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Abstract

The exponential growth in wireless communication systems in recent years has been due to the
requirements of small high performance microwave devices. The main limitation of microwave
devices based on traditional technologies is that these technologies are not compatible with the
manufacturing process of standard integrated circuits (IC). Microwave devices based on acous-
tic resonators, and bulk acoustic wave (BAW) resonators in particular, overcome this limitation
since this technology is compatible with standard IC technologies. Furthermore, acoustic res-
onators are excited by means of an acoustic wave with a propagation velocity around four or
five times lower than the propagation velocity of electromagnetic waves, and the resulting size
of the device is therefore also lower in the same proportion. This is the incentive behind this
study.

The study is basically divided into two blocks. The first block comprises the chapters number
2, 3 and 4, and is devoted to the study of the BAW resonator. First, the BAW resonator is
studied in its one-dimensional form, i.e. considering that only a mechanical wave is propagated
in the thickness dimension, in order to obtain the equivalent circuits which enable the electrical
characterization of the BAW resonator. However, these models do not take into account effects
due to lateral waves. The need for a 3D simulator tool therefore becomes evident. Using the
3D simulator, the electrical behaviour of the BAW resonator can be completely characterized,
and the boundary conditions required as well as the origin of lateral standing waves can there-
fore be stated. The presence of lateral standing waves entails the degradation of the electrical
performance of the BAW resonator, mainly in terms of the quality factor and the effective elec-
tromechanical coupling constant.The improvement in the electrical performance of the BAW
resonator is therefore mainly based on its ability to minimize the presence of unwanted lateral
modes. Two different solutions are proposed to that end: apodization and the presence of a
perimetric ring on the top of the metal electrode. The former solution consists of designing
the top electrode in such a way that non-parallel edges are found. The resonant paths thereby
become larger and the resonant modes thus become more attenuated due to the material losses.
However, although the strength of these modes is lower, more resonant modes are present since
there are more possible resonant paths. This finally leads to the degradation of the quality factor
of the BAW resonator. The latter solution consists of including a thickened edge load on the
top of the metal electrode, which leads to boundary conditions in which lateral waves cannot
propagate through the structure. By doing this, the electrical response of the BAW resonator is
spurious-free and the quality factor obtained is thus higher than if the apodization solution is
used.

The second block of this thesis is devoted to the application of BAW resonator to the microwave
filter design, and particularly to filters based on electrically connected BAW resonators, as in the
case of ladder-type filters. This type of filter presents a very high selectivity due to the presence



of a pair of transmission zeros, but a poor out-of-band rejection due to the natural capacitor
divider.The design procedure using closed-form expressions is therefore presented first, with the
effect of the metal electrodes considered negligible, and this procedure subsequently modified in
order to include these effects. In order to improve the filter performance out-of-band, the pro-
posed solution consists of modifying the BAW resonators with the presence of reactive elements
(capacitors and inductances) in series or a shunt configuration. By doing so, the modification is
directly related with the allocation of the resonant frequencies. The modified and non-modified
BAW resonators are therefore connected in a ladder-type topology including a new pair of trans-
mission zeros, making the out-of-band rejection higher.

The final chapter of this study focuses on the design of a dual-band filter based on BAW res-
onators. The proposed topology is based on the conventional ladder-type topology but instead of
having an elemental cell comprising a single BAW resonator in series and a shunt configuration,
two series and two shunt BAW resonators are now present. By doing this, one of the transmis-
sion bands is related with one series and shunt BAW resonator and the second transmission
band is due to the other pair of resonators. With the proposed design procedure, each of the
transmission bands can be allocated to the desired frequencies. Finally, the design procedure is
applied to the GPS L1/L5 and Galileo E5a/E5b applications.
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Resumen

