capable high-
temperature replacements of shear-mode quartz resonators. LGT has a parabolic
frequency-temperature characteristic that can be compensated, and its frequency
quality factor product, f � Q, of 1.6 � 1013 Hz is comparable to that of AT-cut quartz
resonators [12]. In addition, LGT and LGS have piezoelectric coefficients that are
3� larger than that of quartz, thus rendering them good candidates as the next-
generation piezoelectric materials for shear-mode resonator applications once their
crystal growth and fabrication process mature.

9.12 Summary

Piezoelectric shear-mode MEMS resonators offer high Q, low loss, and a high
degree of frequency stability over temperature and vibration. This technology
permits flexibility in design that allows customization of device characteristics for a
wide range of applications. Wafer-level fabrication techniques enable the production
of devices suitable for high-performance frequency control applications such as
compact oscillators and RF front-end filters.
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Chapter 10
Temperature Compensation of Piezo-MEMS
Resonators

Wanling Pan

10.1 Introduction

Piezo-MEMS resonators have been used in functional blocks such as oscillators
that provide reference signals in timing applications. In such applications, the total
frequency variation of generated signals over a temperature range is often required
to be as low as possible, often no more than a few parts per million (ppm), and
sometimes in the order of a few parts per billion (ppb). A resonator’s resonance fre-
quency often drifts as a result of temperature variation, due to the dependency of its
material properties and physical dimensions on temperature. Without special design,
the total frequency variation of a piezo-MEMS resonator usually well exceeds what
is required by the application, and is higher than its quartz counterparts. To reduce
the frequency variation, compensation techniques need to be implemented. Such
techniques are applied to either the resonator itself, or the oscillator circuitry, or
the package. External to the resonator, compensating electric circuits are designed
to build voltage-controlled crystal oscillators (VCXOs), temperature compensated
crystal oscillators (TCXOs), and temperature controlled chambers are used in oven
controlled crystal oscillators (OCXOs). These techniques do not change the intrinsic
properties of the resonators, but control the external circuits or the environment to
achieve frequency accuracy and stability. The alternative approach, which targets
the temperature sensitivity of the resonator itself, and is often used in conjunction
with the external compensating techniques, would be the focus of this chapter.
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10.2 Temperature Sensitivity of Resonance Frequency

The resonance frequency of a resonator is a function of the elastic constants of
its materials and its physical dimensions. The temperature sensitivity of frequency
therefore mainly comes from two sources—the temperature coefficients of each
material’s elastic constants, and the thermal expansion coefficient (CTE) of each
material. Between these two factors, the temperature coefficients of the elastic
constants are usually at least an order of magnitude larger than the CTEs of the
materials, and play the dominant role. The aforementioned frequency function, and
therefore a resonator’s frequency–temperature (f –T) relationship, depends on the
resonance mode and, if anisotropic materials exist, on the directions of vibration as
well. For example, for a single crystalline Si resonator, the temperature sensitivity
of the length extensional (LE) mode is different from that of the Lamé mode. For the
same LE mode, the orientation of the resonator body also dictates its frequency and
therefore the f –T relationship. In a resonator consisting of multiple materials, the
contribution to the overall temperature sensitivity by each material can be different
for different modes, such as in the case discussed in [1]. Other factors, including the
mechanical or electrical stress applied to the resonator, or the electrical architecture,
may also affect a resonator’s f –T characteristics.

A resonator’s frequency sensitivity to temperature is often measured by either
the total range of frequency variation within a specific temperature range, or the
temperature coefficient of frequency (TCF) at a certain temperature point, given by

TCF D 1

f

df

dT
; (10.1)

where f is the frequency and T is the temperature. Relative values such as parts
per million (ppm) or parts per billion (ppb) are commonly used to measure
the total range of variation, while the rate of frequency change with respect to
temperature, ppm/K (ıC) or ppb/K (ıC), is used to measure the TCF. For many
common applications, the specified temperature ranges of operation are typically
from tens of degrees below 0 ıC up to more than 100 ıC. The TCF value is also
often given by the slope of the linear approximation of the frequency–temperature
relationship to represent the overall trend in a specified temperature range, and
is commonly referred to as the “linear TCF.” The frequency–temperature plot of
a typical piezo-MEMS resonator is shown in Fig. 10.1. In this example, the total
frequency variation over 200–400 K is about 6000 ppm, and the linear TCF is about
�30 ppm=K in this temperature range.

Two approaches of temperature compensation are commonly implemented,
namely passive compensation and active compensation. In the passive compensation
approach, the intrinsic property of the resonator body is designed such that the
frequency drift due to temperature change is reduced. In the active compensation
approach, an external actuation technique is usually implemented to cancel out the
frequency drift from temperature change. Although piezo-MEMS resonators are the
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Fig. 10.1 The frequency vs. temperature plot of a typical piezo-MEMS resonator, where f0 is the
resonance frequency at 300K

focus of this chapter, the operation principles of many temperature compensation
techniques of non-piezoelectric resonators, such as silicon-only resonators, can
often be applied to them as well.

10.3 Passive Compensation Techniques

The passive compensation techniques target the intrinsic properties of the resonator
to change its temperature sensitivity. Common techniques are based on the resonator
body’s composition, the material properties, and the resonator’s physical shape and
dimensions.

10.3.1 Compensation by Resonator Composition Design

The frequency of each resonance mode is dependent on its characteristic elastic
modulus E, which is a function of one or more elastic constants. The majority
of piezoelectric and substrate materials used in MEMS resonators, such as AlN,
ZnO, LiNbO3, LiTaO3, Si, and SiGe, often have negative temperature coefficients
of elastic modulus (TCEs) for the common resonance modes in the temperature
range of interest. As a result, typical uncompensated piezo-MEMS resonators made
of such materials have negative TCFs, and often have frequency variations of
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Fig. 10.2 Typical composite
piezo-MEMS resonator stack
configurations with SiO2

compensation layer(s), a
piezoelectric layer, and a
substrate layer (a) the SiO2

layer is between the substrate
and the piezoelectric layer,
(b) the SiO2 layer is separated
from the piezoelectric layer
by the substrate layer, and (c)
the substrate layer is
sandwiched between two
SiO2 layers

a few thousand ppm in their targeted operation temperature range (e.g., �40 to
C125 ıC). To compensate for this, materials with positive TCEs, such as SiO2,
can be introduced to the resonator body. Typically, one or more layers of the
compensating material are deposited or grown in the resonator body, forming a
composite structure. Figure 10.2 shows some examples, in which SiO2 layers are
introduced to a resonator with a piezoelectric layer and a substrate layer. When the
thickness of SiO2 is comparable to that of the other layers, this technique can be
very effective. The use of SiO2 also benefits from its well-established deposition
and growth techniques in the semiconductor industry. The effectiveness and ease of
implementation have made this technique one of the most widely adopted methods
in passive temperature compensation.

Based on this principle, a temperature compensated thickness mode bulk wave
resonator with a total frequency variation of �300 ppm in the temperature range of
��70 to 150 ıC was designed and reported in [2]. The resonator incorporated SiO2

layers in its volume to compensate for the negative TCE of its AlN piezoelectric
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layer. In another work, Artieda and Muralt [3] implemented an SiO2/AlN/SiO2

structure to reduce the linear TCF of a third-harmonic thickness mode resonator
to 4 ppm/ıC.

Similar compensation effectiveness is also achieved in lateral-extensional mode
resonators. Abdolvand et al. [4] reported a MEMS oscillator based on a metal-ZnO-
metal-Si-SiO2 resonator that was fabricated from a silicon-on-insulator (SOI) wafer
and had a structure similar to that of Fig. 10.2b. The buried oxide layer of the SOI
wafer was used for temperature compensation. A linear TCF of �2 ppm=ıC was
measured on an oscillator based on it.

The original and compensating materials in a resonator usually have positive
and negative TCEs of the same order of magnitude. Therefore, a multi-layered
composite structure requires that these layers have similar thicknesses to have a
low overall TCF. In order to take advantage of the low damping in single crystalline
silicon, many piezo-MEMS resonators are designed to include an Si layer of more
than 10�m thickness, especially in those of the piezoelectric-on-Si type [5]. To
achieve effective compensation in such cases, SiO2 layers of more than a few
microns need to be grown or deposited, which can be challenging in fabrication.
To address this concern, multiple designs have been proposed to compensate for
the TCF of resonators of such thicknesses. In one approach, proposed by Tabrizian
et al. [6, 7], arrays of SiO2 pillars were embedded in the silicon body. These oxide
pillars were fabricated by the deposition of LPCVD SiO2 into etched trenches inside
the Si layer of an AlN-on-Si resonator. In this approach, the volume ratio between
SiO2 and Si is increased by the multiple embedded SiO2 pillars (Fig. 10.3). With
this method, the overall frequency variation of as low as 90 ppm was achieved in
the temperature range of �20ıC to 100ıC with a composite 24 MHz AlN-on-Si
resonator with Si of 20�m thickness.

Fig. 10.3 An AlN-on-silicon
resonator with embedded
SiO2 pillars [6] (courtesy of
the Transducer Research
Foundation and Farrokh
Ayazi)
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Although effective in temperature compensation, this approach faces a few
technical challenges in design and fabrication. The requirement of a high quality
factor mandates void-free filling of SiO2 inside the etched Si trenches. Very well
controlled Si etching and SiO2 deposition of high aspect ratio are therefore needed.
Extra steps are needed to form a smooth surface for AlN deposition. A second
disadvantage of this structure is the lower quality factor of the resulting resonator,
which mainly come from the larger damping in SiO2 compared to that in single
crystalline Si, and from the mechanical mismatching between the two materials.
The highest quality factor of resonators of such structures at room temperature is
reported to be �10,000, which is noticeably lower than the typical value of 15,000
for AlN-on-Si resonators of similar dimensions. In fact, nearly all the resonators
using SiO2 as the compensating material show degraded quality factor compared to
the uncompensated ones with single crystalline silicon only.

10.3.2 Compensation by Material Properties Engineering

Other than introducing a positive-TCE material to the resonator body, the intrinsic
elastic properties of the original structural material, such as Si, can be engineered
for temperature compensation. It has been demonstrated that the elastic constants of
semiconductors, such as Si or Ge, are affected by their doping levels [8, 9]. Such an
effect was further investigated in [10–12] and has been applied to MEMS resonators
for temperature compensation in various studies.

Following the methods discussed in [8] and [10], it is calculated that the
elastic constants c11 and c12 of Si, as well as their temperature dependencies, are
dependent on the doping level (Fig. 10.4), while c44 is insensitive to it. Therefore,
if a resonator’s frequency is dependent on c11 and c12, temperature compensation is
possible by changing the doping level of the Si layer. For example, for a rectangular-
shaped resonator that works in the length extensional mode, with its vibration
mainly along the h110i direction of silicon, if the volume of the resonator body
is dominated by Si, its resonance frequency is roughly determined by

E110 D 4.c211 C c11c12 � 2c212/c44
2c11c44 C c211 C c11c12 � 2c212

: (10.2)

The E110–temperature relationship for different doping levels is plotted in
Fig. 10.5a. It is seen that in the 200–400 K temperature range, the overall tempera-
ture coefficient of E110 becomes less negative with increased doping, and the TCF
is expected to be reduced for such a resonator with higher doping level.

An AlN-on-Si resonator with such an orientation was reported in [5]. Degen-
erately doped Si (resistivity < 0:001	 cm) was the dominant material (thickness
being 60�m as compared to AlN of < 1�m). The resonator had a linear
TCF of �12:0 ppm=ıC, a reduction of more than 50 % as compared to a res-
onator with a similar structure but lower Si doping level (resistivity of 0.01–
0.02	 cm) (Fig. 10.6).



10 Temperature Compensation of Piezo-MEMS Resonators 249

doping concentration
168a

b

166

164

c 1
1 

(G
P

a)
c 1

2 
(G

P
a)

162

160

67

66

65

64

63

200 250 300
Temperature (K)

350 400

200 250 300
Temperature (K)

350 400

1x1017cm–3

1x1019cm–3

2x1019cm–3

5x1019cm–3

doping concentration
1x1017cm–3

1x1019cm–3

2x1019cm–3

5x1019cm–3

Fig. 10.4 The elastic constants c11 and c12 vs. temperature for N-doped silicon at different doping
levels. (a) c11 vs. temperature. (b) c12 vs. temperature

Furthermore, the changes of the elastic constants by doping can be combined
with the adjustment of resonator orientation to further reduce the frequency
variation. For an Si-dominated resonator working at the same length extensional
mode as the previous example, when the major mode of vibration is along the
h100i direction, the resonance frequency will roughly be determined by the elastic
modulus

E100 D c11 � 2c212
c11 C c12

(10.3)
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Fig. 10.5 The elastic modulus E vs. temperature for N-doped silicon in different crystalline
directions. (a) E110 vs. temperature. (b) E100 vs. temperature

It is seen from Fig. 10.5b that with the increase of the doping level, the linear
approximation of the temperature coefficient of E100 and therefore the linear TCF
of the resonator will change from negative to positive in the 200–400 K range. The
turnover temperature, defined as the temperature where TCF D 0, can be adjusted
either by doping or by the orientation of the resonator body, to reduce the total
frequency variation in the target temperature range. As the frequency–temperature
plot is usually approximately parabolic, the turnover temperature is preferred to be
at the center of the temperature range of interest to minimize the overall frequency
variation.



10 Temperature Compensation of Piezo-MEMS Resonators 251

Fig. 10.6 Measured reduction in TCF of piezo-MEMS resonator with degenerately doped Si

Besides N-type dopants, P-type dopants can have similar effects in temperature
compensation. Samarao and Ayazi [13] reported reduced TCF of �1:5 ppm=ıC
on 5�m thick silicon MEMS resonators using degenerate boron doping, and
�2:72 ppm=ıC on 20�m thick resonators using boron-assisted aluminum doping.

Opposite to doping, it has also been discovered that temperature compensation
can be achieved by charge carrier depletion in the semiconductor material [14].
In essence, in a depleted semiconductor material, the change in free charge flow
from temperature variation is minimized, which results in minimized changes in the
electronic and mechanical energies. Such depletion can be obtained by the creation
of PN-junctions in the resonator body, either by doping [14] or by bonding layers of
opposite polarities [15].

10.3.3 Other Passive Compensation Techniques

Resonator composition design and material engineering are two of the most widely
studied methods in temperature compensation. Other less conventional techniques
have also been investigated. Notably, Samarao et al. [16] proposed a concave-
shaped silicon bulk acoustic resonator (CBAR) for TCF reduction. In this design,
the flanks of a conventional rectangular silicon bulk acoustic resonator (SiBAR) are
curved, with the actuation electrostatic force applied to the center of the resonator, as
illustrated in Fig. 10.7. Linear TCF of �6:31 ppm=ıC was measured on a CBAR on
a �0:001	 cm Si wafer, as compared to �21:46 ppm=ıC for a rectangular-shaped
resonator on the same wafer. On the other hand, the insertion loss of CBAR is
significantly worse than that of a conventional rectangular resonator, with typical
values of more than 50 dB reported [14, 16], and more spurious modes are expected
from resonators of such irregular shapes [17].
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Fig. 10.7 Schematic view of a concave silicon bulk acoustic resonator (CBAR) with reduced TCF,
as proposed in [16]

10.4 Active Compensation Techniques

In the previous section passive compensation techniques are discussed. In those
cases, the frequency–temperature characteristics is usually fixed once the resonator
is fabricated. In some applications, it is desired that the frequency of a fabricated
resonator can be adjusted real-time to compensate for temperature change. In such
situations, active compensation techniques provide more flexibility than the passive
techniques.

Active compensation can be achieved by changing the electrical or mechanical
properties of the resonator. In one of the designs, a piezoelectric resonator is
constructed such that its overall electrical impedance is controlled by a variable
air gap, as shown in Fig. 10.8a [18–20]. The air gap, which also provides acoustic
isolation for the piezoelectric layer, is controlled by a DC voltage between the
top and bottom electrodes, and in effect functions as a tunable capacitor that can
be used to adjust the series frequency of the resonator. The equivalent electrical
circuit near the resonance frequency is shown in Fig. 10.8b. A maximum continuous
tuning range of 3900 ppm was achieved on an AlN-based MEMS resonator with
electrostatic actuation. This tuning range is equivalent to the frequency drift from
more than 100 ıC of temperature change. Compared to tuning with a discrete
variable capacitor, this integrated approach reduces the fabrication complexity and
overall dimensions, and has a higher quality factor by eliminating the resonator–
capacitor interconnections. On the other hand, the air gap increases the insertion
loss of the resonator, and the range of electrostatic tuning is restricted by the pull-in
effect. These factors may have limited the application of this method.

Alternatively, frequency tuning can be achieved by inducing mechanical stress
in the resonator. In [21], the mechanical spring constant of a flexural mode
piezoelectric resonator was adjusted by an electrostatic force applied by a DC tuning
voltage. A tuning range of 3100 ppm was reported with less than 4 V of DC voltage
on a 33 kHz resonator.

Similar to the OCXOs, heaters can be utilized in the resonator or package
design, to achieve frequency tuning by heating, or to achieve frequency stability
by maintaining the working temperature of the resonator. In one such ovenized
structure [22], an AlN-based resonator with integrated aluminum heaters was built
with tuning efficiency of more than 1200 ppm/mW. A recent implementation [23]
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Fig. 10.8 A piezoelectric resonator with a variable air gap for frequency tuning. (a) Schematic
view of the tunable resonator. (b) Equivalent circuit of the tunable resonator

provided a more complete solution by integrating a resistance temperature detec-
tor (RTD), a heater, and thermal isolation on the same substrate (Fig. 10.9). Such a
design achieved 5 ppm frequency stability across an ambient temperature range of
105 ıC.

Mechanical and thermal stresses can be obtained by the same element to achieve
frequency tuning, as proposed in [24]. In one of the embodiments, the main
resonator body is attached to two U-shaped tuning beams, as shown in Fig. 10.10.
A DC current is injected into the tuning beams, causing an increase in their
temperatures. As a result, the tuning beams will have different thermal expansions
than the resonator body, and mechanical stress is induced in the resonator. This
stress, combined with the heating of the resonator by the beams, can be used to
adjust the resonance frequency considerably.
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Fig. 10.9 An ovenized
MEMS resonator with an
integrated RTD, a heater, and
thermal isolation [23]
(courtesy of the Transducer
Research Foundation and
Mina Rais-Zadeh)

Fig. 10.10 Schematic view
of a tunable resonator with
thermally actuated tuning
beams [24]

Compared to the passive compensation techniques, active compensation has
limited adoption at the resonator device level, and is still mostly achieved by
components external to the resonator itself, as in the VCXOs, TCXOs, and OCXOs.
This may be largely due to the technical complexities in integrating the tuning
elements in the device structure.
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Chapter 11
Computational Modeling Challenges

Mattan Kamon

11.1 Introduction

Accurate modeling of piezoelectric MEMS Resonators is key to reducing
fabrication cycles or diagnosing issues with fabricated devices. Analytic models
provide a first pass at assessing device performance but are idealized and do not
represent actual device performance to sufficient accuracy, especially for the high-
order bulk modes utilized in MEMS oscillators and filters. Computational modeling
by the finite-element method has taken great strides in capturing greater detail
in both geometry and physical behavior of these resonators. While continuing
improvements in computational power have aided in this progress, it is the advances
in both algorithms and methodology in coupling physical domains that have enabled
greater accuracy compared to fabricated devices. In this chapter we review the key
challenge areas in resonator design for which advances in computational modeling
provide predictive value.

The first challenge we discuss is efficiently computing the electrical frequency
response over a broad frequency range. This is not a difficult problem for flexural
mode devices or devices whose size is on the order of an acoustic wavelength such
as piezoelectric micromachined ultrasonic transducers (pMUTs). However, bulk
mode resonator designs for oscillator or filter applications can be many wavelengths
in multiple dimensions. Broad frequency sweeps on fully three-dimensional (3D)
computational models using conventional techniques can take days of computation
time for an accurate result. To circumvent this bottleneck, a first-pass model is often
simplified by reducing the simulation geometry to a 2D cross section (even though
most devices exhibit 3D effects) and/or by reducing the number of frequency points
to be simulated. Both of these simplifications risk missing important features of
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the response, such as spurious modes within frequency band of interest. In the
next section, we review these computational modeling challenges and discuss fast
frequency sweep algorithms which make solution of the full 3D problem feasible.

Reducing energy loss in resonators is vital to meet the phase noise requirements
for MEMS oscillators and to reduce insertion loss for MEMS filters. Many different
physical phenomena contribute to this loss. Understanding which phenomena are
relevant is necessary to design to reduce this loss. While some of the physical
phenomena are still topics of fundamental research, computational modeling is
successful at predicting anchor loss, thermoelastic dissipation, and gas damping.
We review these mechanisms and discuss considerations in the accurate modeling
of these phenomena.

For the applications in this book, it is generally desirable for the resonator
response to vary linearly with the applied voltage amplitude. However at some input
power level, nonlinear terms in the governing equations become significant and
degrade the performance of the device. For instance, in filters, nonlinearity creates
intermodulation distortion. Residual stress in the fabrication process is another
form of nonlinearity that shifts the operating point of the device. Both of these
forms of nonlinearity are significant and have not been thoroughly studied with
computational methods for piezoelectric MEMS resonators. We end the chapter with
a discussion of progress on these topics to date.

11.2 Challenges in Computing the Frequency Response

The frequency response is central to designing a resonator to meet specification.
In this section we provide conceptual motivation by first discussing the complexity
of the frequency response for piezoelectric MEMS multiwavelength bulk mode
resonators and show that three-dimensional analysis is key to capturing an accurate
response. We then review the governing equations and finite element formulation
to show why standard eigenmode analysis is not enough, and a frequency response
computation is necessary, but often infeasible in three dimensions. We finish the
section by describing the challenge in computing this frequency response over a
broad range and methods that make that feasible.

11.2.1 Motivation

Ideally, a resonator should resonate at the desired frequency for the given appli-
cation. An initial design can be created based on analytic formula however the
measured frequency is typically different due to non-idealities in the fabrication
process such as non-infinite extent, nonvertical sidewalls, and anchoring structures.
Also, oscillation at only one frequency is desired, but every solid is capable of
supporting multiple resonant modes and it is the job of the designer to insure those
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Fig. 11.1 Excited modes for a piezoelectric resonator operating in its fifth extensional mode.
Four spurious modes appear in the admittance response with their 3D modes shapes shown. One
spurious mode only appears in the displacement response (black circle)

other spurious modes do not interfere with the desired operation of the device. These
non-idealities are difficult to approximate analytically and have made finite-element
simulation critical to creating real-world designs. Computing a fast and accurate
frequency response is thus central to the design process.

As an example, consider the frequency response of a suspended aluminum nitride
(AlN) resonator on a thin single crystal silicon substrate shown in Fig. 11.1. This
design is similar to [1, 2] but is given a simple electrode pattern for demonstration.
Figure 11.1 shows that when the electrodes are driven with a harmonic voltage,
the desired 5th order extensional mode resonates at 1.071 MHz. However, five other
spurious modes also appear in the response within only a 1.5 % window of this peak.
Notice that only four of those modes appear in the electrical admittance response.
The fifth one, shown in the black circle, is excited mechanically by the electrical
stimulus, but does not appear in the electrical response because its particular strain
pattern creates no net current at the electrodes. The solid also supports at least four
additional resonant modes within this frequency range which are not excited at all
by this particular electrode pattern.

To further emphasize the complexity of this behavior, note that the modes would
not be well represented by one particular two-dimensional cross-section. The modes
at 1.068 MHz, 1.071 MHz, and 1.078 MHz are uniform enough in the x-direction
that a YZ-plane two-dimensional analysis would approximate these, but the modes at
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Fig. 11.2 Lithium niobate laterally vibrating resonator, mode shape cross-section, and frequency
response. Numerous spurious modes exist apart from expected resonance and anti-resonance. SEM
image courtesy of S. Gong, U. of Illinois

1.066 and 1.075 MHz would be completely missed in the corresponding frequency
response. Three-dimensional (3D) computational analysis is thus required to capture
these features in the response.

Even if the electrode patterns can be appropriately designed to excite the desired
mode more directly as is done in [2] using inter-digitated fingers, spurious modes
can still remain. Consider the Lithium Niobate resonator from [3] shown in
Fig. 11.2. This is the S0 mode of the class of resonators described in Chap. 4. It is
formed from an X-cut of Lithium Niobate and oriented 30ı to YC. As described
in Chap. 4, if this resonator is used as part of an RF filter, ideally the frequency
response between resonance and anti-resonance should be free of spurious modes
but is shown in Fig. 11.2 to have a handful of spurious modes. Some of these
spurs are only captured with 3D analysis. Through the use of 3D finite-element
analysis, electrode patterns can be optimized to reduce spurs [4] or optimize
electromechanical coupling and reduce insertion loss [5].

11.2.2 Computing the Frequency Response

Computational methods for predicting the behavior of designs whose dimensions
are on the order of an acoustic wavelength or less are straightforward to apply.
For multiwavelength resonators however, the computational resources needed to
accurately resolve the features in the frequency response can be large enough to
be impractical. This is especially true in a production environment which requires
multiple, automated simulation studies to explore a design space or explore the
impact of temperature variation. In the rest of this section, we review the methods

http://dx.doi.org/10.1007/978-3-319-28688-4_4
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and challenges involved in applying the finite-element method to the designs of
Figs. 11.1 and 11.2.

The piezoelectric effect couples the elastic behavior of the solid to the elec-
trostatic behavior. The equations of elastodynamics (Newton’s second law) and
electrostatics (Gauss’s law), in time harmonic form, are

�ij;j C Fi D �!2�ui

Di;i � q D 0
(11.1)

where � ij is the Cauchy stress tensor, Fi are the components of the applied
mechanical body force per unit volume, � is the mass density, ! is the angular
frequency, ui are the components of the displacement, Di are the components of the
electric displacement and q the applied electric volume charge. Einstein notation
is used in which repeated indices imply summation, and a comma followed by a
subscript implies differentiation by that Cartesian component, that is A,j is @A/@xj.
Displacements for bulk resonators are typically small to allow the assumption of
linearity. The equations are then coupled through the piezoelectric coefficients in
the linear constitutive relations

�ij D Cijkl"kl � ekijEk

Di D eikl"kl C –ikEk
(11.2)

where Cijkl, –ik, and ekij, are the elastic, dielectric, and piezoelectric material
properties, respectively. Ek is the electric field which is related to the electric
potential through Ei D ��;i: Assuming infinitesimal strain, the strain tensor, "kl,
is related to the displacements by

"ij D 1

2

�
ui;j C uj;i

�
: (11.3)

The relations in (11.2) and (11.3) represent a linearization around a static
operating point. Residual stress from the fabrication process and thermal effects can
impact that operating point and alter the resonator behavior as will be described later
in this chapter. Also, including only the linear terms in (11.2) and (11.3) assumes
small strain and electric field. This assumption breaks down when the resonator is
driven at higher power levels as will be discussed briefly at the end of the chapter.

The finite element method has been used to model piezoelectric structures since
the early 70s [6, 7]. To solve a piezoelectric resonator model with the finite element
method, the resonator geometry is divided into a mesh of discrete elements as shown
in Fig. 11.3 for the resonator of Fig. 11.2. The solution for the displacement and
potential fields is approximated by a linear combination of mechanical,  S

n, and
electrical,  E

n , shape functions scaled by the values of displacement and potential
fields at the (shared) nodal points between the elements [8]
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Fig. 11.3 Mesh for lithium niobate resonator (left) and sample illustration of an element with
nodes (right)

ui.x/ �
NX

nD1
buin 

M
n .x/; �.x/ �

NX

nD1
b�n 

E
n .x/ (11.4)

where N is the number of nodes, ûin and b�n are the displacement and potential at
the nodal points, and  S

n and  E
n are typically linear or quadratic functions nonzero

only over the elements connected to node n. By substituting (11.4) into (11.1)–(11.3)
and enforcing that (11.1) be satisfied under an appropriate testing inner-product, we
arrive at a finite-dimensional matrix approximation for (11.1)

�!2
	

M11 0

0 0


 	
bu
b�



C
	

K11 K12
K21 K22


 	
bu
b�



D
	bf 1
bq



(11.5)

The system above has 4N rows and columns (or slightly less due to materials that
lack a potential because they are not piezoelectric). M11, Kij are sparse since the
shape functions are spatially nonzero only locally near each node.

For resonator applications, body forces,bf 1, and charges, bq, are typically zero.
To apply electrical excitation, boundary conditions are applied so that the metal
regions are constrained to known equipotentials,b�e, and the surface charge density,
bqe, that develops at the piezoelectric-metal interface becomes the unknown. Rewrit-
ing (11.5) compactly,

�!2Mx C Kx D f (11.6)

where x D
h
buIb�Ibqe

i
; f D

h
0I 0I b�e

i
and M and K are the 2 � 2 block matrices of

(11.5) modified for the application ofb�e. Additional governing equations related to
energy loss mechanisms, such as gas damping, thermo-elastic damping, or acoustic
radiation through the anchors, will be covered later in the chapter. If those physical
domains are included in (11.1) and (11.2), then (11.6) becomes, after factoring out x,
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��!2M C j!D C K
�

x D f (11.7)

where j D p�1. The first step in evaluating a design is typically to compute the
natural frequencies of the design. To do so, the generalized eigenvalue problem of
the homogeneous version of (11.6) (or 11.7) is solved

Kv D 
Mv (11.8)

to find the eigenvalues 
i, and corresponding eigenvectors, vi, that satisfy (11.8).
The angular natural frequencies, ! i, are found from 
i D !2i and the mode shapes
such as shown in Fig. 11.1 are defined by the displacement subvector of vi. The
frequency of the desired resonant mode can be determined by visually searching
through the mode shapes to find the known expected shape. This must be done
in a manual fashion because the electrical excitation, f, in (11.7) plays no role
in (11.8). Thus an electrode pattern designed to excite the desired mode plays
little role in an eigenmode analysis and every natural frequency is on the same
footing. For piezoelectric micromachined ultrasonic transducers (pMUTs), this is
not a problem because the location of the mode that will be excited is known (near
zero frequency). However for bulk mode designs such as shown in Fig. 11.2, there
are 476 modes within the frequency range shown. Any manual searching, even if
guided by an analytic estimate, is unacceptable because parameter sweeps involving
many simulations cannot be automated. This is because the modes can change order:
a mode with index i for one simulation is not guaranteed to have the same index if
the design or the temperature changes. Secondly, an eigenmode analysis only reports
the frequency of resonance, but says nothing about how well the design is able to
excite that mode compared to the other nearby modes. For both of these reasons,
computing the frequency response is required over eigenmode analysis.

Computing the resonator frequency response in the most naïve approach involves
forming f based on the desired equipotentials, �e, and then for each frequency ! i,
solve the linear system in parentheses in (11.7) for the unknown x. A final post-
processing step is then applied by integrating appropriate terms of bqe from x to
compute the net charge (current) at that frequency.

The difficulty is that many frequency points are necessary to resolve features
in the frequency response particularly for the typical quality factors of Q > 1000.
In addition, each frequency point is expensive because a fine mesh (large number of
nodes) is necessary to resolve features accurately. This is shown in Fig. 11.4a where
60 frequency points miss the main resonance, the small spur to the left, and barely
capture the spurs to the right. In comparison 1680 points resolve the features but
would require 7 h to compute for a moderate mesh of size N D 17,715 nodes.

Even small spurs matter and resolving them can require a fine mesh. For instance,
the frequency shift with temperature varies for different modes [9] and a mode that
moves too close to the main resonance can degrade phase noise performance for
an oscillator. In Fig. 11.4b, a coarse mesh with N D 32,983 captures well the fifth-
order extensional mode from Fig. 11.1 but the spurious modes are more accurately
captured for a finer mesh with N D 219,194. Computing the response for the fine
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Fig. 11.4 The need for many frequency points and a large number of nodes. (a) Sixty frequency
points are inadequate to resolve features in the response of the Lithium Niobate resonator. (b) Even
if the coarse mesh captures the main resonance, a fine mesh is necessary to capture the spurs

mesh in Fig. 11.4b by multiple solves of the full system of (11.7) would then take
days of computation time.