El crecimiento exponencial que han experimentado los sistemas de comunicaciones inaldmbricos
actuales durante los iltimos anos, ha dado lugar a la necesidad de disponer dispositivos de mi-
croondas de tamano reducido y, a su vez, de altas prestaciones. El principal obstaculo con el que
se encuentran los dispositivos basados en las tecnologias clasicas, es que dichas tecnologias no
son compatibles con los procesos estdndar de fabricacién de circuitos integrados (IC). En este
sentido, dispositivos de microondas basados en resonadores actusticos, en concreto resonadores
BAW, ofrecen una solucién a dicha limitacién ya que son compatibles con los procesos estandar
de fabricacién de circuitos integrados. Por otro lado, dichos resonadores son excitados mediante
una onda acustica cuya velocidad de propagacién es alrededor de cuatro o cinco 6rdenes de
magnitud menor que las ondas electromagnéticas, con lo que el tamanio del dispositivo también
serd menor en la misma proporcion. La motivacién de este trabajo viene dada por el escenario
que se plantea.

El documento esta basicamente dividido en dos grandes bloques. El primer bloque que consta de
los capitulos 2, 3 y 4 esté dedicado al estudio de un resonador BAW. En primer lugar, el estudio
se realiza para una estructura unidimensional, es decir, teniendo en cuenta que en el resonador
solamente se propaga una onda acustica en la direccién longitudinal, con el objetivo de extraer
los modelos circuitales que permiten la caracterizacion eléctrica de dicho resonador. Sin em-
bargo, estos modelos no son capaces de predecir con exactitud el comportamiento eléctrico del
resonador acustico ya que no contemplan efectos derivados de la propagacién de ondas laterales.
Asi, la necesidad de incorporar una herramienta de simulacién 3D se hace necesaria. Mediante
el simulador 3D, el resonador se puede caracterizar por completo, asi, el origen y las condiciones
necesarias para la presencia de ondas laterales estacionarias pueden ser establecidas. La pres-
encia de las ondas laterales generan efectos no deseados en la respuesta eléctrica del resonador
bédsicamente en forma de degradacién del factor de calidad y de la constante de acoplo elec-
tromecénico efectiva. Asi pues, la mejora del comportamiento eléctrico del resonador se basa
principalmente, en la minimizacién de la presencia de las ondas laterales no deseadas. Para ello
se proponen dos soluciones diferentes: el apodizado y la inclusién de un anillo en el perimetro
del electrodo superior. La primera solucion consiste en disenar el electrodo superior de manera
que no existan caras paralelas. Con ello, los patrones de resonancia que se generan hacen que la
onda deba viajar una distancia mayor con la correspondiente atenuacién debida a las pérdidas
del material. Sin embargo, aunque la amplitud de dichas ondas se ve claramente decrementada,
el nimero de patrones resonantes aumenta respecto al caso convencional, y también el ntimero
de modos no deseados. Esto finalmente se traduce en una degradacion del factor de calidad del
resonador. La segunda solucién consiste en forzar unas condiciones de contorno determinadas
que hacen que las ondas laterales no puedan propagarse. Con esto, la respuesta del resonador
aparece libre de modos no deseados con lo que el factor de calidad del resonador es mucho mayor
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que lo que se puede conseguir mediante el apodizado.

El segundo gran bloque de este trabajo esta dedicado a la aplicacién de los resonadores actisticos
al diseno de filtros. Este bloque se ha centrado bédsicamente en topologias en las que los reson-
adores acusticos estdn conectados eléctricamente, y en particular en topologias tipo ”ladder”.
Este tipo de filtros presenta una selectividad alta debido a la presencia de un par de ceros de
transmision, pero a su vez un pobre rechazo fuera de banda debido al comportamiento capac-
itivo de dichos resonadores. Asi, en primer lugar se propone una metodologia de diseno con
expresiones cerradas, en un primer lugar considerando negligible la presencia de los electrodos
metalicos, y realizando alguna modificacién en el proceso de disenio para incluir dichos efectos.
Por otro lado, con el objetivo de mejorar las prestaciones del filtro fuera de banda, se propone
como solucién modificar los resonadores actsticos mediante la presencia de elementos reactivos
(capacidades y bobinas) ya sea en serie o en paralelo. La modificacién de dichos resonadores
se da principalmente en la posicién de las frecuencias de resonancia. Asi, si en una topologia
ladder se incluyen resonadores modificados y no modificados, se genera un nuevo par de ceros
de transmisién en la respuesta que hacen que el rechazo fuera de banda sea mayor.

El ultimo capitulo de este trabajo estd dedicado al disefio de un filtro con una respuesta en
transmisiéon que presenta dos bandas de paso. La topologia esta basada en la topologia ladder
clésica con la diferencia que, en lugar de tener una celda elemental formada por un resonador
serie y paralelo, se tiene una celda elemental formada por dos resonadores serie y dos paralelos.
Con esto, una banda de transmisién viene dada por la interacciéon de un resonador serie y uno
paralelo, mientras que la segunda banda se da por la interaccién del segundo par de resonadores.
Con el método de disenio que se propone, cada una de las bandas puede ser disenada a la fre-
cuencia que se desee. Finalmente, se muestra el diseno de un filtro dual para la aplicacién de
GPS L1/L5 y Galileo E5a/E5b.
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CHAPTER 1

Introduction

The use of microwave resonators can be extended to a very large number of devices such filters,
oscillators, frequency meters and tuned amplifiers. In this sense, the development of the mi-
crowave devices and systems are in most cases led by the development of contained resonators.
The common characteristic among most microwave resonators is that the excitation is by means
of an electromagnetic wave. Meanwhile, the size of the devices is usually directly related to the
wavelength of the electromagnetic wave at a certain frequency, which at the same time is directly

related to the propagation velocity of the electromagnetic wave.

In recent years, there has been an exponential growth in wireless applications systems. The
goals of the designers of these systems are mainly focused on obtaining small high performance
devices, and integration of the different devices in one chip (SoC). The resulting size of elec-
tromagnetic resonators at RF/Microwave frequencies is a limitation from the point of view of
integration, since at these frequencies the size of microwave resonators is usually much greater
than some other integrated components. This also means that the resulting device is large, which

is a limitation in portable communication systems.

Acoustic resonators have become consolidated as a key technology in overcoming the
limitations mentioned above. First, the propagation velocity of acoustic waves is around four
or five times lower than that of electromagnetic waves. Second, the resulting size of the device
is also four or five times lower compared to the electromagnetic case. Acoustic resonators, and
specifically bulk acoustic wave (BAW) resonators are compatible with standard integrated
circuits (IC) technology. Overcoming these limitations has increased exponentially growing in

the recent history of wireless communication applications.



Figure 1.1: Iphone wireless modem (left side) and Infineon PMB6952 Dual mode W-CDMA /Edge chip
(right side).

There are several applications in which acoustic resonators can be found such as global po-
sitioning systems (GPS, Galileo), data transfer (WLAN, Bluetooth), cellular mobile systems
(CDMA, UMTS, GSM), satellite communications and other applications such as military appli-
cations [1]. In a basic architecture for a microwave front-end, a bandpass filter at the input of
the transceiver path is required. Figure 1.1 shows the Iphone wireless modem layout where, the
green chips numbered from 1 to 8 are the RF parts of the modem, while the other marked parts
are active parts. The block diagram for chip number 1 is on the right of Figure 1.1. As mentioned
above, at the input of the transceiver path, i.e. after the antenna, there are four different band-
pass filters for the GSM850/900, DCS1800 and PCS1900 signals. There are bandpass filters also
found in the transmission module. Various oscillators and tuned amplifiers are also included in
this architecture. Figure 1.2(a) shows the expected evolution of the 3G/4G RF Front-End from
2007 to 2013, with a significant increase in the number of filters making up the system. This
is consistent with the business market of BAW devices, in which there is an increase of almost
50% from 2004 to 2009, as shown in Figure 1.2(b).