Fast frequency sweep methods can attain speed similar to that of eigenmode
analysis and also account for the impact of the excitation, f. To do so, fast frequency
sweep methods typically project the original system matrices, M, D, K, onto a
subspace that is much smaller than the original system, but still captures the relevant
dynamics. For example, in solid and structural mechanics, it is common to apply
mode superposition by choosing an appropriate subset of the eigenmodes to define
the subspace [10]. Given n eigenvectors as columns of the matrix V D Œv1 v2 : : : vn�,
where n � 4N, the reduced n � n system matrices would be

QM D VTMV; QD D VTDV; QK D VTKV; Qf D VTf (11.9)

The frequency response is then computed on the reduced system

��!2 QM C j! QD C QK� Qx D Qf (11.10)

which takes an insignificant amount of time compared to the original eigenmode
computation since n is on the order of 100’s. If V includes all the eigenmodes that
significantly influence the response within the frequency range of interest, then the
frequency sweep of (11.10) will be sufficiently accurate compared to (11.7).

As noted previously, many of the eigenmodes of (11.8) are not excited by
the electrode pattern and thus do not appear in the frequency response. Thus the
computation time to extract all the eigenmodes in the frequency range of interest
is unnecessary. In the electronic design automation community, Krylov subspace
methods have been used to form the matrix V, rather than the eigenvectors [11].
Applying a Krylov subspace method would choose a set of column vectors that
span the same vector subspace as repeated multiplication of K�1f by K�1M,
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Table 11.1 Comparison of wall-clock time to perform fast sweep versus direct solution
of (11.7) on a quad-core computer

Solution time
Number of nodes (N)

Degrees of
freedom (�4N)

Number of
frequency points Fast sweep Direct solution

17,715 67,176 1680 15 min 7 h
89,336 347,676 1900 2.5 h 74 h

Direction solution times are projected from time for 60 points

colspan fVg D span
n
K�1f ;K�1MK�1f ; : : : ;

�
K�1M

�n�1
K�1f

o
(11.11)

The repeated multiplication by K�1M is similar to a standard eigenmode
algorithm for (11.8), however because the excitation vector f is used, V only
contains the subspace that the electrode pattern can excite. The number of vectors
in V is thus less than the number of eigenmodes, and is thus cheaper, and faster, to
compute.

To apply either of these methods to the coupled piezoelectric system of (11.1)
requires modification for the multidomain nature of the system at hand and the
difference in structure of the system in (11.5) compared to the pure mechanical
or purely electrical systems. Various implementations exist of differing speed and
accuracy. For instance, using the implementation in [12], computing the 60 points
with the direct sweep on (11.7) for Fig. 11.4a takes the same wall-clock time as
computing the entire 1680 points with a fast sweep on a 4-core laptop computer. If
the mesh is refined for further accuracy, the speed improvement becomes even more
critical, since a direct sweep can take days. Table 11.1 compares the computation
time for the Lithium Niobate resonator of Fig. 11.2 for two different mesh sizes.
Fast sweep is about 30 times faster than direct sweep reducing the computation time
from days to hours. The speed of fast sweep makes multiple 3D simulations that
explore design tradeoffs feasible.

11.3 Modeling Energy Loss Mechanisms

Energy loss in resonators is measured by the quality factor, Q, which is a measure
of the energy lost per harmonic cycle compared to the energy stored,

Q D 2�
Estored

Elost

Maximizing the quality factor is important for piezoelectric MEMS resonators to
reduce phase noise in oscillator applications and reduce insertion loss in filters [13].
For pMUTs, Q is related to the peak displacement sensitivity [14] and is important
to improve resolution for mass sensing [15].
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Various energy loss mechanisms contribute to the final Q of a given design
according to

1

Q
D 1

Qgas
C 1

Qanchor
C 1

Qthermoelastic
C 1

Qinterfacial
C 1

Qother
C : : : (11.12)

The challenge of modeling Q is in determining which mechanisms are relevant
for a given class of resonators or even a certain design. For capacitive, low frequency
(kHz), small-gap, flexural MEMS resonators in air, gas damping, Qgas, is typically
dominant and has been studied extensively. However, for MEMS bulk resonators,
gas damping is less important due to the small displacements, larger gaps to the
substrate, and larger stored strain energy in the bulk for a similar displacement of a
flexural design. In addition, the air squeezed in the gaps behaves more as a spring
than damper at higher frequencies as will be discussed later in this section.

For high frequency bulk resonators as well as pMUTs, loss from acoustic energy
scattered into the substrate through the anchoring mechanism, Qanchor, plays a sig-
nificant role [13, 16, 17]. Anchor loss has been shown to play less of a role for AlN
contour mode resonators above 370 MHz at which point thermoelastic dissipation
and interfacial losses are suspected to be dominant [13]. Other loss mechanisms
related to phonon-phonon and electron–phonon interaction are suspected to be
relevant at higher frequency or when other mechanisms are mitigated [18, 19] but
have not been shown to be relevant to recent piezoelectric MEMS resonators.

In this section we explore the computational modeling of anchor loss, thermoe-
lastic dissipation, and gas damping. These mechanisms are sufficiently understood
that their computational modeling can be applied to the design process. The
understanding of interfacial loss [20], which is suspected to be related to the crystal
lattice mismatch between the electrodes and piezoelectric material, is still a topic of
research and thus will not be covered.

11.3.1 Anchor Loss

The means by which a MEMS resonator is attached to the substrate provides a
parasitic route for acoustic energy to leave the resonator and propagate into the
substrate. This lost energy is often called anchor loss, substrate loss, clamping loss,
or support loss and is one of the most important loss mechanisms for piezoelectric
MEMS resonators.

For released MEMS resonators, the large acoustic mismatch with the air causes
acoustic wave reflection, thus acoustic loss is limited to acoustic waves transmitted
through the suspension structures to the substrate. For certain types of these
resonators, analytic methods have been applied to estimate loss [21, 22]. The most
straightforward idea to reduce anchor loss for MEMS resonators whose size is on
the order of an acoustic wavelength, whether bulk or flexural, is to choose thin
suspensions that are one-quarter of an acoustic wavelength and placed at nodal
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points on the resonator [23, 24]. However, these techniques do not eliminate all
anchor loss and are not generally applicable when the width of the anchor is not
small compared to a wavelength. In addition, geometric detail such as sidewall
angles and filleting is not typically included in analytic modeling but has been shown
to have significant impact on the computed loss [13].

Finite-element analysis can be applied when analytic techniques do not offer
enough predictive value. To model the acoustic energy propagating into the
substrate, it would be impractical to add the entire substrate to the finite-element
model since the system in (11.7) would be too large to even form. Instead, both
computational and analytic techniques assume that once energy leaves the resonator
it never returns. For analytic techniques this corresponds to modeling the substrate
as a semi-infinite half-space. In a finite-element context, this corresponds to
modeling only a small section of substrate and then terminating the outer boundary
with special absorbing elements that ideally do not reflect incident acoustic energy.
This assumption implies that the region outside the modeling domain does not
impart energy back into the resonator. As we shall see later in this section, that
assumption must be treated carefully.

Two common techniques for absorbing finite elements are high-order Absorbing
Boundary Conditions (ABC) and Perfectly-Matched-Layer (PML) (see [25] for a
comparison). The model of the substrate is truncated on the order of a wavelength
from the anchor location and the absorbing elements are used to prevent reflection
of incident waves back into the resonator. Ideally, these elements absorb all energy
that is imparted upon them, and the measure of the stored strain energy at resonance
divided by this absorbed (lost) energy gives Qanchor.

The first application of absorbing elements to MEMS was in [26] and a thorough
comparison to analytic results in the context of MEMS was done in [27].

As an example, consider the fifth-order extensional mode resonator from
Fig. 11.1 attached to a substrate shown in Fig. 11.5. Absorbing elements (not
shown) were used on the bottom and four sides of the substrate which causes the
displacement amplitude to decay as it propagates away from the anchor. Qanchor is
around 7000 which is similar to that reported in [1].

Modeling anchor loss is not just about capturing geometric detail and applying
appropriate absorbing elements, but also properly modeling the acoustic paths in
the substrate to avoid the artificial isolation of interacting structures. For instance,
instead of modeling one large section of substrate in Fig. 11.5, one could use a small
block around each anchor separately. This would similarly absorb all the energy that
leaves the anchor, but would not capture any interaction between the anchors.

An example of interaction between anchors is the electromechanical dual beam
resonator filter analyzed in [28]. Two clamped-clamped beams are coupled with a
cross beam that stiffens the out-of-phase mode, shown in Fig. 11.6a. The in-phase
mode is at a slightly lower frequency than the out-of-phase mode thus creating a
band-pass filter. If each anchor included its own piece of substrate with absorbing
elements, then the amplitude of oscillation at both frequencies would be identical.
However, by anchoring both anchors of both beams to a single substrate structure
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Fig. 11.5 Acoustic energy
propagating into substrate
from resonator (hidden) from
Fig. 11.1. Absorbing
elements are on the bottom
and four sides of the substrate
(not shown)

Fig. 11.6 (a) Dual beam resonator filter in out-of-phase-mode at 31.87 MHz (b) Frequency
response of filter showing significantly more damping for in-phase mode

(not shown), the anchor loss of the in-phase mode is significantly greater than the
out-of-phase mode as shown in Fig. 11.6b. This is seen in experiment as 7 dB of
insertion loss for the in-phase mode, and only 1 dB for the out-of-phase mode [28].

The out-of-phase mode has much less anchor loss because the deformations at the
anchors destructively interfere generating a low amplitude acoustic wave compared
to the in-phase mode. In this case, the separation of the resonators is small compared
to a wavelength. The behavior for half-wavelength separation would be the opposite.

A more subtle case of artificial isolation from absorbing elements was shown to
occur when modeling the undercut in a 60 MHz AlN resonator [29]. If one assumes
the energy that leaves the anchors never returns, then applying absorbing elements
around the edge of the undercut region would suffice. Doing so always suppresses
reflections from the edge, however those reflections were shown to be significant
for certain anchor sizes. The impact on the acoustic pattern in the undercut region
for one of those cases is shown in Fig. 11.7. The impact on Q was similarly severe,
over predicting Q by factors of 2–10 in these cases.
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Fig. 11.7 Absorbing elements can absorb too much. Using fixed conditions instead and an
alternate method of measuring lost energy results in a better match to experiment for this particular
Wa and La. (a) Top view SEM of 60 MHz laterally-vibrating AlN resonator, (b) Cross-sectional
illustration of resonator showing that release process undercuts aluminum nitride, (c) x-component
displacement from finite-element analysis for Wa D 40m and La D 60m when a fixed boundary
condition is applied to the outer edge of the undercut region (d) x-component displacement when
fixed boundary condition is replaced with a PML boundary. Images courtesy J. Segovia-Fernandez
and G. Piazza, CMU

11.3.2 Thermoelastic Dissipation

The equations governing thermoelastic dissipation (TED) are well understood [30].
The elastic portions of (11.1)–(11.3), which contain no loss mechanisms, imply that
for an elastic vibrating solid, the elastic stored energy will be reversibly recovered
as kinetic energy after a quarter cycle of oscillation. The volume change from this
strain field also creates a local temperature variation in the solid which oscillates
with the elastic energy. For the small dimensions in MEMS, the time constants for
modes of heat transfer can be of similar order as the period of oscillation. In this
case, irreversible heat transfer from the temperature gradient can occur during each
cycle which appears as lost elastic energy.

To understand why volume change creates the temperature variation mentioned
above, note that the converse is well known: for a positive thermal expansion
coefficient, an increase in temperature is easily observed to cause expansion and
a decrease in temperature to cause compression. Conversely, but not as easily
observed, expansion of a solid leads to a decrease in temperature, and similarly,
compression leads to a rise in temperature. In [31] this is explained by the second
law of thermodynamics. Entropy is constant for a small, adiabatically sealed volume
(no heat transfer across boundaries) when undergoing a reversible applied force.
If that force is compressive, the volume will decrease. The decrease in entropy
from the decrease in volume must be compensated by a rise in temperature to keep
entropy constant. Conversely, if the force is tensile, the increase in volume must
lead to a decrease in temperature. See [31] for a detailed derivation. Now consider a
small volume within a resonating solid. When the period of oscillation is very small
compared to thermal time constants, the temperature oscillates fast enough that a
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small volume within the resonator is effectively adiabatic. Thus entropy remains
constant and the elastic energy is recovered at every cycle. In contrast, when the
mechanical and thermal rates are about equal, the system is not adiabatic, and the
thermal gradients result in heat transfer out of the small volume. In this case, entropy
is not constant which is observed as elastic energy being irreversibly converted
to heat.

To add thermoelastic dissipation to the governing piezoelectric equations, we add
a third equation to (11.1) for local entropy balance [30] assuming small temperature
deviations from the reference temperature

qi;i C T0
:

S D 0 (11.13)

where qi are components of heat flux, T0 is the reference temperature, S is the
entropy and the superposed dot implies time differentiation. The thermoelastic
coupling is seen through the additions to the constitutive relations

�ij D Cijkl"kl � 
ijT

S D 
ij"ij C ˇT

qi D �kijT;j (11.14)

where T is the change in temperature from T0, kij are the thermal conductivities,

ij D Cijkl ˛kl where ˛kl are the linear coefficients of thermal expansion, and
ˇD Cv/T0 where Cv is the heat capacity at constant volume. The last relation
is Fourier’s law of heat conduction. Piezoelectric terms have been dropped for
simplicity (see [32] for the full thermopiezoelectric formulation).

The added term in the stress–strain relationship of (11.14) adds the stress due
to thermal expansion. By substituting the second and third relations in (11.14)
into (11.13) we arrive at the traditional heat equation plus an added source term
proportional to the strain rate.

Zener first explored thermoelastic dissipation analytically for a beam [33].
He used the mechanical eigenmodes and thermal eigenmodes of the uncoupled
elastic and heat equations. Based on their overlap (similarity in shape), Zener
estimated the thermoelastic loss from multiple thermal modes. Other authors
extended this idea [34]. However, all these approaches were limited to simple
mechanical structures. Solving for geometrically complex structures and mode
shapes via the finite element method was first done in [35] and is now common
for modeling thermoelastic loss.

As an example Fig. 11.8 shows the thermoelastic loss corresponding to the exten-
sional mode resonator shown in Fig. 11.1. The TED energy density shown indicates
the regions of greatest loss that gives a QTED � 120,000. Since Qanchor � 7000, little
effort should be made to reduce TED for this particular design until the anchor
loss can be minimized. But for designs for which TED dominates, finite element
simulation predicts the loss well for design modifications such as slots in beams to
disrupt heat transfer [36, 37].
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Fig. 11.8 Density of thermoelastic energy loss for 5th order extensional mode displacement field
of Fig. 11.1

An advantage of the Zener analytic approach is that it gives weighting factors to
the different thermal eigenmodes proportional to their contribution to TED. In [36],
the design guidance from Zener’s approach was combined with finite-element
modeling by using the uncoupled numerical mode shapes from finite element
analysis so that the thermal heat flow contributing to TED could be visualized and
the design modified to minimize its impact.

11.3.3 Fluid Damping

Whether liquid or gas, the fluid surrounding a resonating solid impacts the effective
mass, spring, and damping of the resonant mode. This effect is most pronounced
in ultrasonic transducers immersed in water since the density of the water is
commensurate with that of the vibrating membrane. For instance, in [17], a 25 MHz
pMUT’s resonance frequency dropped by 25 % when immersed in water due to the
added mass of moving the water at every cycle [38]. Quality factor has also been
observed to fall from low 100’s in air to single digits in water [17, 39] due to acoustic
radiation [38].

For MEMS bulk acoustic wave resonators in air, the impact of the fluid is far less
prominent but has been shown to degrade the quality factor. For instance, in [40],
the quality factor of an AlN-on-Silicon width-extensional resonator’s fundamental
mode at 35.4 MHz dropped by 30 % in air at atmospheric pressure from its value of
10,100 in vacuum. This corresponds to a Qair D 25,000 according to (11.12). For the
same resonator in its third mode at 107 MHz, Q dropped by 11 % from 4500, which
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corresponds to Qair D 36,000. This increase in Qair with frequency is consistent with
loss from viscous fluid flow which we discuss briefly in this section. Note that
even if Qair were constant with frequency, the quality factor in vacuum generally
diminishes with frequency, lessening the impact of Qair at RF frequencies. In
addition, for timing applications, vacuum packaging is required to avoid incremental
mass loading from air molecules depositing on the resonator over time. For these
reasons, the loss from air damping in MEMS bulk mode resonators has not been
thoroughly studied. In this section, we only briefly review the relevant domains
governing the fluid dissipation for a resonator in air at atmospheric pressure.

When the motion of the solid resonator creates a shearing motion in the
surrounding fluid, the fluid particles, which cannot support a shear stress, flow
against each other in response to that shear. This is the case for in-plane motion
of a resonator. The friction between the particles in that motion results in energy
loss which can be quantified in terms of the viscous penetration depth ı [41]

ı D
s
2

�!
(11.15)

where  is the viscosity of air, � the density of air, and ! the angular oscillation
frequency. This penetration depth characterizes the length scale of the velocity
waves dissipating into the fluid from the resonator surface. It is within this
penetration depth that most of the viscous dissipation in the fluid occurs, and its
magnitude relative to the resonator length dimension L can be used to determine the
relative contribution of the fluid to the dissipation of the resonator. What’s more,
since ı is proportional to 1=

p
!, also is able to characterize the frequency-dependent

effects of fluid damping for a given resonator geometry. Consider the notional
test case of a silicon sphere of radius R D 10 m (the L of this case) undergoing
translational oscillations in air. Following an approach similar to [42],

Qair D m

6�R .1C R=ı/
(11.16)

where m is the mass of the sphere. Figure 11.9a plots (11.15) and (11.16) for air
at atmospheric pressure. At low frequencies, with a correspondingly large ı, 1/Qair

varies with a !�1 relationship in a Stokes flow regime. In this regime, ı is also
typically on the scale of or larger than any gaps typical of MEMS structures. The
viscous flow resulting from squeezing fluid from a gap is significantly larger than
that described by (11.16). For general resonator geometries, squeeze-film damping
has been extensively studied due to the small gaps of capacitive MEMS and is
quantified later in this section.

As frequency increases and ı decreases, viscous effects create dissipation in
a thin boundary layer of decay constant ı encompassing the resonating body.
1/Qair for the sphere decreases with a 1=

p
! relationship proportional to ı. Above

100 MHz for the sphere in Fig. 11.9a, the loss from air becomes much less
significant compared to other loss mechanisms.
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Fig. 11.9 (a) Quality factor of air at atmospheric pressure for oscillating sphere of radius
R D 10 m. (b) Damping in air as a function of gap under different flow assumptions for
L D 50 m plate with motion normal to the gap

Although the oscillating sphere case gives an order of magnitude of the fluid
damping expected from a resonator of a given oscillation frequency and length
dimension, the particular oscillation mode and geometry of the resonator can serve
to increase or decrease the fluid damping. Computational methods can be applied to
solve for the case of general resonator geometry. A simple example is the damping
as a function of gap size shown in Fig. 11.9b. The damping at low frequency
drops by more than two orders of magnitude as the gap grows from g/L D 0.02–0.2.
Most of these results can be computed in seconds to minutes on realistic resonator
geometries by solving the linearized Reynold’s equation on the 2D surface with
correction for flow through perforations [43]. However for g/L > 1/10, a more
computationally intensive Stokes flow solution gives higher accuracy [44]. For high
frequency and very small gaps such that ı > g, the thin fluid film behaves more like a
spring than a damper. For instance, neglecting rarefaction effects, for g/L � 0.2 and
f > 40 MHz, fluid spring forces dominate and the damping declines as the frequency
is raised higher. Gaps for piezoelectric MEMS resonators are typically not so small.
Computational methods could also be applied for this high frequency case with
ı� g should such analysis prove relevant in the future.

11.4 Static and Dynamic Nonlinearity

The governing equations of (11.1)–(11.3) assume small enough displacements
that it is sufficiently accurate to only include the linear terms in the constitutive
relationships (11.2) and the strain–displacement relationship (11.3). There are two
exceptions to this related to piezoelectric MEMS resonators that are beginning to
be studied. The first is the presence of a static residual stress from the fabrication
process that can be viewed as shifting the operating point for the linearization. The
second exception is the dynamic nonlinearity from applying high power. Dynamic
nonlinearity is, for example, the origin of intermodulation distortion in filters.
We end this chapter by discussing progress to date on the computational modeling
of these effects.



274 M. Kamon

11.4.1 Residual Stress

Stress remaining in thin-film MEMS after the deposition process is referred to as
residual stress. This stress is due partly to thermal expansion mismatch between
adjacent layers, but also due to a host of other deposition related phenomena [45]
whose effect is called intrinsic stress.

In pMUTs, degradation of the electromechanical coupling coefficient has been
attributed to residual stress [46] and poor computational prediction when not
modeled [47]. The resonance frequency and electromechanical coupling are very
sensitive to residual stress in the plane of the membrane. To model this compu-
tationally, the quadratic terms for in-plane strain must be added to (11.3) because
the linear terms are small since most of the motion is out-of-plane [48]. The added
strain energy from the quadratic terms has the effect of shifting the mechanical
stiffness proportional to the residual stress. Specifically, K11 in (11.5) is replaced by
K11 C Kg where Kg is proportional to the residual stress, �0. The strong sensitivity
of resonance frequency and dynamic displacement predicted by finite-element
modeling is shown in Fig. 11.10a for the 50 m radius pMUT of [47].

For suspended single-material films with only thin electrodes, such as the
Lithium Niobate resonator of Fig. 11.2, residual stress from the film transfer process
can potentially cause significant mechanical failures on release. The structures
are anchored at four locations to compensate but still typically exhibit significant
curvature upon release. Since the structures are a single material, this implies the
form of the stress is not just a uniform plane stress, but also a stress gradient
through the thickness of the film. For instance, a linearly varying stress that changes
by 100 MPa between the top and bottom resonator surfaces causes the static
deformation as shown in Fig. 11.10b. Lithium Niobate resonators exhibit this shape
upon release but in greater amplitude indicating the form of the stress requires
further investigation.

Fig. 11.10 Residual stress on PZE resonators (a) Effect of uniform residual stress on 50 m
pMUT. (b) Exaggerated static displacement normal to the film due to stress gradient through
thickness for Lithium Niobate resonator of Fig. 11.2
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11.4.2 Nonlinearity from High Power

For oscillator and filter applications, nonlinearity limits the power handling of the
device. Modeling of this nonlinearity in piezoelectric MEMS resonators has largely
been analytic to date. In [49] second-order terms for the piezoelectric coefficients
in (11.2) for a gallium-nitride resonator are connected to a change in motional
resistance at high power levels. However, most recent work on nonlinearity has
focused on self-heating [49–51]. The energy loss in the resonator that is converted
to heat raises the temperature, which typically lowers the resonance frequency. This
change in resonance changes the impedance of the resonator at a given frequency
which either increases or decreases the amplitude of oscillation and thus couples
back to a change in the temperature. This coupling between heat generation and
impedance is a nonlinear relationship that must be solved to determine the steady-
state amplitude of oscillation and temperature for each frequency. In [51], this
coupling is modeled with a single degree-of-freedom heat flow model in which the
entire resonator is assumed at a single temperature, T, and the heat is assumed to
be generated uniformly over the resonator. This simple one-temperature model is
shown to exhibit a Duffing-like behavior which matches measurement for a Lithium
Niobate resonator similar to Fig. 11.2. However such an approach cannot work well
in the general case because the heat generation and temperature are distributed over
the resonator body rather than lumped as a single temperature.

Computational modeling can further refine the analysis of thermal nonlinearity
by using a distributed model of heat generation and temperature [52]. In [51] the
frequency was expressed as a function of a single temperature through the tempera-
ture coefficient of frequency (TCF). In contrast, the solution of the distributed heat
flow equation permits one to determine a power coefficient of frequency (PCF). To
find the nonlinear frequency response, the unknown absorbed power, P is solved
for at each frequency using the equation for power absorbed by an impedance Z(P)
terminating a transmission line of characteristic impedance Z0

P D 4Z0Re fZ.P/g
jZ.P/C Z0j2

Pin (11.17)

where Pin is the power from the vector network analyzer. Z(P) is the impedance as
a function of power calculated from the extracted motional RLC components for
the nominal case as is done in [51] as a function of temperature. For instance, for
the resonator of Fig. 11.2, the mode shape exhibits the greatest displacement near
the center as shown in Fig. 11.11a. For some total power absorbed, P, the finite-
element model distributes this power as a heat profile proportional to the square
of this displacement. After solving the steady-state heat equation, a nonuniform
temperature profile results as shown in Fig. 11.11b. That profile is used to create
a spatial distribution of elastic constants which can be used in (11.2) to compute a
shifted frequency which determines the PCF. The PCF is then used in a BVD model
to express the change in motional RLC components to be used in (11.16). The result
of that nonlinear solution for various power levels is shown in Fig. 11.11c.
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Fig. 11.11 Thermal nonlinearity captured by a distributed heat generation and flow model. (a) 3D
S0 mode shape shifted in frequency due to temperature profile shown in (b). (c) Nonlinear
frequency response for Pin D �10, �4, 2, 4, 10 dBm

11.5 Conclusion

In this chapter we explored the various methods of computational modeling that aid
in addressing challenges in piezoelectric resonator design and verification. We first
showed the importance of three-dimensional modeling in computing an accurate
resonator frequency response and showed that fast sweep algorithms make this
computation feasible. Second, we discussed the importance of loss mechanisms
and showed that computational methods for anchor loss, thermoelastic dissipation,
and fluid damping can predict the loss from these mechanisms. Residual stress is
particularly important to microfabricated resonators and we showed that its effect
and particularly the effect of the stress gradient can be modeled computationally to
predict device performance. Lastly, and still to be explored, computational modeling
can aid in predicting nonlinearity. We showed that thermal nonlinearity can be
modeled by combining a distributed heat flow model with an analytic modeling
technique.
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Chapter 12
Fabrication Process Flows for Implementation
of Piezoelectric MEMS Resonators

Roozbeh Tabrizian

Since the first demonstration of thin-film piezoelectric resonators [1], high
performance MEMS devices including low insertion loss resonators and filters
[2, 3], small form factor energy harvesters [4], large-force actuators [5], and
highly sensitive resonant sensors [6–8] have been successfully demonstrated using
piezoelectric materials such as AlN, ZnO, and PZT. Thin film AlN has been of great
interest mainly due to the high quality of its film growth and CMOS compatibility,
as well as well-developed process recipes. The processing advantages in addition
to the superior piezoelectric and acoustic properties of AlN, including large wave
propagation velocity [9] and low thermoacoustic dissipation [10], have made it a
popular choice for piezoelectric transduction of MEMS resonant devices.

Both the transverse and longitudinal piezoelectric effects of AlN thin films
have been used to actuate and sense different micromechanical resonant devices.
A thin AlN film sandwiched between two metal layers is typically deposited
on a substrate, and various devices have been fabricated by patterning the stack
(including substrate, and AlN and metal electrode layers).

In order to take advantage of the more efficient longitudinal piezoelectric effect
of AlN, resonant devices are typically designed to operate in their thickness modes
where the propagation of the bulk acoustic wave is predominantly orthogonal to the
plane of the AlN film [2, 11]. For these modes, the resonance frequency is mainly
determined by the thickness of layers in the stack and is approximately independent
of the device lateral dimensions. Alternatively, transverse piezoelectric effect of the
AlN deposited on the substrate surface can be used to actuate and sense resonant
structures into a lateral mode where the propagation of acoustic wave is parallel with
the plane of AlN film [3, 12]. The resonance frequency of these modes is mainly
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a function of device lateral dimensions enabling the implementation of resonators
with different resonance frequencies on the same substrate.

Depending on the application and required specifications of the MEMS res-
onator, piezoelectric transducer stack may serve simultaneously as the structural
body, or be integrated on an arbitrary face of a micro-/nano-structure that is
patterned in a semiconductor or insulator substrate. This chapter reviews the details
of the fabrication process flow of piezoelectrically transduced resonators, with a
focus on AlN as the piezoelectric material. Both piezo-only and piezo-on-substrate
configurations will be considered, and few examples of process variations that
result in more flexible and/or sophisticated transduction configurations or on-chip
electronic integration will be discussed.

12.1 Introduction

A typical process flow for implementation of a piezoelectrically transduced res-
onator (called piezo-resonator hereafter) includes acoustic cavity formation and
transduction stack preparation/integration. While the piezoelectric properties (i.e.,
electromechanical coupling coefficients) of the deposited films are highly correlated
with processing condition and substrate preparation, the acoustic performance of the
resonant device can be tailored by opting for proper structural substrates and device
geometries. Figure 12.1 (left) schematically shows a piezo-on-substrate device
where the resonator is composed of the transduction layer (i.e., piezoelectric film
sandwiched between metallic electrodes) stacked on the top surface of a structural
body of silicon and silicon dioxide layers. The deposition of the transduction stack
can be done before or after formation of the acoustic cavity. Figure 12.1 (right)
shows a piezo-only resonator where the transduction stack simultaneously serves as
the sole structural body.

Fig. 12.1 (Left) Piezo-on-substrate and (right) piezo-only resonator
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12.2 Deposition of Piezoelectric AlN

While the piezoelectric properties (i.e., electromechanical coupling coefficients) of
the film are defined by its texture and crystallinity, transduction stack deposition
is the most important step in implementation of a piezo-resonator, and directly
affects its electromechanical transduction efficiency and transmission loss. The most
frequent techniques for deposition of piezoelectric AlN films are RF magnetron
sputtering [13], metal-organic chemical vapor deposition (MOCVD) [14], and
molecular beam epitaxy [15]. Among these techniques RF magnetron sputtering
is the most popular for implementation of MEMS resonators for industrial and
consumer electronic applications, as it offers low processing temperature, high
deposition rate, and good texture and piezoelectric property.

Typically the AlN thin film is sandwiched between metallic electrodes that serve
for the application of electric field across AlN or collecting electromechanically
induced charges during vibration. Different metals have been used as electrode
material for AlN piezoelectric transducers, including platinum, molybdenum (Mo),
gold, aluminum, iridium, and ruthenium [16]. Since the AlN is deposited on top of
the bottom metal layer (Fig. 12.1), the crystalline quality of AlN layer is highly
correlated with the choice of bottom electrode material. While deposited films
have a polycrystalline structure in RF magnetron sputtering deposition, in order
to have good piezoelectric properties (i.e., a large piezoelectric electromechanical
coupling), deposition should be well-characterized to imitate the (0002) crystallo-
graphic orientation of Wurtzite AlN, where the polar direction is along the c-axis.
Therefore, in order to get a large piezoelectric electromechanical coupling the c-
axis of the AlN film should be aligned with the preferred direction of applied
electric field between bottom and top electrodes. The quality of c-axis orientation of
sputtered AlN film can be characterized by full width half maximum (FWHM) of the
X-ray rocking curve around the desired diffraction peak of (0002) AlN. Figure 12.2
(left) shows the X-ray diffraction pattern of a 700 nm AlN film with a FWHM of
1.65ı. Figure 12.2 (right) compares the FWHM of AlN films deposited using RF
magnetron sputtering with MOCVD films, showing higher crystallinity of MOCVD
films with a cost of lower deposition rates.

It is shown that the coupling factor (kt
2) of the AlN film decreases dramat-

ically for FWHMs higher than 4ı [18]. Besides low FWHMs, other important
characteristics of the film that directly or indirectly affect the performance of the
piezoelectrically transduced resonators include film stress, repeatability of film
thickness and thickness variation across the deposition area.