The driving forces of technology could therefore be summarized as cost, performance, and
device size, with all being closely related. High performance is required mainly in order to obtain
bandpass filters with the necessary system bandwidths with low loss. However, not only cost,
but also the increased battery requirements are a concern when inefficient filters are present in
the system. Finally, size is crucial in handset units, but decreasing the size of the devices leads
to more of them in each wafer, and thus, a reduction of the cost per unit. As usually discussed
by the scientific community working in these areas, the items above were the driving forces in

applying BAW technology to these applications, and are still the goals today.
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Figure 1.2: (a) 3G/4G RF Front End Evolution [3G/4G Multimode Cellular Front End Challenges]. (b)
market for BAW devices in the last 5 years [World-wide MEMS Markets 2006].

1.1 From Piezoelectric Crystals to Thin Films

The underlying physical phenomena operating in acoustic devices is piezoelectricity. The ety-
mological meaning of piezoelectricity comes from Piezos and FElectro, which means pressure
and electricity. Piezoelectricity is the characteristic of some materials in which after a force (or
pressure) is applied, an electrical field in the material is generated. This is called the direct piezo-
electric effect. The inverse piezoelectric effect also occurs when stresses and strains occur in the
material structure when some voltage is applied. Piezoelectricity involves the coupling between

the mechanical (stress and strain) and the electrical properties of a piezoelectric material.

The use of piezoelectric materials for different applications begins in the early 1960’s at Bell
Telephone Laboratories [2], where the first approach was to accomplish electronic functions
using the properties of some piezoelectric crystals. Most of the devices developed were amplifiers
and oscillators at frequencies below 100 MHz. The drawback of using piezoelectric crystals is
that commercially available crystals have a thickness around 25 pum, which is equivalent to a
fundamental frequency of 60 MHz. In order to operate at higher frequencies, the crystal should
therefore be thinned, with the limitation of the need to mechanically support the thin-plate

resonator afterwards.
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Later, in the early 1970’s, the desire to have devices operating at higher frequencies arose.
The way to achieve this was to grow the piezoelectric layer on the substrate instead of thinning
piezoelectric crystal for higher frequencies. One of the studies on how to achieve this was the
work done by Sliker and Roberts in 1967 [3], when CdS was evaporated on a resonant piece of
bulk quartz crystal which served as a transducer in 1967. The resonator working at 279 MHz
had a Quality factor of Q = 5000 at the resonance frequency. In 1968, Page replaced a piece of
quartz with a thin substrate of single crystal silicon [4]. After this, numerous applications were
developed in the fields of signal processing [5, 6], frequency generation [7], control and filtering

[8], and some others that are mentioned in [9].

In the early 1980’s, Lakin and Wang [10, 11] manufactured a composite resonator, in which
a film of ZnO was deposited over a single crystal membrane. In this case, the resonator was
designed at 500 MHz, and this frequency presented a quality factor of @ = 9000. At the same
time, Grudkowski also designed a high-Q) resonator based on ZnO over a silicon substrate,
and obtained promising results between 200 and 500 MHz [12]. Later, in the mid-1990’s, the
first BAW resonators over a Bragg reflector, solidly mounted resonators (SMR), began to be
developed, and this structure provides a more robust solution in terms of mechanical cracking.
In 1995 Lakin applied the SMR to the design of filters working at 1.6 GHz based on AIN

piezoelectric films [13].