Figure 12.3 shows an AlN cluster sputter tool equipped with the dual-target
S-gun magnetrons [19] customized to improve the c-axis alignment of the deposited
film to be perpendicular to the substrate.

The most important requirements for the sputter deposition of piezoelectric AlN
with Mo metal electrodes are [20]: (1) effective pre-clean, further smoothening
and activation of the surface in vacuum environment right before film sputtering;
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Fig. 12.2 (Left) X-ray rocking curves of 700 nm AlN film deposited on Mo layer and (right)
comparison between X-ray diffraction curves of MOCVD (dashed line) and RF magnetron
sputtered (solid lines) AlN films [17]

Fig. 12.3 Schematic diagram of the Endeavor-AT process module equipped with the S-gun
magnetron for ac reactive sputtering [21]

(2) formation of highly textured bottom Mo electrode with satisfactory thickness
enabling growth of more thorough columnar grains; (3) heteroepitaxial growth of
highly c-axis oriented AlN film on Mo electrode.

Since the texture of bottom metal film is of primary importance to obtain well-
oriented AlN [18–21], the FWHM of the AlN (0002) X-ray rocking curve directly
correlates with FWHM of the Mo (110) diffraction peak [21]. Figure 12.4 (left)
shows the X-ray diffraction pattern of a 200 nm AlN sputtered on Mo film [16].
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Fig. 12.4 (Left) X-ray diffraction patterns of 200 nm AlN films deposited on Mo; (right) X-ray
rocking curves of different thickness AlN films deposited on Mo [16]

Fig. 12.5 Cross sectional
SEM image of an FBAR
showing AlN film with
columnar texture sandwiched
between bottom and top
electrodes [24]

Furthermore, it is shown that the thickness of the AlN plays an important in defining
the piezoelectric property of the film. Specifically, it can be very challenging to
get highly piezoelectric films for nm-level thicknesses [16]. Figure 12.4 (right)
compares the FWHM of AlN films with different thicknesses sputtered under similar
condition and on Mo electrodes.

An effective technological approach to improve crystallinity of the Mo bottom
electrode is to deposit thin AlN seed layer underneath the metal [21]. This effect can
be explained by the coherent heteroepitaxial nucleation [22]. It is shown that even
very thin AlN-seed layer with thickness as low as 10 nm can drastically improve the
crystallinity of the bottom metal electrode, while optimal thickness of the seed layer
is in the range of 20–40 nm [23].

Figure 12.5 shows the columnar texture of AlN film sandwiched between
electrodes, in an FBAR cross-section [24].
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12.3 Fabrication Process Flow of Piezo-Only Resonators

While in piezo-only resonators, the transduction stack simultaneously serves as the
sole structural body, depending on the vibration mode of the resonator, in-plane
geometry definition of the stack is used to define the mode shape and frequency,
and/or acoustic energy trapping. Furthermore, except for solidly mounted resonators
[25] where the energy trapping in c-axis direction is done through formation of brag
reflectors out of several layers of materials with large acoustic impedance mismatch,
other piezo-only resonators (i.e., FBARs and in-plane bulk acoustic/contour mode
resonators) should be released from the substrate to facilitate vertical levitation
required for their free vibration.

A typical process flow for realization of either of these configurations is
summarized in Fig. 12.6.

A silicon substrate is first covered by a dielectric such as silicon dioxide/nitride
(step 1 in Fig. 12.6) that serves for passivation and protection of the bottom metal
electrodes during dry release in the final step. The bottom metal layer is then
deposited followed by the sputtering of an AlN with desired thickness, which is
later patterned to provide access to bottom electrodes (step 3). In this step an
isotropic wet etch of AlN (e.g., in 50 ıC tetramethylammonium hydroxide) can
be used to provide high etch selectivity over bottom electrode and also provide a
slopped sidewall of etched AlN to facilitate conformal coverage during top metal
deposition; this is required to enable electric contact between top and bottom metal
layers wherever desired. Then the second metal layer is sputtered to serve as top
electrode for electromechanical transduction and also provide planar access to the
bottom electrode through conformal step coverage (step 4). Finally trenches are dry-
etched around the device using a chlorine/fluorine-based recipe in an inductively
coupled plasma (ICP) reactive ion etching (RIE) system. Smooth sidewalls of the

Fig. 12.6 A typical fabrication process flow for implementation of a piezo-only resonator
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Fig. 12.7 SEM image of (left) a contour mode [12] and (right) an FBAR [24] piezo-only AlN
resonator

trench are desirable to prevent destructive dispersion of acoustic waves as reflected
from stress-free sidewalls that define the in-plane geometry of the device (step 5).
Finally the device is released by isotropic dry etching of the silicon substrate (step
6) in xenon difluoride. Figure 12.7 shows an FBAR (right) and a rectangular contour
mode resonator (left) formed using a similar process.

12.4 Fabrication Process Flow of Piezo-on-Substrate
Resonators

Although in-plane piezo-only resonators are providing a much larger electrome-
chanical coupling compared to their capacitive silicon counterparts [26], their
quality factor (Q) is usually 10–100 times smaller. This can be attributed to several
dissipation mechanisms exclusive to piezoelectric transduction stack [27] including
charge redistribution loss, rough electrode surfaces, large acoustic attenuation of
metals, and the stress discontinuity at the piezo–metal interface.

An alternative approach that takes advantage of the large electromechanical
coupling of piezoelectric transduction while improving the device Q is to integrate
the transduction stack on the top surface of a semiconductor or insulator structural
body with low intrinsic acoustic dissipation. Depending on the ratio between
piezoelectric film thickness and that of substrate, significantly higher Qs can be
achieved by the cost of decreased electromechanical coupling, as piezoelectric
transduction is loaded by a thick mechanically passive structure [3]. Furthermore,
the thermoacoustic properties [28] of the resonator can be engineered in such a
piezo-on-substrate structure through heavy doping of the substrate [29] or formation
of composite structures by integration of a material with an opposite temperature
sensitivity of elastic moduli [30]. Figure 12.8 schematically shows two piezo-
on-substrate structures. In Fig. 12.8 (left) the transduction stack is integrated on
a silicon dioxide-on-silicon resonator. In Fig. 12.8 (right) the transduction stack



290 R. Tabrizian

Fig. 12.8 (Left) Piezo-on-silicon dioxide-on-silicon and (right) piezo-on-SilOx resonator

is placed on top of a composite structure formed by embedding silicon dioxide
(SiO2) pillars in a silicon rectangular parallelepiped (forming SilOx [30]). Such
a composite structure can compensate the large linear temperature sensitivity of
piezo-only or piezo-on-silicon resonators using the opposite temperature sensitivity
of SiO2.

Figure 12.9 schematically summarizes the process flow for AlN-on-SilOx res-
onator. The SiO2 pillar matrix is formed by etching square-shaped trenches inside
the device layer of a silicon-on-insulator (SOI) wafer (step 2). These trenches are
then filled by multiple deposition and etching steps of low-pressure chemical vapor
deposition SiO2. An additional thin layer of SiO2 is left on the surface of the
structure to provide a smooth surface that is required for the deposition of a high-
quality AlN film (step 3). The transduction stack is then sputtered on the top surface
of the composite structure and patterned to define top metal electrodes and provide
access to bottom metal layer (steps 4–6). Then trenches with straight sidewalls
are etched over the entire stack to form device stress-free boundaries (step 7).
Having different materials in the stack, trench etching step may be performed in
different etching tools using various dry etch recipes. While chlorine/fluorine-based
anisotropic RIE in an ICP system is required to pattern the transduction stack and
top SiO2 layer, etching straight trenches in silicon substrate should be performed in
a DRIE system using Bosch process [31]. Finally the device is released by etching
through silicon holes from wafer backside followed by etching buried oxide layer in
an ICP system. The last step may be replaced by using a silicon handle layer that is
patterned with cavities underneath resonators prior to bounding handle and device
layers.

Figure 12.10 shows the SEM image of a temperature stable piezo-on-SilOx bulk
acoustic resonator.
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Fig. 12.9 The fabrication process flow for implementation of a piezo-on-SilOx resonator

Fig. 12.10 (Left) Temperature-stable AlN-on-SilOx resonator. (Right) SiO2 pillars extruding from
the resonator sidewall
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12.5 Sidewall AlN Process for 3D Transduction of MEMS
Resonators

While FBARs are benefiting from large longitudinal piezoelectric electromechan-
ical coupling by having a vibration polarization parallel to the c-axis, in in-plane
bulk acoustic/contour mode resonators smaller transverse coupling results in higher
motional resistance of the device. However, in in-plane devices, the resonance
frequency can be defined by the lateral dimensions of the structure in the same
batch, and over a wide frequency range. In order to take advantage of the more
efficient longitudinal piezoelectric effect of AlN as well as lithographical frequency
definition of in-plane bulk acoustic resonators, an alternative approach can be used
where piezoelectric transduction of laterally vibrating micromechanical resonators
is provided using AlN films deposited on the sidewalls of silicon microstruc-
tures [32]. This transduction configuration brings the more efficient longitudinal
piezoelectric effect of AlN to high Q laterally vibrating micro-resonators to create a
spurious free frequency response with low motional impedance and lithographically
defined resonance frequency. Furthermore, extension of AlN transducer into the
third dimension (i.e., on the sidewalls) provides a large transduction area without
excessive consumption of chip surface area. These advantages make sidewall AlN
transduction attractive for implementation of low motional resistance resonators and
filters spreading across a wide frequency spectrum on the same substrate as well as
small form factor micromechanical energy harvesters and switches.

Realization of high quality AlN transducers on the sidewalls of a silicon micro-
structure requires preparation of a smooth surface on the sidewalls of the patterned
microstructure. Smooth surfaces are required for the uniform growth of c-axis
oriented AlN films that exhibit strong piezoelectric properties. To reduce the
sidewall roughness that is resulted from the DRIE of silicon (e.g., scalloping and
striation), 100 mm diameter Si (100) wafers with patterned microstructures are taken
through three consecutive steps. First, wafers are annealed in a nitrogen ambient at
1050 ıC for 2 h. Enhanced surface mobility of silicon atoms resulted from high flow
rate (20 sccm) of heated nitrogen reduced sidewall scalloping resulted from Bosch
DRIE process. This step is followed by dry oxidation of wafers at 1100 ıC to from
�50 nm of sacrificial oxide. This oxide layer is then removed in hydrofluoric (HF)
acid, leaving nearly smooth sidewall surfaces. Finally, wafers surface is etched by
low-energy (100–200 eV) argon ions using a capacitively coupled RF (13.56 MHz)
plasma source in vacuum environment. This step is performed right before film
sputtering steps. Figure 12.11 compares the surface smoothness of the sidewall
before and after this process.

Having a smooth sidewall, AlN layer with highly uniform thickness can be
achieved on the sidewalls. Figure 12.12 summarizes the process flow for implemen-
tation of silicon bulk acoustic resonators with top and sidewall AlN transducers.

The fabrication process of one-port silicon bulk acoustic resonators (SiBAR)
with top and sidewall AlN requires only two masks and three steps (Fig. 12.12).
First, the resonator body is patterned in the silicon device layer of a thick SOI wafer
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Fig. 12.11 (Left) Sidewall surface after Bosch DRIE etching and (right) after DRIE etching and
surface smoothening processes

Fig. 12.12 The fabrication process flow for implementation of a silicon bulk acoustic resonator
with top and sidewall AlN transducers

and the sidewalls are smoothened (step 1). This is followed by sputter deposition of
a thin AlN layer sandwiched between bottom and top Mo electrodes on the resonator
top surface and sidewalls. Then, the top Mo and AlN layers are etched from one pad
of the resonator to access the bottom Mo which serves as an electrical signal ground
(step 2). Finally, the device is released by etching the buried oxide layer in HF acid
(step 3). Figure 12.13 shows an SEM image of a fabricated one-port SiBAR with
AlN on sidewalls and top surface and schematic of the electrical interface for its
characterization/measurement.

Figure 12.14 (left) shows the cross-sectional SEM image of the resonator before
release in HF. Figure 12.14 (right) shows the continuity of AlN and Mo films
from the top surface to sidewalls at the edges of the resonator, with sidewall AlN
thicknesses approximately half of the top surface AlN. The bottom Mo serves as
ground for sidewall and top AlN layers. An input signal is applied to the continuous
top Mo.

Uniform thickness of AlN sidewall film results in efficient actuation of the
desired width-extensional resonance mode over the entire thickness of the resonator
and eliminates charge cancellation in the sensing mechanism.
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Fig. 12.13 SEM image of
the resonator and the
electrical interface scheme for
measurement

Fig. 12.14 (Left) SEM picture of the device cross section; BOX layer partially etched to enable
full release in HF. (Right) Continuity of AlN and Mo films from the top surface to sidewalls at the
edges of the resonator

12.6 Fabrication Process Flow for AlGaN/GaN Resonators
with Integrated HEMT Read-Out

Gallium nitride (GaN) is a wide bandgap semiconductor material showing strong
piezoelectric properties [33]. When equipped with a thin AlGaN layer on top
forming AlGaN/GaN heterostructure, this platform facilitates co-integration of high
electron mobility transistors (HEMT) and acoustic resonators. Such an integration
is considered as a potential for realization of monolithic AlGaN/GaN frequency
references without a need for external circuitry [34, 35]. Such an integrated system
is inherently immune to parasitics resulted from interconnects and also packaging
issues. Furthermore, integration of the HEMT on the acoustic cavity can further
improve the performance of the frequency reference as it provides inherent signal
filtering and amplification prior to introduction of additional feed-through.
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Fig. 12.15 Fabrication process flow for GaN piezo-resonators with integrated HEMT electronics

The AlGaN/GaN piezo-resonators are fabricated using MOCVD grown GaN-on-
high resistivity Si (111) as the starting substrate. Depending on the application, the
total thickness of the GaN-based stack can be 1–2 �m with the top AlGaN layer in
the range of 100–200 Å [36].

Figure 12.15 summarizes the fabrication process flow for implementation of GaN
piezo-resonators integrated with HEMTs.

The fabrication starts with defining the active area of the HEMTs (step 2 in
Fig. 12.15). The top AlGaN layer is plasma etched to remove 2D electron
gas (2DEG) outside of the active/device area. Next the ohmic contacts are
formed using a stack of titanium/aluminum/titanium/gold (e.g., Ti/Al/Ti/Au D
200/1000/450/550 Å) followed by 30–60 s of annealing in nitrogen environment at
800 ıC to drive the dopants into the 2DEG channel (step 3). Next, nickel/gold stack
(e.g., Ni/Au D 100 nm/30 nm) is deposited to form the Schottky contacts used as the
interdigitated fingers for piezoelectric transduction as well as the gate contacts of
the HEMTs (step 4). Then, a 1–2 �m SiO2 is deposited on the devices to both serve
as the mask for the following trench etch step as well as passivation of the 2DEG
surface. This is followed by etching trenches through the GaN layer to access the
silicon substrate (step 5). Finally the device is released through isotropic dry etch
in xenon difluoride. The SiO2 mask/passivation layer should also be thinned using
plasma etch, to leave only �100–200 nm-thick SiO2 on the devices for passivation
and/or temperature compensation purposes. Figure 12.16 shows the SEM image of
the fabricated device [37]. The HEMT is placed in the middle of the resonator for
vibration sensing and signal amplification.
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Fig. 12.16 SEM image of a resonant HEMT device, where actuation is done by two separate sets
of IDTs at the two sides of the acoustic cavity. The read-out HEMT is located at the middle of the
cavity at a location of maximum stress [37]
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Chapter 13
Reliability and Quality Assessment
(Stability and Packages)

Robert Gubser

13.1 A Long and Demanding History Sets the Demands
for the Resonators

The every growing human demand or need to communicate has been the driving
force that began to define the need for frequency control devices. The need to control
a radiated signal with information imbedded and then to be recovered by a receiving
device (all forms of transmitted and received communications). The technical
community found that devices that used mechanical stability to set a resonant
frequency were capable of offering the needed performance if the mechanical
element could be excited and operate in an electrical circuit. The piezoelectric
devices offered this solution where mechanical and electrical operation is coupled
together.

The quartz crystal, piezoelectric silicon dioxide, provided the initial solutions
that have been used. These devices have a long history compared to most other
electronic devices being used in the twenty-first century.
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1880 Piezoelectric effect discovered (the Curies)
1905 First hydrothermal growth of quartz in the laboratory—by G. Spezia
1917 Application of piezoelectric effect in sonar
1918 Piezoelectric oscillator
1926 First quartz crystal-controlled broadcast station
1927 Temperature-compensated quartz cut discovered
1927 First quartz crystal clock built
1934 First practical temperature-compensated cut developed (AT cut)
1949 AT-cut design greatly improved (contoured and high Q)
1956 Commercially grown synthetic or cultured quartz available
1956 First temperature-compensated crystal oscillator (TCXO) described
1964 Color burst crystal (3.579545 MHz) for recovering the color

information on a color TV finally sold at <US$1 each
1967 Crystal filters with delay compensation and 1.01 to 1 shape factor from

�3 dB to �60 dB realized, 24 crystals at 250 KHz
1972 The XY-cut tuning fork developed for quartz watches
1974 The SC cut was predicted and verified in built in 1976
1976 Hughes Aircraft was the largest producer of watches using quartz. They

were unique and used the SL cut
1982 The first use of dual-mode vibration, oscillator function, and a

temperature sensor

This long history with devices for:

• Military communication
• Radar timing needs
• Telephone–telecom industry
• Many timing control needs brought on by the ever expanding semiconductor

industry’s capabilities
• Medical needs
• Vehicle critical operations (engine control, breaking, etc.)
• Entertainment industry

The piezoelectric resonators are coupled to semiconductor IC to form oscillators
which provide the timing signal(s) for the end use systems. These combined
assemblies of technologies demands well chosen assembly processes that are
precisely controlled.

This results in a lengthy set of specifications to assure achievement of the needed
quality and reliability.

13.2 The Challenges of FCP Devices: Longevity and Critical
Applications Are Common

The piezoelectric resonators are often in critical applications, and these devices must
perform for many years. Often these are life critical applications:
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• Pacemakers
• Medical monitoring equipment
• Machine monitoring and motor control applications
• Telecommunication of all types (cable, fiber, RF, etc.)
• Automobiles and emergency vehicles
• GPS or its equivalent versions
• Military applications (both offensive and defensive)

These applications often include severe environmental conditions.

13.3 Where Did the Rules of Evaluation Come from?

The frequency control resonators have many diverse applications, and to assure
performance in these applications, tests have been derived to verify the performance.
When any failure has been found and there is a realization that a test is needed to
make sure that failure mode is not pervasive in the product.

The resonator portion of these devices is in a hermetically sealed region or cavity,
and the integrity of this cavity is critical to the device performance; hence, many
tests or rules are applied to assure this.

Essentially the rules have grown with time to assure the product meets the
expectations of how the product is being used. Most telecom applications have
limited mechanical stresses; these applications focused on signal integrity and
longevity of performance. Automotive applications tend to have less signal integrity
needs, and the operating environment can be very difficult. Wide temperature
range with severe transitions, high shock, and vibration are encountered. Hence,
the mechanical and temperature portion of the evaluation and specification is
emphasized.

For many in the FCP business, when they see a C200 ıC evaluation, they know
this is for the “downhole” drilling industry.

If very high shock evaluation is dictated, then the product could be in a munitions
application.

The rules for evaluating these FCP products shall continue to evolve as tech-
nology creates new conditions and the applications continue to expand. There will
be customer unique specifications and evaluation procedures, and as this broadens,
there will be formal specifications and procedures. The current JEDEC and similar
specifications followed this path.

13.4 The Challenges of an IC and Electromechanical Device

These piezoelectric resonators convert mechanical energy to electrical signals and
vice versa. This results in a product sensitive to virtually all possible stresses applied
to the package.
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• Mechanical forces applied to the package (both static and dynamic) can alter the
electrical signal. For example, package rotation or position can have different
aging rates due to forces of gravity. Vibration can result in increased electrical
noise output (increased jitter and phase noise).

• Temperature, both transient and static, changes the mechanics of the resonator
and hence the performance. The rate of change is critical; during rapid changes
the mechanical portion is not in an isothermal condition resulting in different
stresses compared to the static or slow changing temperature.

• Exceptional rapid temperature changes can result in damage to the hermetic seals
on the resonator region or cavity. Also, rapid changes may permanently alter the
mechanical properties of the resonator, for example, alter the electromechanical
coupling.

• The mechanical portion has elastic limits. Any mechanical stress or electrical
stress that induces an excessive mechanical stress can alter the devices perfor-
mance in the short and long time periods.

• Plastic packaging of these products increases the susceptibility to problems;
the plastic package provides very limited protection to the resonator. Add to
this that the plastic offers no protection from humidity and can amplify this by
absorbing moisture and therefore adding stresses to the resonator portion further
emphasizes the challenges of plastic packaging.

These piezoelectric MEMS and quartz assemblies are often configured as sensors
to measure changes in the environment; one should expect those configured as
precision signal generators are going to be desensitized to the environment but not
totally eliminating these changes.

13.5 With FCP Long History, So Much Is a Level
of Expectation

Many of the piezoelectric devices made and shipped today have one- or two-page
specifications. When new products are developed, they are targeted to meet these
short lists of expectations. Unfortunately this is exceptionally short sighted.

The resonators are all similar or identical whether the application is for ultra
precisions and longevity or for a simple consumer application. The end users
understand this, and they expect that a consumer application part will have most
of the performance characteristics of the precision part. This is the “implied
specification” when one states the resonator part is a quartz crystal or an equivalent
to a quartz crystal part.

The bill of materials and the process steps are identical whether the device has a
one-page or a long lengthy specification. Why wouldn’t the end user expect similar
performance?
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All piezoelectric resonators are expected to perform to a long list of performance
characteristics.

There are various groups worldwide that have written the documents on how to
test and qualification tests for these electromechanical devices. Those documents
published by and for the US Military are common in the whole world industry and
are often referred to.

There are automotive specifications (AEC, IEC, JEDEC, JIS (Japan)) which all
are similar and are often used interchangeably.

13.6 US Military Standards

Often used US Military quality and reliability specifications with their associated
test procedure definitions are listed here.

Some of these documents were written many years ago when the quartz crystal
was the only precision frequency control item in use. These are often being applied
to the more recent MEMS-based resonators.

Mil-PRF-55310D Section 4.8.35. Reporting operating conditions
MIL-STD-202 Test methods for electronic and electrical component parts
Mil-STD-202 M210 Condition B resistance to soldering heat
MIL-STD-790 Established reliability and high-reliability qualified product

list (QPL) systems for electrical, electronic, and fiber-optic
part specifications

MIL-STD-810 Environmental engineering considerations and laboratory
tests

Mil-STD-883 1014 A1 Fine leak test
Mil-STD-883 1014 C1 Gross leak test
Mil-STD-883 M1007 Low storage temperature test
Mil-STD-883 M1010 Condition B temperature cycling
Mil-STD-883 M2009 External visual inspection
Mil-STD-883 M2011 Bond strength
Mil-STD-883 M2016 Physical dimensioning
Mil-STD-883 M2019 Die shear
MIL-STD-1285 Marking of electrical and electronic parts
MIL-0-55310B Document aging and its measurement. A version since

1976 and B version in 1988

Copies of these documents are often available online at https://assist.daps.dla.
mil/quicksearch/ or https://assist.daps.dla.mil.

https://assist.daps.dla.mil/quicksearch/
https://assist.daps.dla.mil/quicksearch/
https://assist.daps.dla.mil/


304 R. Gubser

13.7 JEDEC Standards

Commonly applied JEDEC standards to piezoelectric resonators:

JESD22-B102e2 Recommended to use this as an interim
JESD22-A101-B Temperature/humidity/bias testing
JESD22-A102C Pressure cooker testing (PCT)
JESD22-A103B High-temperature storage (HTS)
JESD22-B103B Mechanical vibration
JESD22-A104D Temperature cycling
JESD22-B104C Mechanical shock
JESD22-B105C Condition A lead integrity
JESD22-B105C Condition B lead integrity
JESD22-B107A Solvent resistant/marking permanency
JESD22-A108C High-temperature operating life (HTOL)
JESD22-A110-B High accelerated stress testing (HAST)
JESD22-A113-B Moisture resistance test
JESD22-A114D ESD human body model (HBM)
JESD22-A115C ESD machine model (MM)
JESD22-C101E ESD charge device model (CDM)
JESD78 Latch up

There have been some suggestions to drop some of the ESD testing, not do all
three types. This is not recommended, for example, the signal leads to the resonator
often have limited protection (the protection circuits tend to reduce the device
performance in both frequency stability and jitter). ESD protection and performance
become a trade-off issue. Some may say the resonators is internal the package and
therefore these circuit nodes are protected. Unfortunatley this may not be true, these
are in many cases multi die packages where the critical signal leads may be more
vulnerable than expected.

13.8 Other Standards

IPC/EIA J-STD-002A Solderability

Infant mortality testing:
The mechanical resonator may have degraded performance after being idle for

many days. For example: a case where contamination may settle on the resonator
is being a unique condition for these electromechanical devices resulting in the
finished device failing to proivide the output signal when the device is powered
up.
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A suggested test uses a large number of units (3000–5000 devices) and performs
the initial part of the HTOL test. Set up and perform the first 2 days of an HTOL
test, and any failure results in the failure of the entire group.

Any nonquartz crystal piezoelectric resonator development should be cognizant
of the following quartz-based resonator documents. This is another case of end user
expectation:

MIL-C-3098x crystal specification

MIL-C-3098H version in 1997
MIL-C-3098G in 1979
MIL-C-3098K with amendment 1 in 2011

IEC 60122-1, Quartz Crystal Units of Assessed Quality, Part 1: Generic Specifi-
cation, Third Edition

ECA-512 Standard Methods for Measurement of the Equivalent Electrical Parame-
ters of Quartz Crystal Units, 1 kHz to 1 GHz

13.9 In-Process and Production Monitoring

The in-process monitoring to assure the quality and longevity of the device must be
chosen carefully:

• Timely enough to permit prompt feedback to the processing
• Low cost
• Effective to assure the quality is being maintained

There are three key items that meet these requirements, and these items are
indicative of the process being under control:

• Resonator resistance or Q
The resonator was formed correctly and the piezo portion is operating correctly.
The resonator is sealed correctly (under a vacuum in most cases).

• Frequency
The resonator structure is being repeatedly made to the qualified process.

• Seal integrity (leak test)
This test can be the most difficult. The resonator cavity size limits the ability to
do most leak tests. A 1- or 2-day aging measurement may be the only way to
get indications of a good seal. The high-temperature coefficient of the resonator
makes this method difficult to implement.

Sample quantities for all lots of resonators should be taken and tested. Any
changes in the average and the distribution should require an evaluation of what
has changed in the process.
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13.10 Other Specifications for Frequency Control Products

There are additional requirements that are essential for many applications of the
piezoelectric resonator supplied as a complete oscillator. These parameters would
need to be supported the same as the above requirements.

These requirements have been applied to quartz crystal oscillators but are not
stated on the datasheets. The needed results were achieved by the natural of the
piezoelectric quartz resonator, a case of expected and implied performance but not
stated.

13.10.1 Response to Temperature Change

The piezoelectric MEMS resonators are typically used in a PLL circuit to permit
the exact user requested frequency is the output of the oscillator. The PLL circuit is
also sensing temperature and changes the PLL feedback to correct for the MEMS
resonator temperature coefficient.

If the temperature sensor on the PLL IC and the MEMS resonator are not
perfectly coupled, there is a strong possibility of a large out-of-tolerance frequency
shift until the stable thermal condition is achieved.

13.10.2 Perturbations

This is where the frequency makes a significant step change for a small change in
temperature. These would be step changes in the order of a few ppm.

The quartz crystal resonators have these perturbations and by design they can be
eliminated, but any change in the fabrication process or flaw in the resonator shape
these perturbation flaws reappears.

Several have touted that the piezoelectric MEMS are free of this type of
erroneous response. Unfortunately they have been found in the products being
delivered. The problems stemming from the resonator flaw can be measured. For
almost all oscillators, there is a small amount of the resonator signal on the output,
and this can be recovered with a spectrum analyzer, therefore knowing the frequency
jump was in the resonator.

13.10.3 Power Supply Noise Sensitivity

The device datasheets are normally derived from data taken in a laboratory
environment. Actual use will be in systems where there is noise on the power supply
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terminals. A “rule of thumb” would be to hope for 50 mV PP at any frequency from
DC to 200 MHz and in practice accept 100 mV PP on the supply terminals. In many
cases it is worse, but with some good PCB layout and RF bypassing, a level 100 mV
PP should be attainable.

This externally injected noise must not significantly alter the device performance.
The resonator and the accompanying circuit must be tolerant of this noise.

13.10.4 System-Injected Noise

The MEMS-based resonators and associated IC are most often packaged in a plastic
package that is susceptible to radiated and inductively coupled noise. For example,
what happens if the assembly is operated near a switching regulator? This is a case
of both capacitively coupled and inductively coupled noise. Care has to be exhibited
when designing the package and the circuit to protect sensitive nodes.

13.10.5 Low-Frequency Wander

This is a parameter that does not appear on most piezoelectric resonator datasheets.
The quartz resonators did not have this low-frequency condition of output noise;
with the much higher temperature coefficient of frequency change of the MEMS
resonator, in some cases as high as �30 ppm/ıC, this is now a significant parameter
to contend with.

This is truly a low-frequency jitter condition that is ignored until one finds their
new design and the circuit does not meet specifications.

This large temperature coefficient is corrected by a temperature compensation
function built into the PLL circuit. The PLL is continually adjusting the compensa-
tion circuit which is a step change in the output frequency.

This is easily measured with a period averaging frequency counter such as the
Keysight (Agilent) 531xx or 53200 series. Vary the measurement time or gate time
from 0.001 mS to 1 S. Frequency jumps or changes will be noted that are unique
to the MEMS resonator-controlled devices. The longer gate time will average these
jumps; hence, changing the gate time will assist in indicating the internal circuit
timing that is creating these jumps (Figs. 13.1 and 13.2).

13.10.6 Long-Term Aging

The performance of the resonator versus time is important, essentially how long will
the resonator be providing a signal that is within specification.
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Fig. 13.1 Typical MEMS-based XO with a CMOS output and the temperature constant at about
25 ıC and 3.300 V VDD. The counter resolution is about ˙0.1 ppm
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Fig. 13.2 Typical quartz crystal-based XO with a CMOS output and the temperature constant at
about 25 ıC and 3.300 V VDD. The counter resolution is about ˙0.1 ppm (Note: the noise or
wander is limited by the counters resolution)

The level of expectation has been set by the quartz crystal resonator; in
today’s ceramic hermetically sealed packages, the resonators routinely can achieve
˙10 ppm over a 10–20-year period.

Often it is stated that the need is much less, “oh it’s a consumer part and will be
discarded in 2 or 3 years”; so aging is not important. Think of the number of items
such as copiers/printers, kitchen appliances, our cars, radios, etc. where the product
life will be much greater than 2 or 3 years.
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Often a quartz resonator specification is stated as ˙3 ppm for the first year
and then ˙2 ppm after the first year. The end users of this type of product also
understand that the aging rate is declining logarithmically every year. Therefore, at
year 10 it is far less than ˙2 ppm per year. The piezoelectric MEMS resonators have
not demonstrated a similar logarithmic slowing or the rate if declining is far lower
than quartz.

The MEMS industry and the various MEMS design technologies have resulted
in a widespread aging performance.

13.10.7 EMI Radiation

The signal radiated from the resonator and associated internal electronics is
important to meet various RF noise emission specifications.

The piezoelectric resonators operating with PLL circuits have many more
challenges compared to the simple quartz crystal oscillator. The crystal oscillator has
the base resonator frequency and then the harmonic multiples of the frequency. The
piezoelectric MEMS devices with the PLL have many other frequency components
besides the basic resonator to control; also the resonator is often a noninteger
multiple of the output frequency.

13.11 What Are the Expectations of the Future?

13.11.1 The Device Sizes

Sizes will continue to decline for all FCP technologies. No sector has reached a limit
or physics “hard stop” at this time.

13.11.2 The Device Supply Voltages and Power

The resonators are all passive, so the supply voltages are only limited by the circuitry
placed around the resonator. Also, the power consumed in the resonator is already
in the uW range in almost all cases; therefore, the associated electronics determines
the power consumption and that it is ever decreasing.
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13.11.3 The Device Cost

The cost will continue to decline. The various technologies used to achieve these
FCP devices will continue to compete for the available timing control needs of a
system.

13.11.4 Self-Test

The resonators (the electromechanical device) that set the performance of the device
are typically fully isolated from the end user. There is no way to know with what
margins the resonator is operating under. In fact, in practice most resonators are only
operated in the final configuration, and the margins are never measured.

It is practical today with the IC capabilities to measure the resonator performance
and report this to the rest of the system. For example, what is the operating resistance
of the resonator? Built-in self-test (BIST) will be implemented in the coming years.



Chapter 14
Large Volume Testing and Calibration

Minfan Pai

Large volume testing is expected in manufacturing for production. It is one of
the operations that could be the determining factor for the success of an MEMS
product. The function of the testing is to ensure that every part manufactured is a
good part. Today, MEMS products, such as motion sensors and microphones for
smart phones, are often just a portion of the many components used in the final
product form—if any one of them is defected, the entire system may fail at any time.
Hence, the impact of a defected die could be much bigger than just a component
failure and would possibly cause situations such as production line down, schedule
delay, unhappy customers, and moreover, a tarnished company reputation which
affects future sales and even the sales of other product lines. The product quality is,
therefore, one of the most important measures of the usability of an MEMS product.
Additionally, the control of the test cost is quite often an on-going task for MEMS
manufactures. Testing for MEMS could be many times more complex than that of
typical semiconductor products. If not managed well, it could significantly affect the
cost margin and render the product uncompetitive. In this chapter, we will use the
piezoelectric MEMS resonators developed by Integrated Device Technology, Inc.
(IDT) as examples to discuss the techniques used in MEMS manufacturing testing
in details. Methodologies used in both test rejections and test time reduction (for
test cost management) are discussed.

The construction of IDT’s piezoelectric MEMS resonator products takes more
of a traditional approach which consists of a separate MEMS and ASIC dies. The
MEMS die is attached on top of the ASIC die, which sits on the lead frame, before
they are wire bonded and plastic molded and diced into the final component product
form [1]. A teardown view of the product is shown in Fig. 14.1. This approach
permits the opportunity to test the MEMS and ASIC dies (if needed) individually

M. Pai, Ph.D. (�)
Integrated Device Technology, Inc., San Jose, CA, USA
e-mail: minfanpai@yahoo.com

© Springer International Publishing Switzerland 2017
H. Bhugra, G. Piazza (eds.), Piezoelectric MEMS Resonators,
Microsystems and Nanosystems, DOI 10.1007/978-3-319-28688-4_14

311

mailto:minfanpai@yahoo.com


312 M. Pai

Fig. 14.1 Teardown of an
IDT piezoelectric MEMS
oscillator in a plastic package
(Reproduced from Bhugra
et al. 2011)

before the final test performed on the final assembled products. It enables screening
of defected MEMS or ASIC die components before committing them to the final
assembly, so the impact from the cost incurred by yield loss is not accumulative. In
other words, the manufacturer does not need to pay for the cost of an ASIC die, the
assembly, the package, and the final test, for each corresponding defected MEMS
die.

Of course, some other MEMS resonator products are now taking the integrated
approach [2, 3]. MEMS and ASIC wafers are bonded together after being fabricated
separately, or they are processed together on the same wafer as an integral part,
producing complete functioning dies once diced. With this approach, MEMS
and ASIC are typically tested together through ASIC, since they are electrically
connected. The overall testing process may be simplified; however, the freedom
in designing adequate testing strategies for the product could be reduced. Care
must to be taken to make sure the effectiveness of the test is sufficient. Despite
the differences, many of techniques we discuss next should still apply, depending
on the specific construction of the MEMS products in question.

Our emphasis is on the MEMS die testing as it relates directly to the core of
the MEMS products. The procedures involved in the final test step on assembled
parts (with MEMS and ASIC dies in packages) are more tightly associated with
the specific designs of the control ASIC for each case. We first discuss how the
MEMS resonator dies are tested at wafer level before the assembly. And in the last
section, we touch upon the calibration aspect conducted in the final test on the final
assembled parts.

Since many MEMS resonator products utilize similar working principles and
sharing basic structural and/or processing elements, readers should find the dis-
cussions and examples applicable to various resonator technologies or even other
MEMS product types.
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14.1 Purpose of Testing in Manufacturing

As mentioned previously, the primary purpose of testing in manufacturing is to
screen out bad parts for final products. Similar to practices used in semiconductor
products, it can be accomplished by passing them through automatic testers
which evaluate against a set of predetermined test limits that complies with the
specification sheet defined for the products.

But that is not all. Another equally important purpose of manufacturing testing
is to reduce infantile mortality rate and improve overall product reliability. Because
MEMS is in general a more complex technology than ICs, which functions not
only in the electrical domain but mechanical, the testing procedures dealing with
reliability aspect is inevitably a lot more complicated and extensive.

Piezoelectric MEMS resonators are no exception. Like many other MEMS
manufacturers who had experienced in the development stage, resonator makers
found themselves needing to explore various new and special techniques for
effective testing in manufacturing.

Occasionally, temporary measures may need to be implemented in test to address
certain fab or assembly issues that arose and could not be resolved in a timely
manner so that the production is not interrupted.

The data collected from large volume manufacturing testing are very useful as
well. They can be analyzed to track the stability of the wafer fabrication process and
provide feedbacks to the fab for continuous improvements. In addition, due to the
extended coverage of the data which could not have been obtained otherwise, they
are proven invaluable for designers in devising the next-generation products.

14.2 Considerations in Testing in Manufacturing

It is important to understand that the goal in testing in manufacturing is different
from the device characterization testing conducted in the product development
stage. The setup and methods used in characterization measurements might not be
suitable for directly porting to large volume testing in manufacturing.

First, let us consider a device characterization scenario. One may need to
understand the temperature dependence of the resonance frequency of a particular
resonator design. Measurement accuracy is usually a top priority as it pertains to
the thorough understanding of the device for assisting either in device designs
or improvements. However, there are also situations where you only need to
understand the general trending of the devices across various designs. Do you
need the frequency drift measurement accuracy within ˙0.1 PPM or ˙1 PPM? Do
you need the temperature control accuracy within ˙0.1 ıC or maybe just ˙1 ıC?
The decision comes down to your need for the data. Next, the questions will be
on the capability of the measurement equipment and the oven for temperature
tests. You may need to conduct a gauge R&R study (gauge repeatability and
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reproducibility) for the measurement setup. You may also need to investigate
whether the temperature measured from the oven chamber accurately reflects the
temperature of the device and if a wait time between measurements for thermal
stabilization and equilibrium is required.

The thinking process is similar when first setting up the tests for manufacturing,
yet the requirements need to be modified as the objectives are now different. Ability
to differentiate between bad parts from the good in the most efficient manner
should now be the dominant factor in designing the setup and methodology for
manufacturing testing.

For example, at manufacturing, you may care more about the distribution of the
resonance frequency of all dies on wafer rather than the absolute frequency reading
of each die at highest level of accuracy. Or, perhaps you do not really need the exact
phase shift information at resonance of all dies on wafer. You can then consider
eliminating this particular test.

In many cases, the test cost for MEMS products is a significant portion of the
total cost of the product manufacturing. Thus, it is essential for the success of the
product to keep the test cost at minimum—which directly translates to actions to
minimize test time and number of test insertions. It could be a long and on-going
effort to meet the test cost target, as many of the knowledge required is obtained
through manufacturing practices.

14.3 Forming a Testing Strategy

Forming a testing strategy in manufacturing is the most important part of the
preparation process. It usually starts at the development stage when you have an
MEMS device that can be stably fabricated with reasonable yields and you are ready
to ramp it up for high volume production. Large amount of data will need to be
collected and analyzed to understand all of the device’s characteristics and possible
failure modes. The process would involve exploring devices through various
extreme electrical and environmental conditions plus reliability testings, aiming to
find out their limits and understand the failure mechanisms. An appropriate test
setup and effective rejection methods can, therefore, be derived.

The studies also need to take backend assembly processes into account, such as
wafer grinding and dicing, etc. The impacts from these processes to the electrical or
physical assessments during test need to be evaluated. For example, some devices
may be extremely sensitive to ESD (electrostatic discharge) that they could be
destroyed or behave erroneously after the event happening during wafer saw. One
should then consider conducting the tests, or inserting additional tests for checking,
after the wafers are sawn in this case.

A lot of times with the information available at hand, it is still not easy to
determine the proper test limits or criteria to use for certain tests. It is suggested that
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the most conservative and stringent ones should be considered first and gradually
relaxed when deemed suitable based on the more data collected into the production
phase.

Lastly, the test hardware, including wafer probers, electrical test equipment,
handlers, vision systems, and computers, is, of course, another great subject in
preparing for large volume testing. Tool capability, accuracy, cost, size, throughput,
flexibility, and scalability are the default consideration factors. Most importantly,
the selection of the hardware should be supporting the test strategies formed.

14.4 Methods of Rejection

In this section, we will begin with using IDT’s piezoelectric resonator products as
example to illustrate how various rejection methods can be used in large volume
manufacturing testing. Note that not all of the methods we will be discussing are
meant for adoption in manufacturing test together as a whole. They are simply
provided to readers as case study scenarios and their implementations should depend
on the need of the actual product at hand.

We will divide the methods in two main categories: electrical and visual
rejections. Electrical rejections evaluate directly the electrical functionality of the
products, which are closer to practices in typical IC tests. Visual rejections deal with
mechanical construction of the device. Because MEMS devices bear mechanical
elements and usually have a protective cap structure fabricated at wafer level (wafer
level packaging), any compromise in mechanical aspects affecting both may degrade
device’s performance. The visual rejections are, therefore, more related to the
reliability aspect in the tests.

14.4.1 Electrical Rejections

IDT’s piezoelectric resonator is a two-port device. For electrical performance
assessment of a resonator die at manufacturing, S21 parameters are measured using
a network analyzer with a wafer prober at wafer sort. From the data obtained,
quantities describing the properties of the resonance peak, referred as resonance
parameters, are extracted. They include peak frequency (F), Q factor (Q), insertion
loss (IL), and phase (Ph). The following sections discuss various electrical rejection
methods primarily based on these extracted parameters.

Resonance Check

The very first step in electrical rejection is simply to check whether a resonator is
resonating or not. More specifically, devices without a distinguishable resonance
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peak at electrical excitations that swept across the expected frequency range are
rejected. These include resonators with exceptional weak peaks as well as ones
without a peak at all.

There are a few ways to reject these types of bad dies. The easiest and quickest
is to check the detected insertion loss level after searching for the peak by finding
the maximum point across the measured spectrum. If the value is very close to
the representative feedthrough level (no peak) or substantially lower than what a
normal peak should be (a weak peak), then the die should be rejected. Usually this
can be done with just one very fast sweep across the expected frequency range of
the device. A second approach is to check if a die has a measureable Q factor. Even
a device exhibits a resonance peak but with a very weak one that its Q factor is
essentially zero (or not measureable), then it has to be rejected. These screening
criteria can be both used, if necessary, to ensure non-functioning bad dies are
rejected effectively.

Spec Limits Rejection

Screening based on spec limits is easy to understand. These are the minimum and
maximum allowable values set on the resonance parameters, F, Q, IL, and Ph,
respectively. If measured parameters fall out of the predetermined limits, they are
considered not possessing the full expected normal functionality of the device and
should be rejected.

Setting the spec limit values is not a trivial matter. At the minimum, the
knowledge should come from device designers as well as the data collected from
pilot wafer lots. Designers understand the expected working range reflected in
the parameters through simulations and modeling conducted in the design phase.
The wafer data demonstrate the achievable and reproducible device performances
and reveal the extent of variations dictated by the foundry’s process capabilities.
Furthermore, by way of reliability testing, there are weaknesses of the device that
can be learned, which may allow establishment of correlations of failures to device
resonance parameters. For instance, devices with Q factors below a certain value
may be linked to nonideal cap sealing conditions and thus have a high possibility of
latent failure in certain environmental conditions.

Another factor to consider in determining the spec limits may come from the IC
side. When designing the ASIC that pair with MEMS resonators, electrical models
describing the MEMS device’s performance are used. Although IC designers would
typically institute a broader operation range with margins than the models predicted,
the spec limits should safely guarantee that the dies passing through tests will work
with the ASIC properly in high volume production setting over process corners.
In some special cases, there may be a need to tighten certain parameters to meet
a specific performance requirement for a product variant, the specs are modified
accordingly.
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Dynamic Spec Limits Rejection

Along with the fixed-value spec limits discussed, dynamic spec limits can be
implemented. It is aimed at removing outliers that stem from wafer processing
variations and localized defects.

MEMS devices usually comprise of a number of material/structural layers.
Variations from each of the layers due to processing could push the device’s per-
formance in the same or opposite directions. The resonance parameters measured at
completion of processing then reflect the compounded effects. Normally speaking,
the distribution of each of the parameters would follow a bell curve, or, be normally
distributed. If devices existed with one or more parameters distinctively located
outside of the main distribution, it implies that the processing condition at the
location on wafer might be somewhat abnormal. It may be a point defect caused
by residues or contaminants, or it could be any other processing issues affecting a
localized area. Although their resonance parameters do not necessarily fall out of
the fixed spec limits and the dies may still appear to function normally in the test
conditions, as a precaution and for quality control, the devices may elected to be
rejected to minimize reliability concerns.

The dynamic spec limits are determined statistically based on the measurements
of the whole wafer. The limits could change from wafer to wafer as they are meant
to address the particular processing variations of the wafer under test. In Fig. 14.2
the relation of the fixed and dynamic spec limits is illustrated.

To establish the dynamic spec limits values for a wafer, one evaluates the overall
parameter distribution and measures each of the die on wafer against it. A simple
way is to calculate the mean and standard deviation of the parameter of interest
(which describe a normal distribution) and reject the outlier dies that situated outside
of the distribution, defined by a predetermined distance away from the mean.

Fig. 14.2 Illustration of the
dynamic test limits and the
fixed test limits
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Fig. 14.3 Illustration of a
parameter distribution having
a significant secondary
distribution Main
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For example, if the outlier criterion is set to 3� , then a passing die should satisfy
the condition:

P < m C 3� and P > m � 3�;

where P is the measured parameter value of the die, m is the calculated mean, and
� is the calculated standard deviation. The outlier criterion is determined based
on knowledge learned from the observations and analysis of historical wafer data,
by which the process outliers can be reasonably identified. Similar discussions in
outlier control can be found in [4].

A simple adoption of the above rejection may not be sufficient, however, if the
characteristic of the parameter distribution is not perfectly normally distributed.
For example, consider a parameter distribution having a main distribution and a
secondary distribution as illustrated in Fig. 14.3. The secondary distribution may
have come from a defect area on wafer covering an appreciable number of dies.
A simple calculation of the mean and the standard deviation do not properly
represent the actual distribution and will not effectively reject the outliers. One way
to improve this situation is to implement “recurring” rejections, that is, a new mean
and a new standard deviation value is recalculated every time an outlier is removed
until there are no more outliers. The technique is applied to all of the resonance
parameters independently so that the final selected group of dies is efficiently
exclude of dies within the unwanted secondary distribution.

Yield Limit Rejection

Over of few multiple wafer fabrication runs in production phase, a typical wafer
yield number can be established which reflects processing capability and stability
of the fab process. A wafer yield limit can be set accordingly as an indicator and be
used to automatically trigger a warning or rejection of an abnormal yielding wafer
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Fig. 14.4 An example of geographical-based rejection. The center good die is rejected due to
existence of surrounding bad dies

or wafer lot. Engineers should investigate in the case of a sudden yield drop (a yield
outlier) and determine if it is a fab or test issue and make recommendations for
disposition. The yield limit should be reviewed periodically and renewed to reflect
any improvement made to the fab process.

Geographical Rejection Including Expansion

Geographical-based rejection method is commonly practiced in semiconductor
world for outlier control [5]. The rejection is based on the geographical relation
to the surrounding electrical bad dies on wafer. Examples are shown in Fig. 14.4.
An electrically tested good die is rejected if it is surrounded by a certain number of
bad dies in its immediate adjacent proximity.

An extension of this method is called “expansion.” During IDT’s resonator
development, it was found that the yield loss attributed to cap wafer bonding voids
usually appears in circular pattern. A unique electrical signature allows for accurate
detection of these defected dies, however, the minimally affected dies occasionally
found at the periphery of the voids with only a tiny structural defect present a
bigger challenge. An algorithm which considers bond void areas and geographically
expands the region by a die or two at the periphery was proven to be effective
in rejection of the defects. An illustration of the expansion rejection is shown in
Fig. 14.5.

Rejection by Electrical Signature

Unique electrical signatures in resonance parameter data may be found to correlate
to certain failure modes or defect modes. One example associated with cap wafer
bonding void is mentioned above. The signatures are highly dependent of the
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Fig. 14.5 An example of
expansion rejection. “x”
denotes the dies with minute
cap defects that were not
detected electrically but
rejected by expansion

X

X

X
X X X

X

X

X
X X X

MEMS process and its processing sequence; therefore, they do vary case by case
and need to be identified through analyses at development phase. Other types of
defects with electrical signatures may include bond pad shorting, ESD, etc.

Rejection by electrical signature may not necessarily improve the overall rejec-
tion efficiency—as these defect types having significant deviation from regular
parameter values very likely would have been rejected readily by spec limits alone.
But the method does provide the next level of insights into the defect types. It is
beneficial not only for future process improvement but for more advanced rejection
algorithm development such as the expansion algorithm discussed previously.
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Rejection Beyond Resonance Parameters

Resonator measurements showing minor irregularities on the profiles of the res-
onance spectrum around the peak may be observed at high volume production.
Some of them may be found to correlate to certain processing defects, while others
may actually be caused by random nonideal contact conditions during wafer probe.
In any case, for outlier control, decisions may be made to reject dies with these
irregularities due to uncertainty. Because the variations on the profile are usually
quite subtle that they could not be detected based on the spec limit screening alone,
a more complex spectrum analysis are required for this type of rejection.

14.4.2 Visual Rejections

Visual rejections rely on analyses of wafer inspection data taken upon completion
of the wafer fabrication or at selected critical processing steps as needed. The
inspections are done with automated imaging tools which scan through the entire
wafer surfaces with magnification and resolution suitable for the need of the targeted
analysis. Individual images corresponding to every die on wafer can be registered
and retrieved by the imaging analysis programs.

As can be anticipated, the imaging control during inspection plays an important
role in the efficiency and accuracy in the imaging analysis. Any nonideal imaging
situations, such as out-of-focus, tilt, shift, and exposure and contrast variations, can
drastically increase the complexity for analysis. Moreover, processing irregularities
such as debris and surface etching topography can complicate the situation even
more. Therefore, besides improving on the imaging front, it is equally important
that a well-designed analysis algorithm takes all of these factors into account.

As will be seen, the use of visual rejections is more so depending on the
specific MEMS product in question, since the die’s physical construction is very
much determined by the particular MEMS designs and processes. In the following,
we will use IDT’s resonator products as examples to discuss various types of
implementation in visual rejections.

Seal Defect Rejection

Figure 14.6 shows the schematic of IDT MEMS die’s cross section. The completed
device wafer is first bonded to a cap wafer using a polymer adhesion layer. The
polymer holds the two wafers together so that subsequent processing steps on the
cap wafer can be carried out. As polymer is intrinsically permeable, a metal layer
covering the bond interface exposed around the peripheral of the dies is necessary
to ensure a hermetic seal. This processing step is called metal seal. More detailed
descriptions of the construction of the device can be found in [6–8].
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Fig. 14.6 Cross-sectional
schematic view of the IDT
piezoelectric MEMS
resonator with a cap
fabricated at wafer level
(Reproduced from Bhugra
et al. 2014)
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The effectiveness of the seal is of upmost importance. Stability and reliability
of the device could be severely compromised if the seal is not perfect. If any leak
path exists, moisture could reach into the cavity where active device resides and
condensate on the device’s surface. It could also be absorbed by the aluminum
nitride piezoelectric layer. In either case, frequency shift and Q degradation will
result due to loading. Under extreme conditions, corrosions of the electrode metals
may even occur and render the device nonfunctional.

Unlike electrostatic-based resonators, most of which require a high vacuum to
retain their Q to function, piezoelectric resonators are not as sensitive and may
still function within the normal range even if the vacuum is breached. This is
advantageous as, if somehow the seal is compromised, a device in the field may
still continue to work without failing. Nonetheless, it does make defect detection at
manufacturing more difficult. A nonelectrical rejection method is, therefore, needed
to be developed.

It was observed that the edge profile of the metal seal around the die periphery
is a very good indicator for the quality of the seal. This correlation was established
through studies involving measurements and de-processing analyses under various
test conditions. If edge profile is incomplete—featuring either a notch or any broken
sections—there is a high chance of existence of openings in the metal leading to the
exposure of the polymer layer at the bonding interface. Algorithms aiming to detect
any imperfections around the seal’s edge profiles can thus assure that all passing
dies are with the metal seal layer properly fabricated.

Delaminated Cap Rejection

Like most MEMS products today, IDT’s resonator dies constitute of a cap that
provides protection for the active device from the outside environment. The cap
is typically fabricated at wafer level using wafer bonding techniques. At the end of



14 Large Volume Testing and Calibration 323

the process, the completed wafers are diced into individual dies—each completed
with a cap on top. Depending on the process flow’s design, separation of the cap
from its wafer form into individual caps can be done by an etching step on the cap
wafer, or simply by the wafer saw process during the backend processing.

During the cap separation, localized wafer bonding defects, if exist, could cause
the individual caps in the affected region to delaminate and fly off due to insufficient
adhesion. In most cases, as discussed in the previous section, the delaminated dies
can be easily detected electrically because either the metal bond pads are completely
gone along with the caps or the resonator structures are severely damaged from
follow-on processing without a protective cap in place. The real concern here would
be the ones that still have most of its cap structure in place but partially delaminated.
As mentioned previously that piezoelectric resonators are insensitive to vacuum
leaks, they could still be tested normal while posing high reliability risks.

Similar to metal seal detection, algorithms can be established to visually detect
dies with partially delaminated caps. This can be done by detecting the outer profile
of the cap structure. If a corner is missing then the profile would deviate from its
standard shape. It can also be done by detecting certain features on the cap—it could
be labels or markings, etc. Again, this is highly dependent on the process and the
design.

Bond Void Rejection

Besides cap wafer bonding, there is a second processing step involving wafer bond-
ing in IDT’s design. The single-crystal silicon resonator body layer, as illustrated
in Fig. 14.6, is constructed using direct wafer bonding technique. A silicon-on-
insulator (SOI) wafer is bonded to a silicon substrate wafer with pre-etched cavities.
After backgrinding on the SOI, a well-defined silicon layer suspended above the
cavities is formed. This kind of direct wafer bonding process is very commonly
used in MEMS manufacturing. Covalent bond is formed by pressing two highly
polished silicon surfaces together and annealing at elevated temperature without
any intermediate adhesion materials. The process is extremely sensitive to surface
roughness, residues, and contaminants. Any tiny particles could generate bond voids
much larger in size after bonding.

Comparing to cap defects discussed previously, this type of bond voids is even
harder to detect both electrically and visually—as it is hidden underneath the wafer
surface. What is worse, the voids could have kept perfectly under vacuum during
wafer probe until dicing. Some would mitigate this issue by performing a partial
dicing which reveals the bond interface early in the process for wafer probe. Or, the
wafer probe is conducted while on tape after it is diced.

Most likely the upper portion of the dies reside within bond voids would
completely fall off during the pick-and-place process at assembly, rendering them
nonfunctional and failing at final test. However, if a die is situated at the edge of
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a bond void, it is more likely that it may still be partially bonded and passes the
electrical and visual rejections all the way up to the final test. Again, these are the
dies with potential reliability risk and should be addressed.

To detect these bond voids, acoustic micro imaging (AMI) data taken right after
the bonding process can be utilized [9]. IR imaging may be used as well; however,
depending on the die size the resolution may be too low to discern die-level defects.
These imaging techniques are commonly used during the development phase for
detecting major bond failures or for qualifying a bond process. Algorithms that
identify bond voids and match the imaging data to the wafer die map can determine
exactly which dies are located around the bond voids for rejection. The expansion
concept discussed in geographical rejection methods can also be applied for extra
precaution.

Edge Die Rejection

Same as IC fabrication practices, exclusion zone is applied to MEMS wafer to avoid
either picking dies or placing dies during mask design in regions around the wafer
periphery with large processing deviations. The zone is defined by a predetermined
distance extending inward from the wafer edge. Due to rectangular reticle shape
constraint, there will be some dies that are fully or partially placed within the
zone. Regardless, they are rejected automatically from the assembly wafer maps
to minimize risk.

In IDT’s case, it was found that the standard practice of the exclusion zone
described above is not sufficient. Owning to the topography generated from prior
processing steps, the very first front row of dies facing wafer periphery appear to
have a higher chance of bearing distorted cap structures as fabricated, even if they
are not inside the exclusion zone. The abnormity on the cap structures prevents
complete metal sealing and increases reliability risk (again, the dies can still be
tested normal electrically). Consequently, these front rows of dies facing wafer
periphery are treated as dummy dies and are also excluded from the final assembly
maps automatically. Note that the dies cannot be directly removed from the designs
in the photo mask, as the problem would simply propagate to the next first rows of
dies facing the wafer edge.

Delaminated Metal Pad Rejection

Detection of delaminated metal pads can be implemented as preventive measure
to address occasional random occurrence of substandard adhesion of bond pads
to the die surface. Although the occurrence should be extremely low for a well-
controlled production process, assembly line could be interrupted even if there is
just one problematic die on wafer. A die with delaminated bond pads may cause
problems during wire bond, impacting assembly throughput as a result.
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Electrical rejection cannot effectively screen out dies with delaminating bond
pads. As long as they are still partially attached to the die surface, probe tips
would simply push the metal layer down and still make good electrical contact
during probing. For this reason, the detection has to be visual based. Since partially
delaminated pads tent to curve upwards slightly due to intrinsic stress, they would
appear with shades on the die images. Algorithms can be developed to detect the
minor shading gradients on the pad surfaces for rejection.

14.5 Test and Rejection Analyses Flow

As illustrated in Sect. 14.4, it is a fairly lengthy and complex procedure to reach
to the conclusion of die selection on wafer for assembly. The procedure involves
inspection imaging, wafer probing, plus the electrical and visual data analyses. The
final assembly wafer map generation cannot be arrived until all data are collected
and analyzed.

For visual data collection, especially of final completed wafer inspection, it is
preferred to be taken prior to wafer probe and before releasing from the fab so
that the data accurately reflect the state from processing and are not influenced by
artifacts from handling. In addition, visual analyses can be performed as soon as any
set of data becomes available, and need not wait until the receipt of electrical data.
An example of the test and analysis flow is shown in Fig. 14.7.

14.6 Consideration in Test Implementation

In this section, we will discuss a few topics for consideration when implementing
large volume testing. It is aimed for improving efficiency, throughput, and minimiz-
ing possible mistakes.

14.6.1 Defect Coding System

The information resulting from all of the test data, after electrical and visual
rejection analyses, can be quite complex. Every single die on wafer could have
multiple datasets describing its electrical and visual attributes. It is, therefore,
convenient and essential to implement a defect coding system so that the properties
of any fabricated dies can be quickly retrieved and understood. Each die after
analyses will be tagged with the defect code. The design of the coding system should
be kept brief and simple and yet covers necessary information.

The benefit of implementing such a system is multifold. Firstly, it helps product
engineers to quickly quantify the condition of a fabricated wafer or wafer lot.
Various types of wafer maps and Pareto charts can be generated for further analysis
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Fig. 14.7 An example of test and rejection analyses process flow

and monitoring. Secondly, the information can be helpful for process engineers to
understand issues related to wafer processing and provide feedbacks to fabs for
improvements. Thirdly, it is an efficient tool for failure analysis where establishing
correlations between multiple factors to failures are commonly practiced.

14.6.2 Interface Design for Test Programs

User interface design for manufacturing test programs is not a trivial matter. At
wafer sort, for example, it is important to have a simple and robust user interface
which leaves no room for operator errors. Any mistakes resulting wrong data
recorded may eventually allow for bad dies shipping to the end customers.
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Unless necessary, there should be no options for changing or configuring any
test conditions. The production version of the test program should be separated
from the one used for development, or at least it is password-protected for enabling
the switching between the two modes of operation. Additionally, file locations and
filenames of test data should be automatically set by a rule following predetermined
file structures, preventing possibility of mixing of wrong data files.

Another common problem in manufacturing testing is mixing up of wafers.
Implementation of laser wafer ID marking for automatic wafer registration at the
cassette loading on prober is preferred. Otherwise, an effective wafer checking and
verification procedure should be installed and followed.

It is also a very useful feature if all testing conditions can be logged, which
provide traceability whenever needed.

14.6.3 Calibration of Prober Setup

Calibration of test setup with network analyzers is performed with a CAL kit
specifically designed for the probes or probe cards format used. The CAL kit is
in the form of a small rectangular ceramic substrate with gold metal patterns on the
surface, which allows for a full SOLT (Short, Open, Load, and Through) calibration.

Ideally, calibration of the prober setup should be done regularly to ensure
accuracy and consistency of the measurements for every wafer. At the very least,
it is desirable to perform a calibration every time before commencing to the probing
of a test lot so that any possible condition changes that could have been affecting
the original calibration state is accounted for.

However, the calibration procedure is quite cumbersome in the manufacturing
setting where automatic probers with cassette wafer loading mechanisms are
typically employed. Loading of the CAL kit onto the wafer chuck would require
mounting it to a dummy wafer and manually adjusted or aligned by an operator.
This process is impractical and severely affecting throughput.

If wafer fabrication process allows, equivalent calibration structures can be
designed and directly fabricated on the wafer surface on production wafers. This
resolves the need for the frequent special loading of the CAL kit. And calibration
can simply be done, if preferred, at the start of each wafer probe and fully automated.

14.6.4 Data Processing and Automation

MEMS resonator wafers typically have fairly high number of total die per wafer
(DPW) due to their small device size. With the implementation of both the
electrical and visual rejection schemes, the amount of data generated per wafer for
processing in manufacturing could be daunting. To ensure immediate availability
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of the assembly wafer maps upon completion of wafer probes, the speed of data
processing is crucial especially because the electrical data, as discussed, cannot be
analyzed until the whole wafer’s probe data are acquired.

The bottleneck in overall data processing, however, lies in the imaging analyses
part, since the size of data itself is much larger than that of electrical and the
computing required for the analyses is far more complex. Besides computing power,
intelligent designs in the analysis algorithms are often the key to substantially
minimizing the data processing time.

The management in the timing of data processing also helps. For example,
the wafer bonding imaging data is available prior to the completion of the wafer
fabrication and certainly before the wafer sort. This analysis step can then be
performed once the data are available. And during wafer sort, those analyses results
can be automatically retrieved and applied to the latest set of the test data for final
conclusion.

Finally, since in production the wafer sort is mostly done in cassettes loaded with
full wafer lots, batching-processing concept can be utilized in the data processing for
rejection. With the capability designed in, the computer program can automatically
retrieve all required data from the various data depositories and process them
one wafer by one wafer sequentially from the lot. At the end of data processing,
assembly maps for each wafer in the lot can be automatically generated within a
short period of time upon the completion of wafer probe.

14.7 Test Time Reduction

As discussed briefly in Sect. 14.2 that test cost could be one of the determining
factors for the success of an MEMS product. At manufacturing, test cost is basically
directly calculated from the test time. Investment in activities to achieve test time
reduction goals can be well justified in the end when the final product cost is lowered
as a result. Care must be taken so that accuracy is not sacrificed during the reduction
process. Finding solutions call for detailed analysis in both the test hardware and
software for every action and command and look for ways to make the execution
faster. Below we discuss a few examples for consideration in working toward test
time reduction.

14.7.1 Multi-site Testing

The most straightforward way for immediate test time improvement is to deploy
parallel, multi-site testing. In this case, multiple sets of network analyzers with a
probe card capable of probing the corresponding number of dies in parallel are
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adopted. Before deployment, one needs to take into consideration the probe card
designs and stepping schemes during the mask’s reticle design so that minimal
number of stepping is required to cover all of the dies across the entire wafer.

14.7.2 Test Program Optimization

In software, there are also a few things that can be done to optimize the test program
for efficiency.

Procedures for testing resonators typically include first searching for the reso-
nance peak over the expected frequency range, followed by one or two narrower
sweeps over the resonance peak. The final close-up sweep is necessary for meeting
the resolution and accuracy requirements for the resonance parameter extraction.
Understanding the different goals for the measurement sweeps, the sweeping
condition settings (such as number of points and IF bandwidth) can be adjusted
accordingly to optimize the speed while satisfying the requirements.

Some intelligence in the program can be implemented as well to reduce test
time. For example, the second narrow sweep can be omitted if the first wide sweep
did not find any resonance peak. Additionally, if the characteristic of frequency
distribution on wafer is known, some frequency tracing capabilities may be possible
when stepping over dies, allowing skipping of the first wide sweeps in some cases
to save time.

14.7.3 Hardware or Software

Certain tasks in tests can be done either with the hardware or with software.
Examination of the execution speed in both cases can help determine the better
way for test time control.

One example is for the resonance parameter extraction step done after the S21-
parameter measurement on network analyzers. The extraction may seem taking no
time, however, due to high DPW, the total time can add up considerably when
going through all the dies on an entire wafer. As an alternative way, the extraction
computation can be moved to PC after wafer probe. For one, the time spent offline
in the background from the prober for computation does not count directly to the
incurred test cost. For two, the computation with optimized algorithm over the
acquired full dataset (instead of one at a time) can be so much faster that it takes
only a fraction of the time to complete.

Another example is for offline calibration correction. When the feature is turned
on on network analyzers, the correction based on the factors saved during calibration
is applied to the S21 measurement for every die probed. Just as resonance parameter
extraction, once this computation is moved to after the wafer probe as a post-
processing step, considerable test time can be saved.



330 M. Pai

14.7.4 Data File Formats

Determining a right data file format is essential when implementing manufacturing
testing for MEMS products. As discussed, the amount of data gathered from each
resonator die testing is quite large. They include S21 parameters and multiple
imaging data, as well as the reduced dataset after the rejection analyses. A well
designed data file format will maximize the efficiency for data saving and retrieving
as well as computation. It can expedite both the testing processes and the analyses
processes, contributing significantly to overall test time reduction efforts.

14.8 Calibration

One of the major differences between MEMS oscillators and quartz oscillators to
date is that MEMS oscillators typically utilize fractional-N synthesizer phase-locked
loop (PLL) in the architecture [10, 11], allowing it to be programmed at different
frequencies as needed prior to product shipment. This adoption is in part due to
a fundamental difference in the MEMS resonator manufacturing, where individual
dies are produced in batch on the wafer level. The native frequency of each die as
fabricated is thus heavily influenced by the variations of wafer processing across the
wafer, exhibiting a spread much larger than the specifications typically required
for the targeted applications. A calibration step during manufacturing becomes
necessary to register the actual frequency output reading from the resonator-based
reference oscillator so that the feedback divider can be programmed accordingly for
the targeted final frequency output.

Another reason of using the fractional-N PLL is to address the inherently larger
temperature coefficient of frequency (TCf) from silicon structural material, on
which most MEMS resonators are based. If uncompensated in any way (actively
and passively), the frequency drift over temperature easily exceeds all of the targeted
applications. Constant-adjusting feedback divider values properly set with respect
to ambient temperatures can provide the compensation function needed for the
device. Again, due to wafer processing variations, the profiles of the TCf curves may
vary slightly from die to die. Another calibration procedure is, therefore, necessary
to evaluate the exact temperature profile of the resonator die and provide the
information necessary for the feedback divider for active temperature compensation.

The calibrations mentioned above are typically conducted at the final test
step where the completed assemble units are fed to automatic test equipment
(ATE) via handlers. The first calibration step, which involves the reading of the
reference oscillator frequency, is quite straightforward. The values required for PLL
programming are calculated and stored to the EEPROM on the ASIC chip. The
second calibration step is more complicated. Usually more than one test insertions
at various ATE temperature set points are necessary to capture the TCf profile of the
die for the required compensation. The number of insertions and exact temperature
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set points are strongly depending on the characteristics of the devices dictated
by their designs and processes. The calibration strategy versus targeted product
specification on the temperatures also plays an important role in the test plan.

14.9 Conclusion

Large volume testing and calibration are important processes in manufacturing
piezoelectric MEMS resonators-based products. Procedures and strategies for tran-
sitioning from the tests done at development phase to high-volume manufacturing
are discussed, including detailed analyses in electrical and visual rejections, as well
as considerations for test implementation and optimization.
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Chapter 15
High Frequency Oscillators for Mobile Devices

Jan H. Kuypers

Wireless communication has become ubiquitous today, with almost two billion
smartphone users worldwide. The data to be transmitted to the user is modulated
onto a carrier frequency, typically in the range of 700 MHz to 3.5 GHz and
broadcasted from a base station. For the user to retrieve the actual data, the
receiver must demodulate the data from the high-frequency carrier. This is done
by reproducing the carrier frequency locally in the cell phone, often referred to as
local oscillator (LO) and using the LO to demodulate the received cellular signal.
For correct reception the frequency for the demodulation of cellular data typically
requires a tolerance of less than ˙2 ppm error and hence a precise frequency
reference is needed. In the past only quartz crystal based oscillators and resonators
have been able to provide the required performance for mobile devices. Today’s
quartz crystal frequency references are based on resonators operating at 19.2, 26,
38.4, and 52 MHz. These frequencies are multiplied to generate the much higher
LO frequency with the use of a fractional-N synthesizer, also referred to as frac-N
phase locked loop (PLL). The final accuracy of the LO is given by the accuracy of
the reference device and the step size of the frac-N PLL, which today allows for ppb
resolution.

This chapter introduces the challenge of developing a quartz crystal replacement
based on piezoelectric thin film resonators fabricated using microelectromechanical
system (MEMS) technology (Fig. 15.1). Very often quartz crystal resonator tech-
nology is dismissed as 90-year-old technology, suggesting it is outdated, which
could not be more wrong. At present, all wireless communication functionality
found in a handset, including cellular, WiFi, FM, Bluetooth, and GPS relies on
quartz based frequency references. There has been an immense development to
reduce size, package height, cost, and frequency errors over the years. At the same
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Fig. 15.1 Photograph of a
miniature chip-scale
packaged (CSP) MEMS
resonator including an
integrated temperature sensor
and heater for calibration
with dimensions of
1.5 mm � 1.1 mm � 0.5 mm

time, there has been a strong trend to consolidate the different frequency sources
that were traditionally allocated to individual functions, i.e., the VC-TCXO for the
cellular transceiver with ˙2 ppm stability, the high-stability TCXO for GPS with
˙0.5 ppm stability, the XO with ˙50 ppm stability for WiFi, the XO with ˙50 ppm
stability for FM and Bluetooth, and yet another MHz crystal with ˙50 ppm stability
for the application processor, as well as two 32 kHz crystal resonators to provide
real time clock capabilities to the cellular transceiver and the application processor.
The development of consolidation began around 2002 for 2G transceivers with the
goal to eliminate the expensive cellular VC-TCXO [1]. This initiated the rise of
the digitally compensated crystal oscillator (DCXO) and the decline of the crystal
timing content in mobile phones. The 2G (GSM/GPRS/EDGE) implementation
was particularly elegant as it relied on a single quartz crystal with ˙50 ppm
stability without the use of a temperature sensing device to correct for temperature
related drift. The frequency error was adjusted based on the frequency control burst
transmitted by GSM base stations. Today, all mobile platforms are moving towards
one single quartz crystal component combined with a temperature sensor to supply
a reference frequency as well as time base to all phone functions. It is needless
to say that the technical challenges to have one frequency reference to support the
two most stringent systems, i.e., GPS/GNSS in regard to overall stability and close-
in phase noise, as well as WiFi 802.11 ac for ultimate far-out phase noise floor,
are immense. The resulting cost savings of using only one crystal component were
significant, yet had severe financial repercussions on the quartz timing industry, as
suppliers had steadily increased their capacities to meet the rising demand of mobile
devices. The resulting price deterioration has also affected the success and business
case for adopting MEMS timing solutions in the mobile space, as explained later.

The zero-IF cellular RF front-end shown in Fig. 15.2 features the simplest
implementation of the possible timing architectures. It contains one VC-TCXO as
frequency reference and a fractional N-phase locked loop (PLL) to synthesize the
local oscillator required for down-conversion for receiving and up-conversion for
transmission. Fractional N-PLLs were introduced in 2005 to support multi-mode
operation, at first dual mode to both support GSM/GPRS/Edge and CDMA, as
otherwise two frequency references would have been necessary [2].
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VC-TCXO Xtal only DCXO MEMS DCXO

Year of wide use* 1980 2010 2012 -

Oscillator circuit 
on-chip No Yes Yes Yes

Compensation Analog Analog Digital Digital

Clock sharing No No Yes Yes

Factors ++  Was main solution

++  Simple system architecture

++  Excellent performance

+    Still in use as of 2015

- Large external component

-- High cost

-- Multiple dedicated references

++  Cost (Xtal + sensor)

+    External component size

- Chip area increase

-- Temp.-comp. now on chip

-- Complex system architecture 

-- Calibration on phone board

- Analog tuning dependence

- Frequency stability

+     Current consumption

++   Cost (Xtal + sensor)

+     Analog chip area reduction

-- Temp.-comp. now on chip

-- Complex system architecture 

-- Calibration on phone board

- Frequency stability

+     Current consumption

+     Frequency step-size control

++   Low power mode

++   Clock re-use

-- Re-use challenges for GNSS

Similar to DCXO, except:

++   Size
++   Cost (integrated temp sensor)

++   Co-packaged reference
++   Transceiver ships with pre-

calibrated reference inside

++   No Calibration on phone
board

+      No Xtal sourcing required
+     Frequency step-size control
+     Frequency stability
-- Requires timing architecture

changes to accommodate
±8,000 ppm initial frequency
offset and -160 ppm to 

+15 ppm variation over temp.

Frequency 
synthesis 
architecture

Fig. 15.2 Illustration of a traditional implementation of a VC-TCXO based cellular transceiver.
The table below compares the architectures commonly found in cellular transceivers over the years.
*The year of being widely used is challenging to define, as many transceiver companies either
skipped architectures, did not offer all products in one architecture, or did not integrated or clock-
share to the same degree
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15.1 Understanding the Diversity of Timing Requirements
in Mobile Devices

In order to understand the importance of frequency stability and required perfor-
mance for mobile applications it is best to review the requirements for GPS. The
block diagram in Fig. 15.3 shows the simplified architecture of a GPS receiver.
It contains a reference oscillator to demodulate the navigation messages of the
satellites. The messages are all broadcasted on the L1 carrier (1.57 GHz) and are
down-converted to an intermediate frequency (IF) by multiplying it with a frequency
close to the L1 carrier, referred to as the local oscillator (LO). The LO frequency is
generated from a stable reference source, for example a temperature compensated
crystal oscillator (TCXO) operating at 26 MHz by means of a phase-locked loop.
The main requirements for a good GPS reference are (a) excellent phase noise close
to the carrier and (b) excellent short-term stability.

In order to establish the position accurately the navigation message of the
satellites is used. It is encoded at only 50 bit/s and hence is modulated very close
to the carrier. Any noise in the reference oscillator close to its carrier is also up-
converted in the PLL, so that in the mixing step of LO and L1 carrier this noise is
introduced. Any noise in the reference oscillator will limit estimating the phase of
the navigation message. In order to achieve this phase noise requirement, a resonator
with high quality factor (>5000 at 26 MHz) should be used, but the resonator may
not have excessive acoustic flicker noise. In addition, a current of 200–900 �A for
the oscillator core is required based on a Pierce or Colpitts type oscillator circuit to
meet the phase noise requirements.

In order to improve the position estimate phase coherent integration is used over
a typically 10–20 ms long window. Any drift of the reference clock within this time
frame will reduce the degree of phase coherence and hence will limit the desired
improvement in SNR, which in turn will limit the position accuracy.

For the purpose of tracking the time and date a second frequency reference is
used that consumes a minimum amount of power. This function is often referred
to as real-time clock (RTC). The requirements for this clock are: very low power
consumption (<1 �A), as it is always on and good long-term frequency accuracy,
typically <10 ppm/year. Most commonly a 32,768 kHz tuning fork quartz crystal is
used for this purpose.

Although both components are referred to as frequency reference they both fulfill
very different requirements and will typically require different technical solutions.
As a rule of thumb, good phase noise requires >200 �A of current in the oscillator
core. However, as mentioned in the introduction the trend is to consolidate all time
and frequency references into a single solution. This means that a MHz resonator
also needs to be used as the basis for the RTC. The inherent advantage is the cost
and board space savings, as well as the improved temperature stability from now
having an AT-cut frequency error, of well under ˙50 ppm versus 0 to –150 ppm for
a z-cut tuning fork crystal. The biggest challenge though is to control the current
consumption for this solution. The key is that the high performance phase noise is
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only required during receiving or transmitting, so that the oscillator can be current
starved to just support oscillation. As a result, the oscillator core current of for
example 600 �A can be dropped to 50 �A. Typically dropping the current will
affect the phase in the oscillator and hence there will be a systematic phase shift
between operating in the low-power mode and high-performance mode that has to
be addressed at the system level.

15.2 Significance of Acoustic Devices

From an integrated circuit stand-point requiring external timing components for
a system to function has always been a nuisance. Since the 1920s with the rise
of quartz crystal resonators being used as reference frequency component there
has always been the quest for a circuit solution. Nevertheless, the initial accuracy,
temperature stability and quality factor of piezoelectric resonators based on quartz
where the only solution to solve the carrier synchronization problem encountered in
wireless communication. In order for the receiving party to correctly demodulate
a broadcasted signal it had to be able to regenerate the same carrier frequency.
Almost 100 years later quartz resonators are still the preferred choice for most
frequency references. In the meantime, quartz resonator technology has advanced
tremendously in regard to initial frequency accuracy, frequency stability, size,
availability, and cost.

15.2.1 The Significance of Resonator Q

The most common oscillator configurations encountered today are the Pierce and
Colpitts configuration due to their simplicity, excellent short-term stability, and
ability to support low power consumption. Stable oscillation occurs if the gain of
the active circuit component is large enough to compensate for all losses, and the
phase integrated around the loop is either a multiple of 360ı or 180ı, depending
on whether the amplifier is non-inverting or inverting. These criteria are referred
to as Barkhausen criteria. A resonator is best understood as a phase–frequency
discriminator with a bandpass function. For the oscillator that means that it will
have enough gain around resonance, but the phase condition determines at what
frequency the oscillation occurs.

Assuming as an example that in steady-state oscillation the oscillator circuit
without the resonator provides 350ı of phase shift, then the resonator will provide
the missing 10ı of phase. If an additional phase perturbation C�® is introduced
into the oscillator loop then the resonator will compensate for this additional phase
shift by operating at 10ı ��®. Figure 15.4 shows the admittance and phase of
the impedance for two 26 MHz crystal resonators. Both resonators are identical in
geometry, but for the difference in loss. As one can see from Fig. 15.4b the phase
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Fig. 15.4 Admittance and phase of the impedance of two 26 MHz crystal resonators with identical
geometries, but different loss

slope is much steeper for the high Q resonator. The significance of the higher Q is
apparent in regard to any phase perturbation introduced into the oscillator loop. As
seen from Fig. 15.4b, the same �® causes less frequency variation for the higher Q
resonator. That means any noise or drift of circuit components affecting the phase
of the oscillator, effectively a movement on the y-axis of Fig. 15.4b, will cause a
smaller shift in frequency. That means, the higher the Q in the oscillator circuit,
the more stable in frequency and phase the output will be. This is the key to later
understand the importance of Q in regard to oscillator phase noise and why crystal
oscillators can tolerate significant temperature variation of the circuit components.
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It should be noted that when referring to the Q factor of a resonator it corresponds
to the unloaded Q0 factor. Once a resonator is “loaded” with surrounding oscillator
circuitry the Q drops from Q0 to QL. As a rule of thumb, the effective or loaded QL

in the oscillator circuit is designed to be around half of the unloaded Q0 [3].

15.2.2 What Is Preventing Us Today From Using an Integrated
Circuit Solution to Provide Time and Frequency

The main reason why attempts to replace crystal oscillators with integrated solutions
has failed is that the phase noise performance within 10 kHz of the carrier, as
well as the frequency stability do not meet the requirements for wireless data
transmission. The vast majority of wireless communication requires frequency
stabilities of the carrier of at least ˙50 ppm, and often as low as ˙0.5 ppm. That
means that the reference frequency component must be able to maintain this stability
over a typical temperature operating range from �30 ıC to C85 ıC. The best
LC-oscillators reported to date using on-chip temperature compensation claim to
achieve ˙100 ppm [4], which is not good enough. AT-cut quartz resonators (without
oscillator circuit) can achieve ˙15 ppm. Although, the circuit components that are
part of any crystal oscillator circuit will possess large temperature dependencies the
high quality factor of the quartz resonator component makes it insensitive to these
changes, as discussed earlier.

15.3 Phase Noise in Oscillators

The phase noise L (f ) of an oscillator is an important measure of its spectral
purity and stability. Historically it was often referred to as the ratio of signal power
contained within a 1 Hz bandwidth at a frequency offset from the carrier compared
to the power of the main oscillation. This definition does not discriminate between
the amplitude modulated (AM) noise from the phase modulated (PM) noise that
we are after. This was addressed with a new definition in the IEEE Std 1139-1999
defining the phase noise L (f ) as half of the double-sideband spectral density of
phase fluctuations [5]. Predicting oscillator phase noise is quite challenging and
depends mostly on good models describing the noise terms. An excellent reference
is given by Rhode [6].

In literature the phase noise in oscillators is often estimated with Leeson’s
equation, e.g., [7], as

L1.f / D FkT

2Q2
LPavg

�
f0
f

�2
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where QL corresponds to the loaded Q factor of the resonator, Pavg to the average
power delivered to the resonator, F is the noise figure of the active circuitry, k the
Boltzmann constant, T the absolute temperature, f0 the oscillation frequency, and f
the frequency offset from the carrier. The astute reader will have noticed the use of
a factor of two in the denominator and not four. This is due to the use of Pavg, rather
than the original incident power expression Pinc given by Leeson.

The Leeson equation is very powerful, but it neglects the power transfer through
the resonator. This has led to misconception in parts of the MEMS community that
ultimate resonator Q0 makes for exceptional oscillator phase noise. Including the
power transfer, we can rewrite Leeson’s equation as:

L2.f / D FkT

32Q2
0.QL=Q0/

2.1 � QL=Q0/
2Pavg

.Rout C Rin/
2

RoutRin

�
f0
f

�2

where Rin and Rout correspond to the input and output impedance of the oscillator
circuit surrounding the resonator, and QL and Q0 correspond to the loaded and
unloaded Q factor of the resonator. Only for the special case of QL D Q0=2 both
expressions are identical. Replacing QL with

QL D Q0

Rm

Rm C Rout C Rin
(15.1)

makes this even more apparent. Normalized phase noise of both expressions is
shown in Fig. 15.5. W.l.o.g. we can set Rout D Rin D Qo D FkT D Pavg D f0 D 1,
leading to the result shown below. It is evident that if there is a significant load
mismatch of Rm to the circuit this will cause the phase noise to deteriorate. This is
not captured in Leeson’s original expression.

As we will see later any crystal oscillator also contains flicker noise introduced
by the active circuitry. One other contributor less well known is the acoustic flicker
noise in oscillators. Although the underlying mechanisms and theory are not fully
understood a good empirical expression has been obtained for quartz bulk acoustic
wave (BAW) resonators [8]. The understanding of flicker noise in regard to surface
acoustic wave (SAW) resonators where a lot of work was done in the early 90s
[9–11] and in MEMS resonators based on piezoelectric thin films is still very
basic. What is known is that smaller devices exhibit higher flicker noise than
larger devices, that acoustic flicker noise can originate from a quartz substrate or
piezoelectric thin film itself, and that devices with less electrode coverage suffer
less flicker noise, with the indication that the electrode material, its morphology and
interface play a key role [9–11].

Applying the approach given by Parker [12, 13] we can include both the active
and acoustic flicker noise term. For simplification we will replace the FkT/Pavg term
with the variable NF, referring to the noise floor observed far from carrier. For the
oscillator noise we can then write:

L3.f / D LrLfr C La .1C Lfr/
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Fig. 15.5 Comparison of the normalized phase noise predicted by the adjusted Leeson’s equation
and the more rigorous expression including the impedance mismatch of the resonator element to
the circuit

where

Lfr D 1

32Q2
0.QL=Q0/

2.1 � QL=Q0/
2

.Rout C Rin/
2

RoutRin

�
f0
f

�2

and

La D NF � fc
f

C NF

where fc corresponds to the flicker noise of the active circuitry. Similarly the acoustic
flicker noise contribution according to [12] is given as

Lr D NF � fcr

f

where fcr corresponds to the flicker noise of the resonator. The phase noise for
an oscillator including the flicker noise from the active circuitry and acoustic
component, using the QL expression Eq. 15.1 above is then given as:

L3.f / D NF
.Rin C Rm C Rout/

4

32Q2
0RinR2mRout

�
fcrf 20
f 3

C fcf 20
f 3

C f 20
f 2

�
C NF

fc
f

C NF

This expression can be very useful in the reverse way to fit the terms to experimental
data and understand the underlying limitations. This approach, quite fittingly has
been referred to as “oscillator hacking” [14]. The sequence of fitting is to first
match NF from the flat region or noise floor on a single sideband phase noise
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Fig. 15.6 Comparison of different oscillator technologies reported in literature fitted and scaled
to a common 26 MHz frequency output, including a quartz crystal based TCXO [15], CMOS
oscillator [16], electrostatic MEMS oscillator [16], piezoelectric AlN based MEMS oscillator
[17–19], as well as BAW oscillators based on AlN piezoelectric thin films [20, 21]

measurement, for example taken with a Keysight E5052 signal source analyzer.
It should be noted, that in rare cases the noise floor might be elevated due to a
poor design of a subsequent buffer amplifier. The next step is to then fit iteratively
the other terms under the best possible assumption that QL D Q0=2. This fitting
procedure was applied to different resonator technologies. The phase noise was then
scaled to a nominal output frequency of 26 MHz using the 20Log(N) conversion,
resulting in Fig. 15.6.

First of all, it should be noted that the noise floor for all oscillators operating
higher than 26 MHz has to be treated with caution, as the noise floor is typical
limited by the IC technology and available power, so that during the down
conversion according to the 20Log(N) rule the results are not physical. Comparing
these results show that a CMOS oscillator solution can achieve excellent noise floor
compared to the TCXO, but loses on the close-in phase noise due to the lack of
the resonator Q, e.g., 20 for an LC oscillator and 50,000 for a TCXO. For a digital
clock with low jitter a CMOS oscillator can be a good choice, as long as the high
power requirements to achieve this noise floor can be supported by the application.
Electrostatic oscillators are somewhat of a peculiarity in that they require digital
compensation techniques to account for initial frequency offsets and temperature
drift. Typically a lower frequency resonator of 5–52 MHz is used and a fractional-N
(frac-N) phase-locked loop (PLL) is used to synthesize the output frequency with a
very high precision. The strength of this solution is the versatility to provide any
frequency in the 1–100 MHz range. The down-side is the elevated phase noise
“hump” for electrostatic oscillators using frac-N PLLs in the 1–100 kHz range due
to dithering of the dividers.

The more interesting observation of the phase noise data between 100 Hz and
1 kHz offset is that all technologies scale with 1/f3, except for the superior quartz
resonators scaling with 1/f2 and the electrostatic MEMS scaling with 1/f4. It is
hard to ignore that the close-in phase noise for all resonator technologies based
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on aluminum nitride piezoelectric thin films, whether it be a bulk wave [20, 21] or
plate wave device [17–19], is dominated by acoustic flicker noise. The source of
acoustic flicker noise in AlN piezoelectric thin film resonators as well as in SAW
resonators is still not understood. The reason why the close-in phase noise for the
Sand 9 MEMS resonator is about 10 dB superior to other AlN based resonators
is unclear. A possible explanation could be that the majority of the Lamb wave
resonator stack consists of single crystalline silicon and thermally grown silicon
dioxide, and that the acoustic energy stored in these layers is not affected as much
as the energy stored in the electrodes and piezoelectric thin film. More trivial reasons
for elevated phase noise levels are the electrical flicker noise of the amplifier, power
supply noise, or poor noise figure. Nonlinear oscillators in principal can suppress
the flicker noise from the active circuitry, due to the appearance of infinite acoustic
Q at resonance. However, acoustic flicker noise is added by the resonator itself and
as such does not benefit from nonlinearity.

In order to confirm the piezoelectric MEMS resonators as the source of the
observed flicker noise a modern test bench based on the technique used to measure
the passive phase noise in SAW oscillators reported for example in [22] was used.
Figure 15.7 illustrates the equipment and setup used.

One of the repercussions of the significant acoustic flicker noise observed in
the MEMS and FBAR based technologies is that the close-in phase noise scales at
30 dB per decade and not 20 dB per decade as found for high-Q quartz resonator
based oscillators. This loss of 10 dB phase noise per decade is often a big challenge
and one needs to ensure that the requirements of the targeted application can be
met. As mentioned earlier, the close-in phase noise is of particular importance for
GPS/GNSS applications. The in-depth evaluation of Sand 9’s standalone MEMS
resonators for GNSS applications performed by Integrated Navigations Systems
Ltd. [23, 24] and cellular performance evaluated by Intel [25] has shown on-par
performance with current crystal oscillators.

15.4 Historical Developments of the Sand 9 Piezoelectric
MEMS Resonator

In the following section the historical developments, product and design decisions
are introduced that lead to miniature timing solutions including a chip-scale
packaged MEMS based VC-TCXO as well as a MEMS resonator with an integrated
temperature sensor and heater for calibration.
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15.4.1 Early Prototypes

Often new product ideas in MEMS arise out of research groups that have developed
a pool of unit processes. These process modules can be leveraged to develop early
prototype devices for a proof of concept and can be showcased with investors.
This was the case at Sand 9, where first devices were fabricated at the clean
room facilities at Boston University and later Harvard’s Center for Nanoscale
Systems. Thereafter, devices were fabricated at a smaller local foundry with the
help of AlN deposition services provided by Tegal, and later OEM group. The
first goal was to develop early resonator prototypes and to convince ourselves
that cellular performance phase noise observed in simulation was indeed possible
with resonators having unloaded quality factors below 3500. Early-on it became
clear that any analog pulling capability of the resonator would degrade the phase
noise performance, either by capacitively pulling the resonator away from its
series resonance and hence higher motional resistance and degraded Q, or by
introducing a phase shift in the oscillator, with a larger tuning range requiring a
lower Q resonator, as explained below in more detail. Hence, the first goal was to
reduce the linear temperature coefficient of frequency (TCF) of the resonator, as
to reduce the total required tuning range of the frequency error over temperature
from approximately 3000 ppm to less than 200 ppm. This passive temperature
compensation was achieved with silicon dioxide that has the rare property of
becoming stiffer with increasing temperature, and it had been used successfully for
the thermal compensation in ZnO FBAR devices as early as 1981 [26]. In order to
guarantee the long-term stability of the MEMS resonator frequency only materials
that were considered stable and had high self-migration temperature were adopted
in the resonator stack. To avoid instabilities from plasma enhanced chemical vapor
deposited (PECVD) silicon dioxide, single crystal silicon was oxidized. In order to
account for the large compressive stress in thermal oxide of about 300 MPa/�m,
a symmetrically balanced structure was proposed. The layer stack of the resonator
is illustrated in Fig. 15.8. A simple rectangular plate can support a vast number
of acoustic modes. A mode referred to as symmetrical S0 Lamb Wave mode was
chosen for the main operation. For the right plate width, this mode shows very
low velocity dispersion with thickness changes in the stack, so that the reference
frequency is not very sensitive to fabrication tolerances. This mode also provides
significant electromechanical coupling of 0.5–3.5 % depending on the exact layer
thicknesses. The single crystal silicon acts as mechanical support for the oxide
early on in the process, but also enables very high acoustic Q in excess of 13,000
at 80 MHz. So far comparable Q factors in AlN based devices without silicon
have only been observed for electrode-less resonators [27, 28], possibly due to the
frequent use of Pt and Al, known for their viscous losses. One can argue that the
theoretical electromechanical coupling factor of k2t � 3:5 % for an S0 Lamb wave
propagating in a thin AlN plate is traded for a higher Q, as the k2t � 0:8 % reduces
for this more complex stack.



15 High Frequency Oscillators for Mobile Devices 349

Fig. 15.8 Illustration of a simple 2-port Lamb wave resonator and cross section of the layer stack

As explained below in more detail, the AlN Lamb wave resonators were targeted
to have a resonance frequency of 124.5 MHz. Figure 15.9a shows scanning electron
microscope (SEM) images of very early 2-port resonators. The large extracted shunt
capacitance C0,1 and C0,2 on the ports provided in Fig. 15.9c is due to the ground
bottom electrode being unpatterned for these early devices and the use of rather
large bondpads.

These early prototypes were assembled in standard ceramic leadless chip carriers
(LCC) with wirebonding. These early devices had significant process imperfections,
the deposition of the various layers was not optimized for stress and device
performance, and the geometry was not ideal in regard to stress sensitivity, Q and
spurious mode suppression. Nevertheless, based on pairing these early devices with
discrete circuitry we were able to demonstrate best-in-class performance for MEMS
oscillators, including phase noise performance, temperature stability, and power
consumption [29] (Fig. 15.10).

The measured phase noise across the tuning range is shown in Fig. 15.11a.
Across the tuning range of ˙200 ppm a slight degradation of the phase noise of
about 4 dBc/Hz at 1 kHz offset is observed. The worst case phase noise values
at 123.9 MHz are �88 dBc/Hz at 100 Hz offset, �116 dBc/Hz at 1 kHz offset,
�140 dBc/Hz at 10 kHz offset, and �151 dBc/Hz for the noise floor. Relating this
to a 19.2 MHz reference, as commonly used in cellular transceivers today, results in
�104 dBc/Hz at 100 Hz offset, �132 dBc/Hz at 1 kHz offset, and �156 dBc/Hz at
10 kHz offset, which is more than adequate for a cellular transceiver. To demonstrate
the temperature compensating capability the frequency error over temperature was
measured and the polynomial coefficients for compensation computed. Finally, with
the compensation of the microcontroller turned on a temperature stability of less
than 2.5 ppm was demonstrated over a range from �40 ıC up C85 ıC, Fig. 15.11c.

15.4.2 A Chip-Scale Package VC-TCXO Replacement
Using Piezoelectric MEMS Resonators

With the initial proof of concept using discrete IC components and wirebonded
MEMS resonators, we set out to develop a fully integrated solution. The biggest
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Fig. 15.9 Illustration of a very early 2-port Lamb wave resonator (a), and cross section of an
early layer stack clearly showing the silicon device layer etched with DRIE, sandwiched between
the temperature compensating silicon dioxide layers (b). The frequency response is shown across
different frequency ranges showing good agreement with a basic BVD equivalent circuit model
expanded to include shunt branches on the two ports (c), (d), and (e)
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Fig. 15.9 (continued)
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Fig. 15.10 Evaluation board (EVB) developed for the first 2-port temperature compensated
MEMS resonators using a phase tuning technique as part of the oscillator. In addition the
EVB contained a temperature sensor placed next to the LCC MEMS package, as well as a
microcontroller to apply an analog polynomial compensation to the phase shifter in the oscillator.
The board also contained a frequency synthesizer to produce an output frequency referenced to the
MEMS oscillator with arbitrary frequency for the ease of customer evaluation

unknown was whether we could obtain similar performance in our ASIC compared
to the high-end discretes used for the early prototypes. One of the biggest concerns
was the introduction of noise within the IC into the oscillator loop. For the IC
technology in order to balance low flicker noise and low power a 0.18 �m SiGe
Bi-CMOS process was selected.

The fabrication process to build the chip-scale package MEMS oscillator is
shown in Fig. 15.12. Originally this was a 600 process that was later transferred to
an 800 tool set with some modifications. First, an engineered SOI wafer with built-
in cavity is formed. One way is to oxidize an SOI wafer and bond this to a plain
silicon wafer with a preformed cavity, resulting in (1). SOI device layer thickness
uniformity, annealing, SOI handle wafer removal, as well as wafer edge quality are
aspects to be considered. As for the TSV solution three different approaches were
developed at three different foundries. Low resistance, planarity, as well as low RF
parasitics are the prime challenges. In the early implementation on 600 the backside
routing and interconnects to the TSVs were formed early on, as shown in (3). This
was still possible as 400 �m thick 600 MEMS wafers can be readily processed
without major yield impact. However, to support the trend of cellular transceivers
going from 1.1 to 0.6 mm in height, the sequence needed to be changed to thin the
MEMS wafer after bonding. The MEMS resonator (4) is formed by the deposition
of the electrode and piezoelectric thin-film layers shown in Fig. 15.8. It is important
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Fig. 15.11 (a) Measured phase noise versus tuning voltage of the first MEMS prototypes pack-
aged in an LCC package, using an evaluation board with a discrete oscillator and microcontroller,
shown in Fig. 15.10. (b) Phase noise variation across the ˙200 ppm tuning range, showing a slight
degradation. (c) Frequency error over temperature after calibration and active analog temperature
compensation using a phase shifter controlled by the microcontroller
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Fig. 15.11 (continued)

to control the stress of the different layers to avoid excessive bow of the membrane
and cracking of anchor features during release. The stress control is readily achieved
with deposition pressure and bias, keeping the thickness dependence in mind. The
resonator is formed in a sophisticated dry etch chemistry releasing the suspended
acoustic plate above the cavity. The hermetic seal and electrical interconnects are
formed (5) by eutectic bonding. After bonding the IC wafer is thinned. Depending
on the assembly technology CSP balls are formed on the backside after opening the
routing layer and depositing suitable UBM metallization.

Later on, with the shift of the industry to using only a quartz resonator and having
the oscillator circuit integrated into the cellular transceiver or connectivity solution,
the same process was leveraged to fabricate “resonator-only” CSP die. Instead of
bonding to an IC wafer a silicon dummy wafer is used as a cap for the resonator
wafer.

The first product that the engineering team at Sand 9 worked on was a cellular
grade VC-TCXO. Early 2008 quartz based cellular VC-TCXOs would feature about
˙2.5 ppm frequency stability over temperature, consume around 3.5 mA of current
and would sell in very high volume in a 2.5 mm � 2.0 mm package for more than
$0.50 (Fig. 15.13).

The decision early on was to accept the manufacturing spread of the initial
frequency of ˙10,000 ppm and to assume that the customers would be able to
compensate for the initial offset with a one-time calibration. 124.5 MHz was chosen
for the initial frequency of the MEMS oscillator, because detailed analysis by
Juergen Schoepf and Reimund Rebel revealed that the spurious frequency content
in the local oscillator (LO) generated by using a frac-N PLL in the cellular
transceiver would be uncritical for all common cellular bands. This analysis was
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Fig. 15.12 Simplified fabrication process used for the chip-scale packaged MEMS VC-TCXO

rather sophisticated as it took all higher harmonics into account, as well as the
˙10,000 ppm spread of the oscillator. At the same time, the higher reference
frequency would provide a better phase noise performance in the system due to
a higher comparison frequency at the phase–frequency discriminator (PFD) in the
PLL. It was estimated that the use of a 124.5 MHz oscillator over a 19.2 MHz
oscillator would provide a 8.1 dB improvement due to the reduced up-conversion of
the white noise at the PFD. Going to even higher frequencies, i.e., beyond 130 MHz
leads to an overall penalty due to the performance degradation inherent to typical
CMOS PFD implementations.

The voltage tuning capability of the TCXO is important for the transceiver to
be aligned to the carrier frequency. Typically VC-TCXOs would have a tuning
range between ˙8 ppm and ˙13 ppm. This tuning as well as any temperature
compensation that occurs within the VC-TCXO must be analog, to avoid any phase
or frequency discontinuities that would prevent successful cellular data transmission
(Fig. 15.14).
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Fig. 15.13 Miniature chip-scale packaged MEMS VC-TCXO in 1.5 mm � 1.1 mm � 0.5 mm
form factor (a). The form factor for a 2.0 mm � 2.0 mm � 0.9 mm dual-flat no-leads (DFN)
package containing the CSP die is shown in (b)

Fig. 15.14 Block diagram of the MEMS solution to replace VC-TCXOs. The temperature
compensated MEMS oscillator (TCMO) contains a temperature sensor followed by an analog
temperature compensating circuit to compensate for the temperature dependence of the MEMS
resonator. In addition, a voltage control for carrier synchronization is provided. The TCMO further
supports a digital 2-wire bus that can be used to program a frequency offset into the part, as well
as set a binary divider to divide-by-2, and divide-by-4

15.4.3 Piezoelectric MEMS Concept for a 125 MHz VC-TCXO

The oscillator tuning concept was based on using the resonator as a phase–frequency
discriminator, so that additional phase shift introduced by the IC in the oscillator
loop would be compensated for by the resonator and hence cause a resulting
frequency shift. This is illustrated in Fig. 15.15a.

As seen from Fig. 15.15 the tuning range is inversely proportional to the loaded
QL of the resonator, i.e., the wider the resonance peak or its 3 dB bandwidth,
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Fig. 15.15 The block diagram of a phase-tunable oscillator is shown in (a). The amplitude
characteristics of the MEMS resonators are shown in (b). The phase relationship for the MEMS
resonator is shown in (c). Assuming a phase shift of 0ı of the resonator at resonance and 0ı phase
shift of the amplifier in (a), according to the Barkhausen criteria the circuit will cause oscillations
at the resonance frequency of the MEMS resonator, if the amplifier has enough gain to compensate
for all losses in the loop. The phase condition for the initial oscillation is shown in (d), together with
the cases where the phase shifter introduces an additional phase shift in the loop. The introduction
for example of C22.5ı of phase shift by the phase shifter, due to the Barkhausen criteria will force
the MEMS resonator to operate at �22.5ı, resulting in a frequency shift according to the phase–
frequency relationship of the resonator, shown in (c). The effective tuning relationship is shown
in (d)
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Fig. 15.16 Illustration of a 4-port piezoelectric thin film resonator with a common ground
electrode, designed for excitation of the S0 mode

the further it can be pulled for a ˙45ı phase shift. That meant to cater for the
temperature variation in the MEMS resonator and the external VC pulling range
a minimum tuning target of ˙200 ppm was set. Assuming a phase tuning range
of the IC of ˙45ı, this equates to the 3 dB bandwidth of S21 and results in QL

to not exceed 2500. Following the rule of thumb from above that for best phase
noise performance the unloaded resonator Q0 should equal twice the loaded QL,
the resonator Q0 was not to exceed 5000. To account for manufacturing variations
of Q the target Q0 was set to 3500. Back in 2008 the general perception was
that it would be impossible to meet cellular performance with such low Q0. The
MEMS community thought that in order to achieve the GSM cellular phase noise
target of �130 dBc/Hz at 1 kHz offset for a 13 MHz carrier one would need Qs
in the 100,000–1,000,000 range. However, in-depth harmonic balance simulations
suggested that we should be able to meet cellular performance even with such
moderate Q. In order to suppress common mode noise in the oscillator, a differential
oscillator concept was chosen, which meant that a 4-port MEMS resonator was
needed (Fig. 15.16).

A simple sagittal plane simulation based on a Green’s function based model
for the 4-port plate wave resonator to compute the transfer function in shown in
Fig. 15.17.

As can be seen the symmetric structure shows excellent suppression of the
common mode at resonance. The antisymmetric modes occurring around 0.875 and
1.125 of the normalized frequency in Fig. 15.17 have a phase of 180ı and hence
despite their low insertion loss do not support oscillation.

The impedance of the resonator is matched to the circuit requirements with the
number of electrodes and aperture. It should be noted though that for the design of
the resonators the Lamb wave dispersion in the transverse direction has to be taken
into account, and hence a 3D FEM simulation is required to avoid spurious modes.
One of the main challenges is that the A0 mode is also excited in this structure
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having the same wavelength. Due to the phase velocity of the A0 mode being about
four times lower than the S0 mode for this stack, unwanted oscillation at �30 MHz
can occur. In order to provide the required tuning range, the resonator Q0 has to
be artificially clamped to 3500 by designing the anchors to be lossy. The answer
to use a multitude of anchors to limit the Q0 of the S0 mode and at the same time
suppress the A0 mode due to the torsional displacement on the anchors for the A0

mode seems straight forward. However, the anchors are also the key mechanism to
transduce package stress into the acoustic resonator. Initial axial loading estimations
used to justify the first design turned out to be insufficient and more complex 3D
FEM simulations on the final package geometry were necessary. It turns out that
external axial stresses paired with package warpage, due to soldering or die attach
give rise to much higher internal loads. Early resonator designs with ten anchors
displayed ˙10 ppm frequency shifts using a 3-point bending setup with 90 mm
spaced anvils and a center displacement of ˙1 mm. Careful redesign reduced the
stress sensitivity by a factor of 100, enabling a true package-insensitivity, required
for any type of co-packaged oscillator product.

Figure 15.18a shows an early resonator design after removing the capping CMOS
circuit. The frequency error over temperature for the differential resonator is shown
in Fig. 15.18c. Due to process variation of the layer thicknesses a frequency tuning
range of �160 ppm to C15 ppm needs to be catered for. As the oscillator circuit
was designed to supply ˙200 ppm of tuning range there was no need to reduce
the spread of the variation over temperature of the oscillation frequency with the
assistance of ion beam trimming. This simplified the process, its cost and throughput
with a reduced need for metrology and trim equipment.

In order to provide a circuit description for improved oscillator IC design a
Verilog-A model was developed on the basis of a closely matching 4-port BVD
model, shown in Fig. 15.19. The model consists of six acoustic branches that are
all identical in case of a symmetric plate design. The shunt branches, containing
a series resistance and capacitance, are related to the capacitance between the port
traces and the underlying device silicon layer being grounded, as well as the static
capacitance of the electrodes to the ground plane underneath the AlN layer. The
small resistance term is due to the silicon device ground plane.

An effective fitting routine was developed to extract circuit models from wafer
level RF probe data. The resulting fit provides a close match around resonance, as
shown in Fig. 15.18. This enabled the effective simulation and optimization of the
oscillator circuit.

The concept of the analog oscillator tuning is described in Fig. 15.20. At its
core it involves taking the differential output signal of the resonator and creating
two vectors that are 90ı out of phase. These vectors are then weighted and added,
resulting in an effective phase ranging from 0ı to �90ı. With appropriate design of
the phase around the oscillator loop contributing C45ı of phase, the desired phase
control in the range of ˙45ı is enabled. An early circuit implementation is shown
in Fig. 15.20b, the center tapped RC input impedance creates the two phase vectors
that are weighted with the current source of the two differential stages, resulting in
an effective phase shift through the circuit.
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Fig. 15.18 (a) Early 125 MHz resonator designs after removing the CMOS capping die. (b)
Microscope image of differential on-wafer level 4-port GSSG-GSSG probing. (c) Frequency
error over temperature for the differential S0 MEMS resonator. (d) Narrowband differential RF
measurement S21dd of the MEMS resonator (using ports 1 and 3 as input, and ports 2 and 4 as
output). (e) Wideband S21dd measurement including the adjacent antisymmetric modes that have
their phase crossing at 180ı and do not cause oscillation. The dashed line corresponds to a best fit
of a 4-port BVD model, introduced below



362 J.H. Kuypers

Fig. 15.18 (continued)
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Fig. 15.19 Four port equivalent circuit model closely describing the differential MEMS resonator
around resonance

The temperature compensation is achieved by generating a control voltage for
the differential stages based on an analog computing function. Rather than resorting
to an analog implementation of a polynomial function a more advanced circuit was
developed [30] (Fig. 15.21).

As already mentioned thermal oxide with its unique positive temperature coef-
ficient of stiffness is used to compensate for the large negative temperature drift
in the Lamb wave resonator inherent to the other materials used in the stack. As
seen from Fig. 15.18 despite having a zero first order temperature coefficient of
frequency, a strong second order residual remains. In addition to a negative first
order characteristic of the stiffness over temperature for most materials, a strong
second order characteristic is also observed. For silicon this behavior is well known
[31], whereas resonators purely based on AlN and SiO2 also display a strong second
order term [32].

The typical frequency error over temperature normalized to 25 ıC for the
developed stack at 124.5 MHz determined from measurements is given by

�f

f
D TCF1 ��T � 0:022 ��T2 C 5:28 10�6 ��T3 Œppm�

where �T is the temperature difference to 25 ıC, and TCF1 corresponds to the
linear first order coefficient determined by the process stability. A typical range for
TCF1 without trimming or other extraordinary measures is less than ˙1 ppm/K. The
third order frequency error over temperature amounts to ˙1.5 ppm from �40 ıC
to C85 ıC. It is very stable and appeared to be independent of the thickness
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Fig. 15.20 Differential oscillator tuning circuit developed for the AlN MEMS based VC-TCXO.
The RC-phase splitter creates two signals that are 90ı out of phase and can be weighted according
to signals g0 and h0. As a result, the phase of the differential output signal a2, b2 can be tuned
˙45ı

variations. For the Vtune temperature compensating circuit the third order error is
not specifically accounted for with a third order term. However, it is mitigated with
an additional linear term that is applied at negative temperatures.

For a typical TCXO calibration the oscillator is ramped over temperature and a
suitable compensation function is programmed to the oscillator. It is then once again
tested over temperature to assure that the frequency error over temperature for the
TCXO meets the specifications, i.e., less than ˙2.0 ppm.

In order to reduce the test time and cost associated, as well as to enable the
MEMS VC-TCXO to be tested and calibrated at an Outsourced Semiconductor
Assembly and Test facility (OSAT), this novel tuning circuit was developed. It has
the unique property that it is calibrated during the actual measurement and no second
test is required to confirm the accuracy. As such the entire MEMS VC-TCXO is
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Fig. 15.21 Analog circuit generating the phase tuning voltage for frequency compensation over
temperature. This second order polynomial compensation function is fundamental to the MEMS
VC-TCXO

compensated with tests at three different temperatures, without the need for lengthy
in-oven testing. The details of the calibration sequence are found in [30].

The first order challenges for this implementation are to ensure a stress insensi-
tive MEMS resonator design in combination with a low clamped Q0. The linearity
of the tuning and of the temperature sensor in the circuit must be ensured.
Last, because the implementation relies on phase tuning the oscillator, any noise
introduced into the tuning signal Vtune will directly modulate the oscillator, causing
phase noise deterioration. This is avoided with a low pass filter on the phase tuning
port that is designed to still be fast enough to provide compensation during large
thermal ramp rates. The frequency error over temperature is shown in Fig. 15.22.

The start-up time of the oscillator is shown in Fig. 15.23. Achieving this
extraordinary fast start-up time despite the low pass filter on the tuning port is not
straightforward and requires a unique circuit solution [33].

The measured phase noise of the CSP MEMS oscillator is shown in Fig. 15.24.
It displays a 1/f characteristic between 1 and 10 kHz, as well as a characteristic 1/f3

behavior between 100 Hz and 1 kHz. As explained earlier this is due to the acoustic
flicker noise in the MEMS resonator. For offsets smaller than 100 Hz the noise
introduced in the phase tuning circuit dominates and causes almost a 50 dB/decade
increase in phase noise to the 10 Hz offset.
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Fig. 15.22 Frequency error over temperature for the miniature 124.5 MHz CSP MEMS
VC-TCXO, with the internal frequency divider set to four

15.5 Integrated MEMS Resonator

In 2008 in an effort to reduce cost, the wide use of VC-TCXOs for cellular
applications was rethought. The idea was to purchase low cost packaged quartz
crystals and provide the oscillator circuitry and temperature compensation as part
of the cellular transceiver IC. As a result, the interest in an MEMS VC-TCXO
dropped and instead there was a strong pull for a miniature MEMS resonator that
would be compatible with this new approach and would lend itself to co-packaging.
In 2011 the first efforts began working with the Intel cellular team to develop
the world’s first System in Package (SiP) cellular transceiver with an integrated
frequency reference [34]. This transceiver did not require additional quartz crystal
(Xtal) based frequency references and led to the realization of the first modem to rely
solely on a MEMS resonator as the frequency source. The transceiver IC designed in
a 65 nm CMOS process was initially designed to support a 26 MHz Xtal resonator
and was modified to support the use of a 76.8 MHz chip-scale packaged (CSP)
MEMS resonator (Fig. 15.25).

The trend in mobile and connectivity solutions over the past years has been
to reduce the number of reference frequencies, as well as the overall number
of discrete reference frequency components by sharing the frequency between
different functional blocks. Furthermore, the goal has been to move away from
expensive high-stability temperature compensated crystal oscillators (TCXO) and
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Fig. 15.23 Start-up time of the miniature MEMS VC-TCXO, showing exceptional frequency
accuracy already after 1 ms

to use simple Xtals instead. This has had several repercussions. With consolidating
frequency references the expectations in regard to their performance has increased.
It is driven by the most stringent system requirements, typically GPS/GNSS on
the close-in phase noise and overall frequency stability, as well as cellular/WiFi
on the far-out phase noise. To meet the stringent frequency stability requirements
over temperature the Xtal resonator frequency is compensated with the information
from a temperature sensor, either integrated into the Xtal package or from a discrete
external temperature sensor. The clear cost advantage is offset by the need to
perform the temperature calibration, offset calibration, learning algorithms and
active temperature compensation on the component manufacturer’s side. However,
as it provides full control over the frequency compensation over temperature, there
is a potential to exceed the stability of a ˙0.5 ppm TCXO. Despite the ability
for better performance, related product differentiation and cost reduction, only few
commercial solutions exist in the market today that have surpassed the technical
challenges of a Xtal based implementation. The biggest obstacle has been the
temperature estimation uncertainty during thermal transients, as they frequently
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Fig. 15.24 Measured phase noise of the CSP MEMS VC-TCXO. Displaying less than
�130 dBc/Hz at 1 kHz offset when referenced to 13 MHz

occur in phones or tablets. The estimation challenges arise due to the time lag
between sensor and resonator, as well as their geometric separation.

The 76.8 MHz MEMS resonator used in this work was designed to overcome
this challenge. The CSP MEMS resonator replaces the Xtal resonator and the
temperature sensor by offering an integrated temperature sensor with a thermal
response that is 2–3 orders of magnitude faster than integrated TSX or discrete Xtal
and temperature sensor solutions. The integrated MEMS approach enables close
prediction of frequency correction in the most challenging thermal environments.

15.5.1 Integrated Cellular Transceiver

The Intel transceiver IC was based on a commercially available 65 nm CMOS
multi-band HSPAC/EDGE/GPRS solution. Circuit modifications were performed
to support a MEMS resonator operating at 76.8 MHz instead of a 26 MHz Xtal
resonator. The 76.8 MHz piezoelectric MEMS resonators were fabricated in Sand
9’s aluminum nitride MEMS process provided by GlobalFoundries. The MEMS
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Fig. 15.25 Photograph of the Intel cellular transceiver SiP module and a 3D X-ray image revealing
the MEMS die and cellular transceiver die (top). The cross section and X-ray image below
reveal the Intel transceiver IC and co-packaged MEMS resonator CSP in a side-by-side flip chip
configuration. This work still used the larger MEMS die with 1.5 � 1.1 � 0.5 mm3 as used for the
VC-TCXO

resonators were based on the stack introduced earlier for the 124.5 MHz MEMS
oscillator providing a typical frequency error (FT error) over temperature of less
than 150 ppm over an extended temperature range from �30 ıC to C110 ıC.
In the DCXO approach, the Xtal FT error of ˙20 ppm is improved based on
a temperature reading and digital compensation. The MEMS CSP features an
integrated temperature sensor for this purpose. The resonator design is optimized
to be stress insensitive and prevent activity dips related to spurious modes. The
frequency characteristics and equivalent circuit model of a CSP MEMS are shown
in Fig. 15.26. The extracted lumped element values are provided in Table 15.1.
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Fig. 15.26 Insertion loss and phase of the 76.8 MHz chip-scale packaged MEMS resonator
measured with an Agilent E5071C ENA using Cascade SGS RF probes for probe on bump. The
insert shows the equivalent circuit model used for the parameter extraction around resonance

Table 15.1 Typical
equivalent circuit parameters
of the 76.8 MHz MEMS
resonator extracted from the
mBVD model shown in the
insert in Fig. 15.26

Parameter Value Parameter Value

f0 76.8 MHz f0 init. offset ˙8000 ppm
Q0 11,000 C0 0.24 pF
Rm 80	 Rp 1.8 k	
Lm 1.84 mH C11 3.5 pF
Cm 2.334 fF R11 50	

15.6 Results

To compare the performance an individually packaged transceiver operating with an
external 26 MHz crystal (DCXO) was compared to an external 76.8 MHz MEMS
in CSP package (DCMO-ext), as well as the fully integrated transceiver with the
integrated MEMS resonator (DCMO-SiP). For the DCXO the oscillator was running
at 26 MHz, whereas for the DCMO implementations the oscillator operated at
76.8 MHz. The current consumption from a 1.8 V supply was 2.4 mA higher for
the DCMO. The battery drain in a mobile device would only be 1.2–1.5 mA higher,
depending on battery voltage and DC-DC converter efficiency (Fig. 15.27).
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A Rohde and Schwarz FSQ8 was used in the FM demodulation mode to
measure start-up time. The results represent the average of ten measurements where
the normalized frequency error was computed to the final settled frequency. The
transceiver clock enable trigger ref_clk_en was used as the time reference. The
typical start-up time for the DCXO to reach ˙1 ppm stability was measured as
1.8 ms, compared to 0.5 ms for the DCMO-ext and DCMO-SiP, as shown in
Fig. 15.28.

The transmitter modulation accuracy was determined by measuring the error
vector magnitude (EVM) on the transmitted WCDMA Tx signal using the FSQ8
equipped with the vector signal analysis option. The EVM was measured from
897 MHz (band 8) to 1.95 GHz (band 1), with the corner cases reported in
Table 15.2. No significant impact of the reference clock is observed.

Next, the phase noise of the reference clock was measured with an Agilent
E5052 signal source analyzer with the results shown in Fig. 15.29. The DCXO
measurement is at 26 MHz, and the DCMO measurement is at 25.6 MHz, using an
internal divider (i.e., 76.8/3). As seen from the results in Fig. 15.29, the phase noise
for the DCMO is about 2 dB higher than for the DCXO, meeting the requirements. It
should be noted, that in practice the LO can be generated directly off the 76.8 MHz
output, so that another 4–5 dB are gained, thus exceeding the DCXO result. This
margin in phase noise can be traded off for a reduction in current consumption
(Fig. 15.29).

This project demonstrated the first implementation of a SiP cellular transceiver
with integrated frequency reference. The taken data validates the feasibility of
using a MEMS resonator with reasonable current drain for cellular transceiver
applications and demonstrates the potential for a reduced footprint and bill of
materials in a highly integrated cellular solution by co-packaging the devices.

Fig. 15.27 Microscope
image of the 76.8 MHz
low-stress design with a mean
Q0 of 11,000. The integrated
temperature sensor in form of
a meander-type resistive
temperature detector (RTD) is
visible adjacent to the
resonator plate
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Fig. 15.28 Start-up time of the quartz resonator and MEMS resonator based cellular transceiver.
The MEMS resonator showing a superior start-up time

15.7 Understanding the MEMS Timing Business

Before light-headily venturing into founding a company or creating an R&D effort
within an existing company to seek to capture part of the $4B timing market there
are a few high-level considerations to make. First of all, it is important to note that
the timing market is very diverse, catering to the different demands of the end
application. As an example, for a high-end frequency reference for a stationary
application we might be able to accept a larger form factor and higher power
consumption to obtain ultimate phase noise and frequency stability, whereas for
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Table 15.2 EVM data for QPSK at low and high frequency mea-
sured at 25 ıC

Reference Power [dBm] Condition EVM RMS [%]

DCXO 0 f D 897.4 MHz 3.0
f D 1952.4 MHz 3.1

DCMO-ext 0 f D 883.8 MHz 2.9
f D 1922.9 MHz 2.9

DCMO-SiP 0 f D 883.8 MHz 3.0
f D 1922.9 MHz 3.1

Fig. 15.29 Phase noise
measured with an Agilent
E5052 signal source analyzer.
The measurements are taken
at 25 ıC, without impedance
matching or buffer to the
50	 impedance with a
carrier power of around
1 dBm

Fig. 15.30 Frequency error
over temperature shown for
the 76.8 MHz CSP MEMS
resonator used in the cellular
transceiver



374 J.H. Kuypers

a mobile phone application, low power consumption and size are traded off just to
the point where the phase noise and frequency stability requirements can still be
met. As such a “one fits all” MEMS timing solution does not exist and the choices
early on in the technology determine what market segment can be captured. For a
comparison the total addressable market for the different crystal timing categories
are shown in Fig. 15.31.

Within these categories, in particular for the OCXOs, there are a few very high
ASP parts (>$10) with very specific and extremely challenging requirements with
volumes in the 1000 per year. Oscillators within the ASP bracket of $1–10 with
volumes in the 10,000–100,000 per year still require high performance and very
challenging metrics. Then there are mid-performance tier parts, e.g., as used in cell
phones ($0.03–0.4), as well as the ubiquitous low-end timing devices in the <$0.05
range, both in principle having volumes for specific products in the 100MC range.
In order to justify the business case and significant investment required to develop
a MEMS timing solution the available market metric is a key consideration.

An estimate of the cost to develop a MEMS timing product from scratch and
to bring it to market probably lies in the range of $50M to $150M, depending
on the level of synergies of existing infrastructure and technology. Taking the
aforementioned discussion on annual volumes and TAM into account, and assuming
a focus on a single product, only the high-volume segment for mid-performance

Fig. 15.31 Total market
volume for the different
timing devices as of
2012 [35]
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Xtal and TCXOs can be justified from a return of investment (ROI) point of view
today. Although referred to as mid-performance tier, the technical requirements as
discussed in the preceding sections are still very challenging.

To understand the business case in more detail, let us assume as an example,
that a fully processed 200 mm MEMS wafer will cost between $500 and $2000,
depending on the volume, required processes, number of steps, and actual yield. For
a 1 mm � 1 mm die size one can expect to yield approximately 30,000 components,
resulting in a cost of $0.017–0.06 per component. This does not include packaging,
test, shipping, and operating expenses beyond the fab cost. This example helps to
immediately understand the importance of the die size, as well as the importance
of a wafer-level package to reduce additional down-stream packaging costs. Even
more important is the challenge to make money.

Assuming the cost of a fully tested and packaged die to be $0.03 and the sales
price for a high volume application to be $0.06 with annual sales of 100M pieces,
the mere $6M revenue is insufficient to sustain the operating expenses and illustrates
the current challenges of this industry.

15.8 The Business Case for MEMS Cellular Timing Devices

Back in 2008, as shown in Fig. 15.31 the business case to go after quartz crystal
VC-TCXOs with a lower cost and smaller MEMS based VC-TCXO solution made
sense. VC-TCXOs were selling in very high volume into mobile phones for prices
well in excess of $0.50 per part. In the following years it became evident that
smartphone technology was taking over the position of PCs as the technology driver.
The addition of connectivity (FM, Bluetooth, WiFi, GPS) into Smartphones had the
attractive effect that the number of timing components grew, see Table 15.3, which
had a significant impact on the overall timing content for cell phones, also shown in
Fig. 15.32.

One needs to interpret Fig. 15.32 keeping in mind the low percentage of
smartphone users early on relative to the world’s mobile phone users. The rise of
GPS TCXOs in Fig. 15.32 is representative of this development. The predictions for
2018 see smartphone users making up the majority of all cell phone users world-
wide [40]. The strong decline in total timing content in 2008 with the adoption of
Xtal-only architectures was somewhat compensated with the rise of smartphones
and not having consolidated the timing devices, with a prime example shown in
Table 15.2 for the 2010 iPhone. However, as the MHz Xtal adoption continues,
GPS/GNSS is enabled with a mere MHz Xtal, as well as timing references being
consolidated, the total timing content continuously declines, to arrive at one MHz
Xtal and one temperature sensor to do the job. Another fact is the decline of 32 kHz
crystal tuning fork devices, that are used for real time clock (RTC) applications, in
conjunction with power management ICs as to periodically wake, e.g., the processor
and then send it back to sleep to conserve power. The RTC functionality is now often
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Fig. 15.32 Estimates of the author showing the shift in timing content away from VC-TCXOs
towards the adoption of a MHz Xtal solution for cellular transceivers around the years 2007–2011.
The rise of smartphones initially stalls the falling trend for the total timing content; however, it then
continues with the consolidating approach of distributing timing across the platform. Achieving
the final goal of a single frequency reference is closely tied to overcoming the challenges with a
DCXO approach for GPS/GNSS. The decline of the 32 kHz Xtals in handsets is due to the trend
to synthesize a time reference from a MHz crystal at a small power penalty

being achieved by dividing down the MHz Xtal’s frequency at the penalty of higher
power. This can be significantly improved with an oscillator implementation that
can operate in a low-power mode.

It is interesting to note in regard to Table 15.2 that in 2014 two additional Xtals
were introduced after the Qualcomm PMIC had been very effective in replacing
all other timing components. These components are related to the introduction of
a motion co-processor beginning with the iPhone 5S, with the goal to acquire and
process the increasing amount of sensor data in a dedicated processor allowing the
main application processor to conserve power.

The trend that timing devices might be added to achieve new functionality is only
temporary until time and engineering resources develop a solution to use a single
reference. One possible scenario that could break this trend is, if a timing device
with novel performance becomes a requirement. An example of such advanced
performance would be the use of a highly accurate clock for indoor navigation that
requires better short-term stability than available with the DCXO approach. A very
low-power MEMS OCXO implementation could provide this benefit.
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15.9 Where Are We Today?

In the last 10 years quartz timing industries have faced technology developments
unparalleled in history and in many cases had to restructure and reinvent their
revenue model due to the changes in the timing architecture in mobile phones. As a
result, competing with quartz technology during this phase has been a tremendous
challenge. This technology has been evolving so quickly that with targeting the
status quo and competing on cost one cannot succeed, as it requires constantly
updating direction and redefining the business case. To succeed against quartz
timing is to understand where the performance requirements will be 5–10 years
out and to try to get there first, accepting a high risk of getting it wrong.

If Sand 9 had targeted a resonator-only product back in 2008 with a focus on
miniature size the products would have had a lead of more than 7 years on quartz
crystal timing technology and would have gained 10 % year-on-year in regard to a
form factor reduction, as illustrated in Fig. 15.33.

The true potential for MEMS to be disruptive is apparent from comparing the
die size trends for offering a MEMS VC-TCXO in an overmolded package and
offering a CSP MEMS resonator as bare die. For the case of trying to imitate a
pin-to-pin compatible crystal VC-TCXO in an overmolded package with a die size
of 1.5 mm � 1.1 mm � 0.5 mm, initially requiring a 2.0 � 2.0 � 1.1 mm3 package
makes it impossible to get on par with quartz as seen from the chart above. An
additional 2 year slip getting this technology to market puts it 4 years behind the

H. Sugimoto et al.
Author’s data/estimates
MEMS as CSP (S9)
MEMS in DFN (S9)

5032

3225
2520 2016

1612
1208

2 year slip

VC-TCXO for cellular
dominant

Xtal for cellular
dominant

Fig. 15.33 Historic evolvement and prediction of the size of the cellular timing solution. It shows
the aggressive year-on-year size reduction. MHz Xtals with 1612 footprint are already found
in for example the iPhone 6, but are not used for the cellular functionality, which is still in a
2.0 � 1.6 � 0.65 mm3 package [37, 38]
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status quo, not to mention that the leading suppliers will already be selling at higher
ASPs to the aggressive adopters. In comparison, the package size trajectory for a
CSP MEMS resonator is already more than 5 years ahead of the crystal market.
Even a 2 year slip due to the ability to leverage different device scaling laws than an
AT-cut strip resonator enables to reduce die size faster with a 10 % gain on quartz
every year.

15.9.1 When Is the MEMS Timing Revolution Going
to Happen?

The reality is, that if we are asking ourselves this question the revolution has not
happened yet, and that is because the semiconductor industry has not seen a clear
return on investment (ROI) with enabling MEMS as a timing solution. Prior to
replacing VC-TCXOs and consolidated timing the total timing content in a high-
end phone was well in excess of $1. Eventually, with one temperature sensor and
one MHz Xtal the incremental cost savings of possibly $0.02 for adopting a cheaper
MEMS solution is not attractive enough to justify the engineering resources needed
to enable it. That does not mean that MEMS timing is not being closely followed
by these industries. To understand when it is going to happen requires to understand
why it has not happened earlier. First, electrostatic MEMS oscillator solutions have
not met the requirements for 4G cellular or GPS/GNSS applications. Second, the
oscillator solution for mobile applications is on the way out. Too many intricate
performance trade-offs in power and control of the oscillator (e.g., switching
between low-power mode and high-power mode and dealing with the transitions)
are made today so that one oscillator solution will not find wide application and is
simply undesirable. That means MHz CSP resonators are the only way to succeed.
In order to be easily adopted into the current consolidated timing architecture found
in handsets requires the MEMS to have identical ESR and static capacitance, as
well as on-par or better frequency stability over temperature, and initial frequency
accuracy as a 2016 foot print MHz Xtal. A MEMS resonator device that fulfills all
these criteria does not exist today, but is technically feasible. This device will be
further referred to as “Looks Like Quartz” (LLQ) device.

15.9.2 How to Imitate a Xtal with an LLQ?

First of all, electrostatic MEMS resonators are physically unable to imitate the
equivalent circuit of an AT-cut strip resonator due to the lack of electromechanical
coupling [41]. The equivalent circuit model for a generic 26 MHz Xtal is shown
in Fig. 15.34, with typical lumped element values of Rm D 20 	, Lm D 10.7 mH,
Cm D 3.5 fF, and C0 D 1 pF. Depending on the placement, packaging and resulting
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Fig. 15.34 Equivalent circuit
representation based on a
Butterworth–Van Dyke
(BVD) model of a Xtal
resonator, including parasitic
capacitances

routing, parasitic capacitances in the range of 0.2–0.5 pF are common for the shunt
capacitances C11 and C22, as well as 0.1–0.4 pF for C21, that have to be taken into
account.

Computing the electromechanical coupling coefficient according to the IEEE
definition:
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yields k2
t values depending on the parasitics in the range of 0.43–0.23 % for this case.

Piezoelectric thin film MEMS devices on silicon can easily provide k2
t in excess of

0.7 %. This means that a MEMS LLQ solution based on a piezoelectric thin film
can be made smaller than current Xtals, yet mimic their electrical performance.
Last, one of the biggest misconceptions in the past 10 years has been the need for
very high-Q and very low ESR, also referred to as Rm. In general a piezoelectric
MEMS resonator in the 40–80 MHz range with a minimum unloaded Q0 of 7000 and
maximum Rm value of 110 	 should be capable to achieve cellular and GPS/GNSS
performance, unless it suffers from elevated acoustic flicker noise. Although this
ESR seems considerably higher than a typical 2.0 � 1.6 mm2 footprint MHz Xtal
with a maximum ESR of 60–80 	 [42] the trend towards Xtals with smaller form
factor will inevitably require oscillator designs to support higher ESR values. Going
to a 1612 footprint will cause the ESR to increase by as much as 25–35 % [43], not
to mention the increase going to a future 1208 footprint.

Initial frequency accuracy is required for ease of a widespread adoption and
will require frequency trimming, widely used today in SAW and BAW filter
manufacturing. However, for a multilayer stack this will significantly affect the
linear TCF. Solutions to individually correct both for frequency offsets and temper-
ature characteristics have been proposed [44]. The low dispersion sensitivity, i.e.,
moderate frequency shift with thickness, allows for a controlled trim process [44].

The biggest challenge for an LLQ today is the requirement to meet a ˙50 ppm
frequency stability over temperature of the intrinsic MEMS resonator. This arises
from the stability specifications of the connectivity module that historically has
utilized an uncompensated XO, or today just a simple MHz crystal without further
compensation. As seen earlier, despite perfect compensation of the first order
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temperature coefficient of frequency (Fig. 15.30), the frequency error due to a
strong second order component still amounts to about 200 ppm. The only solution
to address this second order terms is to engineer at least one of the materials
in the resonator stack to have a significant positive second order temperature
coefficient of stiffness. The most reasonable approach is to leverage the strong
thermoelectromechanical interaction in silicon with doping [45]. It has been shown
for silicon that with very high doping levels not only the first order TCF can be
reduced [46], but also the second order TCF can be zero [47–53]. The latter work
addresses the concern that high doping does not affect the aging characteristics.
Several manufacturing related challenges have yet to be solved, so that a commercial
product featuring piezoelectric thin film actuation with less than ˙50 ppm fre-
quency error over temperature for a direct quartz crystal replacement is still several
years away.

15.10 The Value of MEMS Timing

The key factor that will determine the future of MEMS timing and its commercial
success is the ability to place a value on integration. Rather than seeing MEMS
timing as a silicon component replacing a quartz component, it is the value of
having an integrated timing source. Traditionally an IC relying on a reference
clock is only testable after the phone board’s assembly. An IC with integrated
timing is fully functional out of the box. Frequency offsets and temperature learning
data can be programmed during final test and hence the performance of the
IC can be guaranteed. If the host IC has a high ASP (>$5) and the aspect of
having a co-packaged miniature timing source included provides significant product
differentiation and competitive advantages to achieve higher sales, then the value is
no longer measured in regard to a fractional cost saving of using a MEMS versus
quartz component, but in terms of the host IC. In short, the question will be whether
the ROI, after having to include the cost of the MEMS timing device, deal with the
added complexity with packaging and testing, as well possibly reengineer the timing
architecture is still significant.

15.11 Conclusions

Back in late 2008 when the author joined Sand 9 as acoustic device design engineer
to work on a MEMS timing solution targeting cellular VC-TCXOs the only risks
seemed to be technical in nature: can a MEMS solution meet the stringent aging
criteria of less than 1 ppm/year, can the cellular phase noise requirements be met,
and can the current consumption be below 3.5 mA. These were big enough problems
to worry about, and with a strongly growing demand for mobile phones, and only
a moderate price erosion for cellular VC-TCXOs the business case seemed solid.
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Although we were eventually able to achieve the technical goals, the status of
the technology as well as the market had already moved on. By 2010, cellular
VC-TCXOs featured current consumptions of below 1.2 mA, and were already
on the path of being designed out, so that prospective customers were asking for
MEMS resonator solutions to replace the MHz Xtal components. Besides the need
to realign on a much simpler packaged resonator, the business case had eroded.
Not enough, the general strive to a single frequency reference with frequency
sharing also meant that our solution with a temperature stability of �160 ppm to
C15 ppm based on a zero first order TCF was not sufficient to meet the ˙50 ppm
stability requirement that historically has been demanded for connectivity solutions
(FM/Bluetooth/WiFi). As a result, this required either the transceiver manufacturer
to re-architect their entire transceiver, baseband, connectivity and GPS solution for
a <$0.20 component, or for us to modify our technology. The latter, as mentioned
above would have required the reduction of the second order TCF for example using
a heavily doped silicon layer, as well as the use of trimming to get rid of the initial
frequency offset of ˙8000 ppm. This would have delayed the time to market for
at least another 18 months. Instead, the hope was to identify an early adopter for a
cellular only solution to validate our technology in a high-volume application, and
extend the compatibility to a more general timing solution.

In summary, based on the efforts between 2008 and 2014 at Sand 9 we were able
to validate that AlN based piezoelectric MEMS resonators can be co-packaged with
cellular transceivers and can meet the stringent requirements for cellular 2G/3G/4G,
connectivity, as well as GPS/GNSS. As such, the deployment of MEMS timing
in cellular phones is determined by the business case rather than the technical
feasibility. The technologies to extend the status quo to a drop-in MHz quartz
crystal replacement to avoid re-architecting today’s cellular single-source timing
solution, in form of ion beam trimming and highly doped silicon seem within reach.
Nevertheless, it will be several years to bring this to the maturity level for a 200 mm
high-volume process.

In the near-term, it is more likely that MEMS resonators will find application in
lower volumes as co-packaged timing source for high ASP products, where a clear
value can be placed on product differentiation that is unrelated to differential cost
savings using a MEMS over a quartz device.
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Chapter 16
BAW Filters and Duplexers for Mobile
Communication

Robert Aigner

16.1 Introduction

While there is no broad consensus RF bulk acoustic wave (BAW) technology should
actually be listed as an RF-MEMS technology, most experts would agree BAW
is a true success story. In fact—at this point in time—no other “true” RF-MEMS
technology comes even close to BAW in terms of market penetration and revenue
generated. It is a prime example for an innovation having a profound impact on
size and performance of devices most persons consider a necessity in daily life: the
smartphone. Without the selectivity of high-performance acoustic filters, none of the
advanced cellular voice and data services would exist. There is an insatiable demand
for higher wireless data rates across all boundaries of society and geography. Why
has BAW flourished way beyond the predictions in recent years?

The allocated frequency spectrum is very limited, and the most favorable
frequencies are already occupied by cell phone bands, by governmental agencies,
or by unlicensed bands with restricted transmission range. All new wireless systems
released are forced to deploy relying on less favorable frequency bands that have
noisy or “oversensitive” neighbors—sometimes both. The commercial viability of
these new bands depends at least in part on equipment makers’ ability to solve
neighborhood problems. BAW filters play a key role in minimizing interference
between systems operating in different bands. The reason for the spectacular growth
of BAW is the high number of smartphones shipped, multiplied by the large number
of bands a typical smartphone is equipped to operate in.

This chapter aims to provide background information on applications, their
requirements, and how those link into technology features late-generation BAW
technology offers.
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16.2 Short History of BAW

Filters based on acoustic waves have their origins in the 1950s when quartz crystals
became broadly available and enabled filters to become far more selective than
LC-based filter circuits. In the 1970s surface acoustic waves (SAWs) on various
piezoelectric crystal materials entered the scene for filters with a frequency range
up to about 100 MHz [1]. Those filters were predominantly used as intermediate
frequency (IF) filters in heterodyne receivers. Starting in the mid-1980s, enhance-
ments to SAW filter processes made them a viable solution for frequencies up to
1 GHz. The production volumes for acoustic filters remained very low until cell
phones became affordable for a wide public in the mid-1990s. During that time,
RF-SAW filters were used mostly in the receive path between antenna and low-
noise amplifier, while the transmit path used LC filters or ceramic filters. LC filters
show very poor selectivity as the Q-values of inductors are constrained by restive
losses. Ceramic filters on the other side can be very selective, but they have a very
large footprint and height. “Direct conversion” receiver architecture took hold in
the industry around year 2001 which led to the demise of SAW IF filters in cell
phone architectures. As a side effect, this made RF filtering at the antenna much
more demanding. SAW IF filters had been good business for many suppliers which
were now looking to replace the revenue lost with new filter products. About at
the same time, cell phones started adding support for multiple bands as needed for
international roaming. Size of phones had shrunk steadily for more than a decade,
but with multiple bands supported in one phone, pressure was building to radically
reduce the size and thickness of the RF filters. BAW technology arrived just at the
right time to respond to this challenge.

Attempts to make a BAW filter using thin film materials go back to the 1970s.
Those were ultimately unsuccessful due to the poor quality of piezoelectric thin
films available at that time. Most early work was related to a device concept we
would today classify as a film bulk acoustic resonator (FBAR) in which a free-
standing membrane is used to prevent the acoustic wave from escaping into the
substrate. In the late 1980s the early pioneers set out again to conquer the challenge
of thin film quality. The first to succeed making a real product in the RF frequency
range was Ken Lakin. He circumvented the challenges of making a free-standing
membrane by introducing an acoustic Bragg reflector using multilayers of dissimilar
materials [2]. The concept and name BAW solidly mounted resonator (SMR) was
born. Ken Lakin was first in depositing high-quality AlN thin films with strong
preferential c-axis orientation. He succeeded getting piezo coefficients close enough
to a monocrystal—as needed to achieve sufficient coupling coefficient and quality
factor for a practical BAW filter. He founded the company TFR Technologies in
1989 which focused on specialty BAW filters for space and military applications.
The first products were delivered to customers in 1997. The facility exists to this day
as part of Qorvo (whose predecessor TriQuint acquired TFR in 2004) and continues
to supply small volumes of highly specialized filters. Independent of the activities
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at TFR a small group at HP labs around Rich Ruby started to investigate the FBAR
concept in 1993 [3]. In 1999 they had mastered the challenges of making membranes
and growing excellent AlN on a bottom electrode. The level of performance they
reached was suitable for commercialization, and they smartly chose duplexers for
the PCS CDMA band at 1.9 GHz as their lead product to go in production with.
Their selling point was a dramatic reduction in size and thickness compared to
existing duplexers. Early products emerged in 2001 around the time HP spun out
all non-computer divisions into Agilent. By year 2004 Agilent had a solid grip
on the market for PCS duplexer and had sent conventional ceramic duplexers into
obsolescence. The wireless division of Agilent was spun out to form Avago in 2005
which to this day is a leading player in BAW/FBAR (note: Avago announced to
change its name to Broadcom in May 2015). The third contender in commercializing
BAW filter was a group at Infineon which started out as a secret project between
Siemens (later Infineon) and cell phone maker Nokia in 1997. The author of this
chapter had the honor to lead this effort between 1997 and 2005. The group’s
innovations eliminated several of the shortcomings acoustic reflectors had suffered
from and succeeded to launch a first BAW-SMR filter to the cell phone market
in 2001 [4]. That group also introduced localized ion beam etching as method
to correct for manufacturing variations in frequency across a wafer. A moderate
amount of BAW filters for GSM phones were shipped in the years to follow. The
activity later faltered when Nokia lost interest in BAW and Infineon’s management
misjudged how important filters would soon become in RF systems.

Following HP/Agilent/Avago’s (/Broadcom’s) highly publicized product launch
in the early 2000s a large number of semiconductor companies started efforts to
develop BAW. At the peak around 2005, there were at least 11 companies actively
developing BAW, many of which had unrealistic goals and schedules and/or poor
strategic alignment. The challenges of BAW technology are easily underestimated,
in particular how to achieve very high coupling coefficient, Q-values, and spurious
mode suppression—all at once—and finally manufacture BAW filters at very high
yields. Five contenders reportedly terminated BAW development between 2007 and
2009. Infineon sold the BAW business to competitor Avago in 2008. Following
the acquisition of TFR Technologies in 2004, TriQuint entered the race for the
cell phone BAW market. The author joined TriQuint in 2006 to lead this effort.
Production readiness was achieved in early 2009 followed by an immediate ramp
into high volume. In the years between 2009 and 2012, TriQuint (now Qorvo) and
Avago (now Broadcom) fought a fierce battle in court which resulted in a settlement
and patent cross license agreement. As a side effect, some of the minor players
were scared away from pursuing the most attractive applications for BAW filters,
effectively leaving Avago (now Broadcom) and TriQuint (now Qorvo) as the only
two vendors for BAW filters. The years following 2012 brought extreme growth for
both companies. By the end of year 2015, the total accumulated number of BAW
and FBAR filter chips out in the field will have surpassed 20 billion units.
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16.3 Types of Filters Used in Smartphones

Frequency bands allocated to various cellular systems differ significantly from one
another. The relative bandwidth is very different from band to band as is the width
of the guardbands designated for each. Modern smartphones have multiple antennas
embedded which allows them to operate properly in various usage situations and
to support concurrent use of Wi-Fi and GPS during voice and data transfer. The
architects of an RF system (often also referred to as the RF front end) for a phone
define how receive and transmit signals for all bands are connected to multiple
antennas using RF switches and networks containing acoustic filters. The RF signals
are then routed to a transceiver integrated circuit (IC). There are several types of
filter networks which can be distinguished:

Transmit (Tx) filter:
Transmit filters are placed between the output of power amplifiers and antenna.
As such they are subjected to maximum transmit power of 1 W (30 dBm) in
certain operating conditions of a phone. The main purpose they serve is to
eliminate out-of-band emissions which will interfere with other RF applications.
The insertion loss of Tx filters is a critical parameter; any loss added to the Tx
path will increase the current consumption of the power amplifier significantly.
Self-heating effects can occur and have to be managed in order to guarantee
proper function and lifetime. Nonlinear effects in a Tx filter can create significant
problems. Several LTE bands released in the recent years use time division
duplex (TDD). Those systems would typically rely on Tx filters to control
emissions into other bands.
Receive (Rx) filter:
Receive filters are found between antenna and the first low-noise amplifier (LNA)
in the signal chain. Power levels of the receive signal are generally very low. The
Rx filter protects the LNA from interference sources which often are very close in
frequency and very strong in amplitude. Without the Rx filters, intermodulation
with interferers would be unmanageable. The insertion loss of an Rx filter
directly impacts the receiver sensitivity. Nonlinear intermodulation effects in the
filter itself have to be prevented.
Duplexer:
Many of the classical and new bands have separate frequency allocations for
receive (Rx) and transmit (Tx) working in frequency division duplex (FDD).
Those bands all require duplexers to enable simultaneous Rx and Tx operation.
A duplexer is a circuit combining a Tx filter and Rx filter (e.g., described
above) such that both filters are matched to one common antenna port for their
respective passbands. The interference in this case includes the system’s own Tx
signal as well as the broadband noise from the power amplifier and mixers. For
the respective other bands, each filter is therefore designed to provide extreme
rejection levels. What is referred to as isolation between Rx and Tx port is a
crucial parameter for duplexers. Typical requirements for isolation are 55 dB.
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Diplexer:
In many aspects a diplexer looks similar to a duplexer. Two filters are matched
to one port in such a way that the presence of the other filters has as little as
possible impact on insertion loss in the passbands. The main difference is that
often there is no provision made to support simultaneous receive and transmit
of paired bands; hence, rejection requirements are far less demanding than
in a duplexer. Diplexers are often used to share an antenna between various
applications such as cellular voice with Wi-Fi or GPS. Not all diplexers contain
acoustic filters; depending on specs, some are just LC networks. In special cases
acoustic filters are used in band-reject configuration rather than in the classical
band-pass configuration.
Quadplexer:
A combination of usually two Tx and two Rx filters matched to one common
antenna port (the name is sometimes used for other cases too). Quadplexers can
in the simplest case be a combination of two duplexers with additional low-pass
and high-pass LC networks. This would be possible if the bands are spaced far
from each other in frequency. While previous generations of quadplexers did not
require cross isolation from each RX port to each other TX port, this will change
with the introduction of carrier aggregation (CA) when receive bandwidth in
multiple bands is bundled to achieve a higher data rate.
Hexplexer:
The extension of a quadplexer with usually three Tx and three Rx filters
matched to an antenna port. Hexplexers are truly challenging to design and
manufacture. The out-of-band losses of all filters accumulate unfavorably and
present themselves as loss for the passband of each of the filters. Matching at the
common port is also becoming very challenging.
Interstage filter:
Typically used to eliminate noise emissions before they enter a mixer or amplifier.
Traditionally it is placed at the output of an LNA in the receive path or at the input
side of a power amplifier in the transmit path. Most of the interstage filters have
been eliminated in order to save cost and space. As a consequence other filters
and duplexers closer to the antenna need to meet even more stringent rejection
requirements than in earlier generation phones.

All the “hard” filtering in cell phones is accomplished with acoustic filters.
Lumped element (LC) filters are unable to meet the selectivity and loss require-
ments. The limitation stems mostly from the quality factors (Q) of inductors which
are limited to about 50 and from comparably large manufacturing tolerance of
inductor and capacitors. Surface acoustic wave (SAW) filters have been deployed
in wireless devices since nearly the beginning of the modern wireless industry.
They continue to be used in very large numbers for Rx filters at frequencies below
2 GHz and for duplexers mostly below 1 GHz. Many of the LTE bands released in
recent years are at frequencies above 2 GHz and/or have very challenging rejection
requirements in close proximity to the passband. At higher frequency SAW starts to
show progressively higher losses making it difficult to achieve steep filter skirts and
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Fig. 16.1 Application space for acoustic filters (revision Feb. 2015)

low insertion loss. BAW is ideally suited for the frequency range above 1.5 GHz
because Q-values don’t degrade with frequency as much; Q-values of 2500–4000
are state of the art. Device size for BAW is scaling favorably with increasing
frequency. While it is possible to use BAW also at lower frequencies, it is in most
cases not economical to do so because SAW can deliver nearly same performance
at lower cost. Figure 16.1 maps the application space for RF filters with most of
the important bands marked. The “complexity” on the y-axis is a measure for how
challenging the filter solution is for each of the bands; it will also correlate with cost.
SAW, BAW, and their derivate technologies each have staked out a domain in which
they are the preferred solution. It should be mentioned that several of the bands were
recently repurposed from GSM to LTE or from WCDMA to LTE, making it harder
for filters to comply. Examples for this include Band 8, which is a transitioning to
LTE but still used for WCDMA in many regions; it is therefore showing up twice
in Fig. 16.1. The phone manufacturer may elect to use a cheaper filter for a phone
being mostly used in a region with WCDMA-only or a high-end filter if the service
provider wants to offer LTE.

16.4 Evolution of Size and Performance

The RF section of a smartphone occupies less than 1/3 of the total available board
space—a number that has not changed significantly over the past years—while the
number of filters present has increased nearly ten times. Without aggressive steps to
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Fig. 16.2 Evolution of the size of duplexers

shrink size and integrate filters into RF modules, the total board space needed for
filters would be impossible to fit into a late-model smartphone. The first-ever BAW
duplexer on the market by Agilent/Avago/Broadcom had a footprint of 12 � 6 mm2

and about 2 mm height. While this is huge by today’s standards, it was back then
a dramatic improvement over ceramic duplexers which were at least 5 mm thick.
The evolution of size for single duplexers is shown in Fig. 16.2. The area consumed
by a single filter function is expected to continue shrinking at a rate of 20 % per
year. To sustain this rate of shrinkage, both the filter chip and the package need
to be upgraded constantly. In the package inductors and interconnects need to be
compacted aggressively, and additional metal layers are needed. At the same time
the maximum acceptable thickness of filters and duplexers keeps decreasing and
is currently <0.8 mm for duplexers and <0.5 mm for single filters. A wafer-level-
packaged BAW chip has a thickness down to 0.2 mm.

Evolution of filter size is easy to observe; the improvement in performance
over the years is harder to quantify but no less impressive. Performance is a
summary expression for multiple aspects of filter characteristics each of which will
be discussed in later sections. In filters there are always compromises to be made
between insertion loss and rejection, bandwidth and return loss, and insertion loss
and linearity—just to mention a few. Hence, it can be misleading to judge filters
based on just one parameter. Fact is that a filter or duplexer from 5 years ago will
fall short of today’s requirements in all parameters. Product cycles are typically
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less than a year, and customers expect significant improvements compared to the
previous generation. There are several reasons the pressure on filter performance is
so high:

• More bands in a phone require more switching and routing of RF signals which
introduces additional losses. Also, adding more bands to an antenna requires to
make compromises for all bands. Antenna designers are facing the challenge
to squeeze antennas for a modern smartphone into the few spaces which are
suitable.

• Battery capacity does not keep up with the increase in current consumption due
to added features and heavier usage. A main complaint of smartphone users is
how fast the battery drains. Lower insertion loss RF filters bring a significant
benefit for current consumption of the power amplifiers.

• Regulations regarding emissions and signal quality are getting more stringent
with every new band added. In the United States the Federal Communication
Commission (FCC) regulates spectrum usage. Bands have been expanded in
bandwidth often by reducing guardbands and packing bands more densely
into suitable spectrum. Some bands have been re-designated from satellite-only
to bands with terrestrial transmitters, thus changing the signal strength and
emissions which can interfere with other systems drastically.

16.5 Insertion Loss

In most cases the insertion loss (IL) of a filter is at the very top of a specification or
data sheet. The impact of insertion loss on total efficiency of the transmit chain is
dramatic. For example, a 3 dB insertion loss equates to 50 % of the transmit power
wasted in the filter. In combination with power amplifiers—which themselves have
efficiency in a 40–50 % range converting DC to RF power—this means the battery
will have to supply 2 W for a 0.5 W RF signal at the antenna. In the receive chain
the insertion loss of the filter directly adds to the noise figure (NF) of the receiver.
When receive signals are weak—for a far-away base station, inside of buildings,
a hand covering the antenna, or other reasons—a lower insertion loss makes the
difference between a dropped call and an uninterrupted connection.

Insertion loss of acoustic filters is caused by resistive losses, material (viscous)
losses, and acoustic wave leakage in and between the elements constituting the
filter. Most BAW filters are constructed as ladder-type filters of individual BAW
resonators. The Q-value of a BAW resonator describes the composite of all losses.
Resistance effects play a bigger role at the frequency where impedance is minimum,
referred to as resonance frequency fs. The Q-value at resonance is often referred to
as Qs, while the corresponding Q-value at anti (or parallel) resonance is referred to
as Qp. The insertion loss of a filter correlates very well with Qs and Qp. Additional
losses occur in interconnects and inductors. Ladder filters usually have the lowest
insertion loss in the inner 60 % of the passband. The maximum insertion loss occurs
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Fig. 16.3 Effect of Qp and Qs on filter performance

almost always at the band edges. Typical requirement for maximum insertion loss
ranges from 1.8 to 3 dB. Filter specs also state limits on how much the insertion loss
may vary within the passband or within one channel of the passband. This spec-
parameter would be referred to as maximum passband ripple. As this will impact
the integrity of the signal—depending on the modulation used—an alternative is
to specify the error vector magnitude (EVM) the filter causes. EVM is a measure
for how much a modulated signal is distorted in amplitude and phase. The lower
the Qs and Qp of a BAW filter, the more the “shoulders” start to hang. Figure 16.3
shows an example simulated with Qs and Qp as a parameter. The insertion loss can
be strongly impacted by poor matching to the input and output port impedance. A
poorly designed filter can have terrible insertion loss despite using very high Q-
value BAW resonators. The best method to separate mismatch-related losses from
true filter losses is to apply the mathematical method of simultaneous conjugate
matching. How BAW filters are designed to minimize mismatch is described in the
next section. As most filters show a temperature drift, the insertion loss specification
states a temperature range. More about temperature effects will be discussed in the
respective section.

16.6 Port Impedance and Matching

With regard to port impedance, the magic number in RF is 50 (	). Most RF
measurements are done in a 50	 environment, and the majority of RF components
are designed to match to 50	 ports. 50	 just happens to be a very good
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compromise for antennas, coax cables, striplines, and also acoustic filters built on
piezo materials with relative dielectric constant of 5–50. At 2 GHz a higher port
impedance will cause a circuit to be prone to parasitic capacitance, while for a
very low port impedance, losses will be adversely affected by series resistance and
parasitic inductance.

The reason why excellent matching is a key requirement for transmit filters
is the inability of output transistors of power amplifiers to perform well if load
impedances is off target. The current consumption, linearity, and gain of an amplifier
are optimized to work in a very narrow window of complex load impedance. PA
matching networks are typically significantly wider in bandwidth than the passband
of a filter, and they will translate the complex impedance the filter presents at its
input to a different complex impedance the output transistor favors. However, if the
filter presents an impedance which varies wildly within the passband, the matching
network can do nothing to correct this problem. The impedance variation of a filter
or duplexer is best observed in a Smith chart for S11 or S22. The desired situation
is to have a very tight locus for the entire passband, as opposed to a big swirl with
many lobes and ends sticking out. However it is often acceptable to have a tight
locus which lies off-center on the Smith chart because this can be corrected by
the matching network. An S-parameter set can easily be transformed to a different
nominal port impedance—even a complex-valued port impedance. A value for best
achievable return loss can be calculated accordingly. The filter port to which a power
amplifier will connect usually requires to have better than 15 dB return loss. For
receive path filters, the matching is important too as it can affect the behavior or the
subsequent low-noise amplifier. Requirements are typically less stringent than for
transmit, often in a 12 dB return loss range.

BAW resonators behave like regular capacitors for wide ranges of frequency, in
particular at very low frequencies; only near the acoustic resonance, the impedance
deviates drastically from a capacitor. Wideband rejection of BAW ladder filters is
accomplished by a capacitive voltage division from stage to stage of the ladder filter;
acoustic resonances don’t play any role in this. One should keep in mind that BAW
filters create stopband rejection by reflecting the RF signal rather than by absorbing
it. As a “rule of thumb,” a BAW ladder filter for a 50	 port impedance will have
an average capacitance in each branch resulting in an impedance close to j 50	 at
passband center frequency fc.

A branch could contain just one resonator or two or more resonators and/or
additional capacitors as shown in Fig. 16.4. Branches in a ladder filter are either
series or shunt branches.

From the desired port impedance Zp and the passband center frequency fc, one
can readily back out the low-frequency capacitance Clf the branches of the filter will
have on average:

Clf D 1

2� fc Zp
(16.1)
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Fig. 16.4 Simplified ladder filter and some examples of elements in each branch

Note that the low-frequency capacitance of a resonator is inversely proportional to
passband center frequency. The acoustic resonances are generally placed within a
few % of the center frequency of a filter. In a BAW device, the layer stack determines
the resonance frequency. Resonance frequency fs can be determined using a Mason
model [5] which requires knowledge of thickness, velocity, and mass density of all
layers, plus coupling coefficient and dielectric constant "0 "r of the piezolayer. With
everything else kept constant and all layer thicknesses multiplied by factor a, the
resonance frequency will change by a factor of 1/a. Higher resonance frequency
requires thinner layers, including the piezolayer. Once thickness of the piezolayer t
is known, one can calculate the area of a resonator Ares needed to obtain the low-
frequency capacitance. Using the parallel plate capacitor formula,

Ares D Clf t

"0 "r
(16.2)

From thickness scaling with 1/fs in combination with equations (16.1) and (16.2), it
becomes obvious that resonator area will be inversely proportional to the square of
center frequency:

Ares / 1

f 2c
(16.3)

In essence this is the reason why thin film BAW is commercially not attractive at
very low frequencies. The capacitance and area from equations (16.1) and (16.2)
will only give a rough estimate where to start when designing a filter. For BAW
filters with a small relative bandwidth (<3.3 %), achieving a very good port matching
is not difficult. A designer will optimize the resonance frequencies and area of
individual resonators until the passband shows low insertion loss and high return
loss. The number of series and shunt branches utilized in a ladder filter depends to
a large degree on the levels of stopband rejection the filter must meet. In order to
increase rejection, one can try to reduce the area of series resonators and increase the
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Fig. 16.5 Comparison of a filter with properly set frequencies (solid lines) with a filter having
excessive detuning between series and shunt resonators (dashed lines)

area of shunt resonators. This will gradually degrade the ability to meet matching
requirement over the entire passband. The alternative is to add more series and/or
shunt branches which will usually show better matched passbands. However, the
price to pay is larger total area and a risk of increased insertion loss.

AlN-based BAW filters with larger relative bandwidth (>3.3 %) are more chal-
lenging regarding return loss. Novice filter designers are tempted to stretch the
bandwidth of a filter by moving the resonance frequencies of series and shunt
branches further apart; this indeed creates a wider passband. Unfortunately it will
also result in poor return loss in the center of the passband and gradually the center
insertion loss will also start to degrade. Figure 16.5 shows an example of a filter
which was stretched in bandwidth beyond reasonable limits.

Some relieve can come from adding series inductance to shunt branches, but
on the flipside this may negatively impact wideband rejection performance. Other
tricks are known to create ladder filters with relative bandwidth up to 8 % using LC
branches between filter stages, but this will necessarily lead to a degraded rejection
at some frequency region in the stopbands. Piezo materials with higher coupling
coefficient such as Sc-doped AlN are especially beneficial for those applications.

In a duplexer the matching of two filters at the (shared) antenna port complicates
the situation. Each of the two filters needs to be well matched in its respective
passband, while it needs to be highly reflective (low return loss) in the other
filter’s passband. Moreover, the impedance of the reflective filter must be as high
as possible—ideally and “open”—or else that filter will cause mismatch for the
passband of the other filter. In many cases this will be implemented using a matching
network between the filters and the antenna port. The main objective of the matching
network is to rotate the phase of each filter to meet the “open” condition as described
above. Figure 16.6 shows a simplified example of a duplexer and how phase rotation
is applied. A number of different options exist to implement the matching network.

Early duplexer used microstrip or stripline delay lines as phase shifters, but
those are comparatively long and hard to fit into current-generation duplexers.
Most duplexers today use LC-based matching networks. Depending on the relative
position of receive and transmit frequencies—and the filter topologies chosen—the
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Fig. 16.6 Example of impedance Smith charts for different reference planes in a duplexer

preferred solution is either a low-pass or a high-pass-type matching network. While
the low-pass network will create a clockwise rotation of impedance in a Smith chart
(as in Fig. 16.6), a high-pass network will create a counterclockwise rotation. Few
lucky cases exist when only one of the paths requires a phase shift. The size and
Q-factor of the inductance needed often make one solution favorable over the other.
Due to the nature of a high pass or low pass, there will be an impact observed in
the wideband characteristics of the duplexer. Since size of duplexers is severely
constrained, the capacitors of the LC network are often eliminated by designing
the input impedance of the filters to have capacitive characteristics and/or by using
capacitors integrated on the BAW chip (Fig. 16.7).

In Fig. 16.8 the shunt inductance is high-pass type and will create a counter-
clockwise phase rotation in for both Rx and Tx paths. This is a good choice if both
Rx and Tx can be designed to show a capacitive input impedance at the respective
frequencies. Shunt-L match does not create a pure phase rotation around the center
of the Smith chart; both passbands will see an impedance change which needs to be
factored in when designing the BAW filters.

16.7 Rejection and Isolation

Early generations of BAW duplexers used in narrowband (N) CDMA phones served
one main purpose: isolate receive and transmit signals from each other to the best
possible degree. Isolation is measured between the Tx and Rx port of a duplexer
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Fig. 16.7 Matching network used for a Band 25 duplexer. There is a shunt capacitance on the
antenna port which is integrated into the Tx BAW chip, a series inductor connecting to the Rx
chip. The matching network is low-pass type and would also be referred to as series-L match

Fig. 16.8 Shows an example
of a Band 7 duplexer with a
shunt-L match at the antenna
port

with a nominal termination at the antenna (usually 50	). At Tx frequencies early
duplexers had to achieve better than 50 dB isolation, while at Rx frequencies 40 dB
isolation was sufficient. Rejection at other out-of-band frequencies was not required
because very few other bands were utilized which could interfere. The few sources
of interference known in those days were dealt with in other passive filters. With
every consecutive generation of BAW duplexers, the specifications for isolation
were tightened and new requirement for out-of-band rejection added. With the
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advent of WCDMA (3G) around year 2003, the regulatory bodies tightened the
limits for phones to operate properly in the presence of interference signals. For
duplexers, it was no longer sufficient to have low insertion loss and high isolation.
When Wi-Fi found its way into smartphones, it also became important to prevent Tx
noise to be emitted into the Wi-Fi band at 2.45 GHz. GPS also became a common
feature. Around year 2010, most of the interstage filters were eliminated. In order to
prevent receiver de-sense problems (as a result of wideband noise from the power
amplifier), the duplexers had to provide additional isolation in the Rx passband.
Isolation requirements for duplexers in LTE (4G) are now typically 55 dB for both
the Rx and the Tx frequency ranges.

In order to achieve isolation levels of greater than 55 dB in combination with
a large number of out-of-band rejection requirements, modern duplexers make use
of inductances added into the shunt branches of a ladder filter. Each inductance in
combination with the low-frequency capacitance of a BAW resonator forms an LC
tank circuit which will increase stopband rejection in a certain frequency range.
Essentially this LC tank creates a transmission zero which has a rejection maxima
limited just by the out-of-band losses of the acoustic resonator and the Q-factor of
the inductor. This is however not without drawbacks as it will degrade rejection at
higher frequencies, often referred to as “flyback” (Fig. 16.9).

With inductors added to multiple shunt branches, several rejection regions can be
taken care of. A typical case where this method is applied is to increase the rejection
of the second and third harmonic tone (H2 and H3) either from the power amplifier
or from the filter itself. One of the most severe challenges in small-sized duplexers is
to prevent inadvertent coupling between inductances, traces, bond wires, and ground
planes. Any shortcut the RF signal finds to go directly from the Tx to the Rx port
will cause severe problems with isolation. No matter what degree of rejection each
of the filters achieve, the isolation will be limited by this cross talk. Shared ground

Fig. 16.9 Example of a BAW filter before and after adding inductance to the shunt branches
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Fig. 16.10 Degradation of Tx-Rx isolation by shared ground inductance. Left diagram is a
duplexer designed to meet 55 dB isolation in Tx band and 50 dB in Rx band. Right diagram
shows same duplexer with shared Lgnd D 0.03 nH and less than 40 dB isolation in either band

inductance between Rx and Tx filters is in particular unforgiving. As the currents
flowing in the ground of a Tx filter can be high, it takes only a minute amount of
shared inductance to destroy isolation (Fig. 16.10).

As a consequence of the challenging requirements for rejection and isolation,
the design of BAW duplexers involves heavy numerical electromagnetic (EM)
simulations. For best possible prediction of isolation, the tiniest details of geometry
on the BAW chip, all inductors, and traces in the functional substrate and in many
cases even the geometry of the customer’s phone board must be included. Many
legacy duplexers were built on organics laminates with four metal layers. State-of-
the-art duplexers utilize organic laminates with up to seven metal layers. Only true
3D EM simulation tools will represent reality to a satisfactory degree, but even then
expertise is needed setting up the mesh and ports.

16.8 Power Handling and Reliability

All communication standards beyond 2G require narrowband filtering in the trans-
mit path to meet regulatory requirements. The typical maximum power in transmit
operation for a WCDMA and LTE system can be up to 27 dBm at the antenna. This
equates to 29–30 dBm at the input of the filters. Typically the required lifetime is
>5000 h at maximum power and average operating temperatures of C55 ıC. The
elevated temperature takes into account that the inner part of phones gets quite
warm in normal operation. It is not sufficient for a filter to just survive the 30 dBm
transmit power for long enough. Before a phone leaves the factory, it undergoes
a calibration of the transmit channels which can lead to peak power exceeding
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normal power ratings by a few dB for a short period of time. It is also common
to test high transmit power into a severely mismatched antenna port. This is often
referred to as “ruggedness” test. The filter (and power amplifier) must tolerate this
overload situation without permanent damage. Another aspect of power handling
is to check if the filter still meets specifications in presence of self-heating effects.
Transmit filters with an inherently poor heat path will face tremendous challenges
in both operating lifetime and spec compliance at high-power levels. It is essential
to understand all factors contributing to the thermal resistances of the entire device
from the individual resonators all the way to the customer’s phone board.

Reliability of BAW filters is qualified with a number of standardized testing
procedures which aim to predict how likely a part is to fail “in the field” (in
the user’s hands). BAW has an excellent track record of reliability. Whenever
modifications are made to the wafer process or packaging process, a new run of
qualification tests is needed. In this fast-paced industry, no customer can wait 3
full years to confirm a new part is reliable; hence accelerated testing methods are
deployed. The theory behind accelerated testing is the same as used in other areas of
microelectronics [6]; lifetime is determined by an Arrhenius equation (exponential
function) with a characteristic activation energy. Tests for power handling are
performed at significantly higher ambient temperatures to create failures in a shorter
time, often referred to as high-temperature operation life (HTOL). As a “rule of
thumb” for acoustic filters, every 10 ıC increase in ambient temperature will shorten
the lifetime of a filter by a factor of 2. When, for example, running a power durability
test at C135 ıC (80 ıC above the temperature relevant for true lifetime), it is
sufficient to test if parts survive 10,000 h/256 D 39 h. The effort for such tests
is still rather big because part-to-part variations can be significant. A statistically
relevant sample quantity much be tested, often more than 50 samples will be needed
to ensure there are no early failures in the distribution.

Similar accelerated methods exist for moisture resistance of filters. Section 16.12
provides insights on packaging choices for BAW and ways to achieve moisture
resistance. A typical test will run parts in a test chamber at 85 ıC and 85 %
relative humidity for 500–1000 h and inspect pre- and post-RF data for any signs of
frequency shifts or insertion loss degradation. A more extreme test case is known
as “pressure cooker” or “autoclave” test. In this case the parts are placed inside a
pressure vessel with 100 % relative humidity at a temperature above 100 ıC and at a
pressure of several atmospheres. Under these severe conditions, moisture diffusion
is dramatically enhanced, and weaknesses of parts will be exposed.

Parts will also be exposed to electrostatic discharge (ESD) testing. Several
approaches exist which aim to mimic conditions realistically occurring during
manufacturing of the phone or during usage. Due to the excellent breakthrough
electric field in AlN, a typical BAW should do very well in all categories of
ESD test cases. One kilovolt ESD-HBM ratings are commonly achieved. BAW is
significantly more robust than, for example, SAW or MIM capacitors often used in
integrated active circuits.
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Additional tests include high- and low-temperature storage, temperature cycling
tests, mechanical tests (“drop tests”), soldering reflow cycles, and other tests often
specific to a certain customer.

16.9 Temperature Effects

The temperature coefficient of frequency (TCF) of acoustic filters has become a
very important performance parameter in the past 10 years. At room temperature
the filter topology chosen and the Q-values of the resonators determine how steep a
filter will roll off from passband to stopband. A phone is supposed to work properly
in ambient temperatures from �30 ıC up to C55 ıC. Even though the extremes are
rare, they warrant consideration. The components inside the phone can briefly be at
�30 ıC while powering up a phone from standby but will typically run significantly
warmer once steady state is reached. Most filter specifications therefore call out
a temperature range of �30 ıC up to C85 ıC. Over the full temperature range,
the temperature drift of a filter may be equally detrimental to performance than
a poor Q-value. Excessive temperature drift has plagued conventional SAW filters
ever since guardbands have shrunk dramatically for many of the popular LTE bands
at or below 1 GHz. Temperature compensated (TC) SAW is a very attractive solution
for those bands. BAW has always done relatively well with regard to TCF.

For BAW-SMR and FBAR, the materials and thicknesses of layers used for the
acoustic stack determine the TCF. Both types use AlN as a piezolayer and a hard and
heavy material (such as tungsten or molybdenum) above and below the piezolayer.
Those materials establish a moderately negative TCF. Most of the acoustic energy is
confined in those layers; therefore they dominate the overall TCF. FBAR typically
shows a TCF of �27 ppm/ıC. The similarities between BAW-SMR and FBAR
end here. BAW-SMR uses amorphous SiO2 in the acoustic reflector stack. There
is no SiO2 in a conventional FBAR stack. SiO2—despite its boring history as a
dielectric layer in ICs—is a material with unique temperature characteristics for
elastic stiffness. SiO2 increases in stiffness when temperature increases—which is
opposite to nearly all other commonly available materials. As a consequence the
SiO2 in the layer stack will counteract the temperature drift from other layers and
bring the TCF closer to zero. Typical values for BAW-SMR are �18 ppm/ıC. At
2.5 GHz center frequency, the frequency drift of BAW-SMR over full temperature
range will be �2.7 MHz (at C85 ıC) and C2.5 MHz (at �30 ıC). FBAR will
temperature drift about 50 % more; in order to maintain spec compliance at the
temperature extremes, more margin in insertion loss and/or rejection needs to exist
at room temperature.

Some of the most recently released LTE bands like Band 30 can’t tolerate a TCF
exceeding ˙5 ppm/ıC. Complete temperature compensation can be implemented
in BAW-SMR as well as in FBAR by increasing or introducing SiO2 into the layer
stack at a location where acoustic energy density is high. In either case this will
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be detrimental for performance, in particular for effective coupling coefficient. The
price to pay for full temperature compensation in BAW is a lower limit for relative
bandwidth a filter can still achieve.

As indicated earlier in the section about power handling, there will be self-
heating effects in transmit filters. For filters with negative TCF, the most critical
case is usually a transmit tone at the upper edge of the passband. The temperature
increase due to self-heating will move the filter to a lower frequency. Typically the
insertion loss for the transmit signal will increase as the tone starts riding down
the slope of the filter. This creates a positive feedback condition as higher insertion
loss means more power is dissipated and temperature increases further. In extreme
cases a thermal runaway condition can occur in which a filter is destroyed very fast.
Several factors determine how severe a self-heating issue will affect a filter:

– Transmit power level and spectral distribution of the modulation used
– Dissipated power in the filter
– Thermal resistance from resonators to package and heat sink
– Value of TCF

In terms of thermal resistance and TCF, the construction principle of BAW-
SMR is clearly advantageous. Heat dissipated in the piezolayer and electrodes can
vertically flow out through the acoustic reflector layers. Keeping the resonators
as close as possible to ambient temperature is a key to remain spec compliant
at maximum power levels. In an FBAR the heat dissipated in the resonator will
have to flow out laterally through the membrane, resulting in much higher thermal
resistance and higher temperature at resonator level. For other types of RF-MEMS
resonators which are suspended by skinny anchors, the self-heating issue will be
dramatically worse, and operation of these devices at high transmit power will be
extremely challenging.

16.10 Group Delay

It is inherent for high-order filters to create significant phase angles between
sinusoidal input and output signals. It is also fundamental for phase angle to increase
significantly throughout the passband, depending on the order of the filter. Group
delay is calculated from the negative derivative of phase (in radiant) over frequency.
Group delay has the dimension of time and is usually stated in nanoseconds. A
large group delay means a signal takes longer to pass a filter; however this is almost
irrelevant compared to the travel time of radio waves between base station and
a phone. A constant group delay over the passband is desirable but not always
easy to achieve. It can cause issues if group delay shows strong variations within
the passband of a filter. Group delay variation is getting increasingly important
for systems using a high modulation bandwidth as it will cause signal distortion.
Limits for group delay variation are either directly stated, or the customer specifies
a maximum error vector magnitude (EVM) which is a parameter compounding
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magnitude and phase distortions. EVM beyond a few % will affect bit-error rate.
Problems with group delay are often related to unwanted acoustic “spurious”
modes which can create peaks in the group delay. The spurious modes are usually
very narrow in frequency (weakly coupled modes) but can have moderate to high
Q-values. The best remedy for spurious mode problems is to design the acoustic
layer stack and the edges of the resonators for best possible mode suppression.

16.11 Linearity of Filters and Duplexers

WCMDA and LTE systems have stringent requirements with regard to harmonic
emissions and intermodulation effects. In older systems much less attention was
paid to such effects, and therefore acoustic filters were considered linear circuits
until problems with linearity surfaced in early WCDMA systems [7]. The dominant
source of nonlinearity in BAW is directly linked to the nature of the AlN lattice
structure and its piezoelectric properties. A good understanding of how various
nonlinear effects relate to the constituent piezoelectric equations of AlN has been
established [8, 9] in the past years. Nonlinear BAW resonator models exist which
predict the behavior well. Nonlinear characterization of BAW filters is tedious work
and needs to be done carefully to prevent erroneous results.

Filters for LTE have to meet a large number of spec parameters relating to
linearity. In current-generation acoustic filters, there is considerable effort required
to achieve compliance. The most common situations for which nonlinear specifica-
tions exist are summarized in Table 16.1. Actual numbers will vary significantly
depending on antenna configuration and system architecture. Both regulatory
requirements and system performance need to be considered.

Several design concepts are known to mitigate the effect of inherent nonlinear
effects in acoustic resonators. Nonlinear cancellation techniques [10] are widely

Table 16.1 Example of linearity requirements for many FDD bands

Mixing product
Frequency
it occurs Frequency of “blocker” fB Situation/problem Typical spec

H2 2* fTX – Emission of 2nd
harmonic during TX

�45 dBm

H3 3* fTX – Emission of 3rd
harmonic during TX

�55 dBm

IMD2L fB C fTX 90–300 MHz Falls into own RX
band(s) and kills
receive sensitivity

�110 dBm

IMD2H fB � fTX 2*fTX C90 to 300 MHz
IMD3L 2*fTX � fB fTX � 90 to 300 MHz
IMD3H 2*fB � fTX fTX C 45 to 150 MHz

Worst case occurs for maximum transmit power and when mixing product lines up with receive
channel
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used today, but they are not absolute because full cancellation would require perfect
symmetry/anti-symmetry of resonator pairs (see Fig. 16.4b, c). In practical filter
layouts, it is hard to achieve better than a 30 dB improvement for any mixing product
from cancellation techniques alone. It should be noted that cancellation schemes
work well for even-order nonlinearities (like H2 and IMD2), but they don’t work
for odd order (H3 and IMD3). Luckily the third-order nonlinearity is very small
in conventional AlN-based BAW resonators. Another consideration in duplexers is
how mixing products propagate through a circuit. In every stage of a filter, there will
be a balance between attenuation for out-of-band tones (like H2 or H3) with newly
created tones. The designer of a filter has the option to create LC traps for certain
tones in some of the stages, but for this to be effective, one needs to understand
where a tone is generated and how it propagates. In duplexers, the resonators close
to the antenna port are the most critical ones and deserve the most attention. This is
the location where Tx signals and strong interference signals exist simultaneously.
Mixing between them can create intermodulation falling right into the Rx passband.
Once created, those cannot be filtered out and will hit the receiver input at full
strength.

16.12 Packaging and RF Module Integration

Between 25 and 65 % of the surface area of an acoustic filter will be resonator
surfaces which need to vibrate freely. In contrast to semiconductor ICs, a BAW res-
onator cannot be directly encapsulated with the approaches commonly used in ICs.
In BAW-SMR the upper surface of the resonators needs to remain free of additional
mass loading and contamination. Fortunately the handling of BAW-SMR wafers
during sawing and assembly is not difficult as the wafers are mechanically very
robust (but residues and debris must be removed properly afterwards). In compar-
ison FBAR wafers with released membranes are very delicate to handle. Residues
can creep under the membranes through the release holes, and cleaning processes
can fracture membranes. Sawing with blades and a water-jet is not a good idea either.
Historically most SAW and BAW filters have relied on hermetic ceramic packages.
By definition, a hermetic package prevents moisture from diffusing into the cavity
which houses the acoustic resonators. A classical hermetic package uses a ceramic
carrier and welded metals seals. There is a significant size and cost penalty using
hermetic packages, and therefore they are losing market share rapidly. The metals
and oxides used in BAW will not tolerate direct exposure to humid environment.
In the best case the frequency will start drifting; in the worst case the resonator
structure will be damaged by corrosion. Glues or polymers have high diffusion
rates and absorption for moisture and will not suffice on the long run to prevent
degradation. A true moisture barrier is needed; there are several choices how to
implement it. A hermetic wafer-level package as used for FBAR requires a wafer
bonding with a metal seal ring and through Si vias for electrical interconnects [11],
all of which increase the cost of a completed wafer significantly. In BAW-SMR
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Fig. 16.11 Shows a simplified cross section of a wafer-level package (WLP) for BAW-SMR

technology, it is possible to use thin passivation layers to protect the entire device
structure from moisture; the bottom electrode is deeply buried in the layer stack
and not subjected to the ambient anyways. This is in stark contrast to FBAR in
which both top and bottom electrodes are vulnerable to moisture attack. The ability
to make a BAW-SMR filter moisture resistant with a deposited passivation layer
has proven to be a key enabler for low-cost packaging. Photo-defined polymers are
therefore an excellent choice for BAW-SMR, but not used on FBAR as of today.
The only function of the polymer wafer-level package on a BAW-SMR is to prevent
encapsulation material from getting into direct mechanical contact with the top
electrode (Fig. 16.11).

As pointed out earlier, a major driver in the smartphone business is size. In order
to achieve the smallest possible implementation of an RF front end, the successful
players in this market go to great length in integrating filters, passive components,
power amplifier, SOI switches, and CMOS controller circuits into tiny spaces. Those
RF modules contain a mix of different technologies which can be a challenge
for packaging/assembly. The most densely packed RF modules contain only flip-
chip devices and occasionally a few capacitors and inductors as surface-mount
devices (SMD). The majority of inductors are today embedded into a multilayer
laminate. Wire-bonded ICs and filters are starting to disappear from late-generation
RF modules as wire bonds require more space between components than flip chip.

One big challenge of large RF modules is to guarantee all bands, modes, and
functions work properly before shipping a product to a customer. Complex test
procedures are required to test RF modules. Each component added into a module
will imply higher risk for yield loss at final test. For example, in a module with
20 components of which each has a 3 % fail rate, the total yield would only be
0.9720 D 0.54 D 54 %. Obviously this can have disastrous consequences for the
financial success of a product and company. The best method to prevent one filter or
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IC from sending a whole RF module to the trash bin at the end of the manufacturing
line is to test each component thoroughly before using it. This is often referred to
as “known good die” approach. In RF filters this is not trivial to accomplish as a
filter behaves different with and without the inductances to the signal pins and shunt
branches present. Extensive correlation studies are needed to establish parameter
limits for a filter to be declared fit to be used in a module.

16.13 Filter Design Methodology

Designing a BAW product involves making a number of decisions on filter topology,
process options, frequency positioning of resonators, and packaging options. At the
very beginning of the design flow comes a thorough analysis of the requirements
and specifications. Good judgment needs to be applied to requests from customers
as they occasionally have unrealistic expectations and don’t understand the trade-
offs to be made; equally often customers omit to specify certain parameters (and
later come back to complain about them). The review of requirements includes the
following aspects:

• Identify critical requirements from system point of view.
• Maximum RF power the filter will be exposed to.
• Situation regarding linearity and intermodulation.
• Constraints on matching circuits and port impedances.
• Size and height constraints.

The filter design flow starts with determining how many series and shunt
branches will work best for a certain requirement. A higher number of branches
generally increase the rejection levels one can achieve, but at a certain number
the insertion loss will also start to increase. In almost all cases the size of the
filter will increase for a higher number of branches. In many duplexer designs,
the input impedance is more favorable if the antenna-side element is either a
series or a shunt branch. There is no general rule if a filter should contain equal
number of series or shunt branches or if there is one fewer of either—it all
depends on the specific requirements. Shunt branches can be individually grounded
through off-chip inductances, or they can be tied together on the chip and share a
ground connection. The option to modify the inductance and create some additional
transmission zeros in the wideband characteristics is often helpful. Often an earlier
generation of a similar BAW filter will be used as an initial starting point to figure
out how many branches are appropriate. For an initial exploration of filter topology
and grounding configuration (common ground, split ground, combination of both),
the designer will usually model the ground inductances as lumped elements and
the resonators with a Butterworth-van Dyke (BVD) model [12]. The BVD model
is formulated such that size dependency of resonator parameters is predicted for
the specific BAW process used. Initially the frequencies and areas of all resonators
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will be undetermined; however some limits and constraints will be applied. Ground
inductances and matching elements may also be available for optimization. The
advantage of this approach is the speed at which circuit simulators can crunch
through millions of optimization cycles; the BVD model is numerically extremely
efficient. Suitable optimization algorithms will quickly converge to a reasonably
looking passband and stopbands or—if the topology is chosen poorly—fail to find
a promising solution at all. An experienced designer will know how to change the
filter topology based on the results obtained. In addition to changing the number of
branches in a ladder filter, often there will be a need to address a situation where one
resonator wants to have smaller area than constraints allow. In many cases this can
be resolved by replacing a single resonator (see Fig. 16.4a) with a cascaded pair of
resonators (Fig. 16.4b). Effectively this allows increasing the impedance in a branch
by up to a factor of 2 if needed. Different reasons to insert cascaded resonators
will be described later. BAW-SMR has the option to provide MIM capacitors which
can be used in various parts of the circuit for matching and phase shifters or to
reduce effective coupling coefficient in certain branches (Fig. 16.4e). Those MIM
caps are a side product of metal layers in the reflector and don’t add any cost at
all. The basic implementation of “reflector MIM caps” is described in [13]. Once
a satisfying passband response (insertion loss and return loss) along with required
stopband rejection is achieved, the filter topology becomes one of the candidates to
enter the next round of evaluations (Fig. 16.12).

Any step beyond basic filter topology studies requires full 3D electromagnetic
(EM) simulations of the interconnections, inductors, traces, and all other elements
having relevant geometrical size. For this purpose, detailed layout work for the
filter and package/module will have to be done—even though this is by no means
a final version of a layout for a product. The EM result will reveal parasitic
effects that were not considered in the initial lumped element simulations. In Rx
or Tx filters, the discrepancy will mostly be in the rejection regions and wideband
performance. In duplexers additional issues with isolation could be revealed.
Discrepancies are usually important enough to require significant redesign of the

Fig. 16.12 Design flow diagram for BAW product



16 BAW Filters and Duplexers for Mobile Communication 411

filter and package/module layout. This again is an area for which human intuition
and experience is key. In complex products, several iterations may be required until
satisfying small-signal response across the entire frequency range is achieved.

Next—if the filter is specified to endure transmit power—a calculation of
dissipated power density [W/mm2] will be performed to identify resonators with a
potential for overheating. In critical cases a full 3D thermal model will be calculated.
Should a certain resonator show concerning temperature increase at max transmit
power, the designer has two options:

(a) Reduce thermal resistance to ambient. In flip-chip devices, this can be accom-
plished adding bumps to facilitate better heat flow. Package/module design must
also take thermal requirements into account.

(b) Replace one resonator with a series-cascaded resonator pair, of which each is
two times the area of the original resonator. This method reduces the power
density by a factor of 4. The downside is that chip area will likely have to grow
in size.

In either case it will be necessary to redo the EM simulation with the modified
layout and confirm small-signal behavior is still meeting expectations and then
repeat the thermal simulation. In very rare cases the BVD model will have to
be supplemented with a Mason model to check and re-optimize for higher-order
acoustic modes at very high or very low frequencies.

Finally, a BAW will have to be modeled for nonlinear effects such as IMD2,
IMD3, H2, and H3. Nonlinear BAW models must be run on harmonic balance
solvers which slow down simulations dramatically compared to small-signal linear
solvers. It is not efficient to use a nonlinear model from the very start because
optimization cycles for the basic filter design would take a lot more time to converge.
Experienced designers will predict upfront which resonators in a filter are the
biggest risk and consider countermeasures. Often times the nonlinear simulations
are performed just to verify the countermeasures are effective. One thing to point out
is that nonlinear simulations can only be accurate if the 3D EM simulations predict
the wideband behavior accurately. If, for example, an error exists for high-frequency
rejection, the nonlinear simulation cannot predict H2 and IMD2 accurately at all.
Depending on size constraints in a product, nonlinear cancellation techniques [10]
may not be possible in all branches of the filter. Simulations will help the designer to
determine in which branches the dominant nonlinear effects are created and find the
best compromise between size and nonlinear performance. In a typical duplexer,
all resonator branches near the antenna port will rely on nonlinear cancellation
techniques. Series cascaded resonator pairs are very common in series branches
of Tx filters as they also help improve power handling. In many cases shunt
branches will use antiparallel resonator pairs which is a good solution as long as
the resulting resonator areas are still above reasonable limits. Using inductance in
the shunt branches will also allow to place transmission zeros at the frequency of
H2, but designers need to choose wisely in which of the shunt branches this is most
beneficial. What is surprising to novices is that a good small-signal rejection for
H2 in a filter is not a guarantee for good nonlinear H2 performance. Small-signal
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rejection at H2 frequency sums up from stage to stage, but if a branch close to the
output generates most of the H2 problem, the earlier stages are of no help. Generally
with all methods applied properly, it is feasible to meet linearity requirements in
LTE systems, but often the resulting filter is larger and shows higher insertion loss
than a filter designed without linearity requirements in mind. It is therefore very
important to understand the environment the filter is supposed to work in and not
over-engineer the nonlinear performance. Depending on antenna design, the H2 and
H3 tones remaining after a filter will be more or less critical.

16.14 Solutions for Carrier Aggregation in Long-Term
Evolution (LTE)

In order to support inter-band carrier aggregation (CA), the RF front end must allow
multiple signals to be routed between antenna and transceiver simultaneously. At the
current time, the development is mostly focused on downlink (Dreceive)-CA which
will allow higher download data rates, but there are discussions going on to also
use uplink-CA in the future. There are a number of additional challenges to be
addressed:

• Multiple filters need to be connected and impedance matched to one common
port. For the passband frequency of each of the filters, the sum of the input
admittances of all other filters should be very close to zero to prevent degradation
of insertion loss.

• Each RX filter must show very high rejection and isolation for all possible
transmit frequency scenarios. Adding frequency ranges for which additional
rejection is required will increase insertion loss for the passband.

• The TX filter must have rejection and isolation for all receive frequencies to be
covered. Similar to above, this increases insertion loss.

• The scenarios for which IMD2 and IMD3 mixing products can fall into one of
the RX bands will multiply with the number of RX bands.

Band combinations are still evolving as is the architecture to best address the
challenges above. In any case an RF subsystem to serve multiple bands for carrier
aggregation will be extremely complex to design. The roll-out of CA on a significant
scale is expected in 2016, and in most of the cases it will be limited to two Rx
bands receiving with one of the corresponding Tx bands transmitting. This can be
accomplished with a CA-compatible quadplexer. Looking further out into the future,
there will be three or more Rx bands aggregated which will require hexplexers
or worse. With every additional filter added, the risk of one critical parameter
falling short of expectations is increasing dramatically. Without the performance
improvements achieved in past years, it would be inconceivable to address the
challenges of current RF modules. It is fully expected the key parameters for BAW
will continue to improve, in most cases through hard and tedious work on process
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details but occasionally through a lucky break. The complexity of those products is
tremendous and will challenge the creativity of BAW designers and the ingenuity of
device physicists for years to come. On a positive final note, the profits created from
those products will provide well-paying jobs to design and technology experts for
the foreseeable future. As a colleague and industry veteran nicely puts it: LTE can
as well be interpreted to stand for “long-term employment.”
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