Although there was some interest in acoustic technology among the scientific community,
the evolution of devices based on acoustic wave resonators in the industry began with Lakin at
TFR Technologies in 1989. They were the pioneers of FBAR and subsequently SMR technology.
Afterwards, Agilent started to developed the same technology in 1994, with Ruby and Merchant
as mentioned in [14]. In 2000, they reported a production run for FBAR duplexers at 1.9 GHz
with 1/10 the volume of commercial units [15]. Since then, some entrepreneurs have tried to
develop this technology, such as NXP, which has developed a 2.3 GHz filter for satellite radio
application in a mobile phone or a duplexer for the 1.9 GHz band; Skyworks, who are marketing
power amplifier modules with an integrated BAW filter for WLAN applications, and Front-End
modules for LTE/EUTRAN (Tx 2500-2570 MHz), (Rx 2620-2690 MHz) with a BAW Inter-Stage
Filter and Duplexer; Triquint, whose process for BAW technology using the SMR solution has
been optimized for applications at 1900 and 2400 MHz for mobile handsets, 3G /4G cellular base
station, WLAN, WiMAX, GPS and defence and aerospace applications; AVAGO, whose solution
for BAW technology is the air-gap cavity, unlike the SMR at Triquint; and EPCOS, who also
provide a miniaturized BAW duplexer for CDMA mobile phone systems.
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Figure 1.3: Schematic view of: (a) Surface Acoustic Wave Resonator. (b) Bulk Acoustic Wave Resonator.

1.2 Acoustic Resonators: Surface Acoustic Wave and Bulk
Acoustic Wave

Two different technologies can be distinguished depending on how the acoustic wave propagates
through the piezoelectric slab: Surface Acoustic Wave (SAW) and Bulk Acoustic Wave (BAW)
devices. Figure 1.3(a) shows the schematic view for a SAW resonator. In this case, as its name
suggest, the acoustic wave propagates parallel to the piezoelectric slab in the interdigital trans-
ducer (IDT) along the surface of the resonator [16, 17]. SAW resonators are limited in their
achievable operating frequency since this is due to the separation of the each finger in the IDT.
The limit is therefore around 2.5 GHz. Meanwhile, SAW devices are generally manufactured
on a LiTaO3 or LiNbO3 crystal substrates [18], which are not compatible with the standard
IC technology processes. However, the advantage over the BAW technology is the simplicity in
the manufacturing process, in which only three masks are needed. This work has focused on
BAW resonators, however, some of the details differentiating the two technologies are worthy of
consideration. It will thus be easier to understand the decision to use BAW resonators in this

work.

Figure 1.3(b) shows the schematic view for a BAW resonator in which the acoustic wave
propagates through the piezoelectric slab in the thickness direction [20, 21, 22]. The operating
frequency limit of BAW resonators is around 10 GHz [23]. This is an approximate limit and it
is due to the fragility of layers above this frequency, i.e. layers below 500 nm, although some
works mention resonators operating at higher frequencies [24]. Various works can be found in
the literature for applications above 5 GHz [25, 26]. Regarding with the compatibility with the
standard IC technology process, BAW technology is compatible with any wafer processing such

as silicon and gallium arsenide (GaAs).

As for their power handling capability, BAW resonators present a better performance than

SAW. This is due to the fact that in an SAW resonator, major stress is applied to the narrow
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Figure 1.4: Mobile commercial applications mapped to SAW, temperature compensated SAW and BAW
technologies [19].

Table 1.1: Comparison of SAW and BAW technology.

SAW BAW
Frequency range up to 2.5 GHz up to 10 GHz
Power Handling ~ 31 dBm ~ 36 dBm
Temperature Coefficient of Frequency (TCF)  -45 ppm/°C -20 ppm/°C
Quality factor ~ 700 ~ 2000
Compatibility with IC process No Yes

fingers under high-power conditions. As a result, stress migration occurs, and in addition, the
high resistance of the electrode causes Joule heat, which accelerates the migration. This effect
also contributes to greater dependence of the resonant frequencies with temperature. In a BAW
resonator, the stress on the electrode is not as high as in SAW, and therefore more power
handling is allowed and there is less dependence on temperature. This can be easily understood
considering that BAW resonators are based on a parallel plate capacitor instead of the long,

narrow and thin interdigital fingers used in SAW.

The quality factor in BAW resonators becomes much higher than in SAW resonators as it is
demonstrated in [27], where the achieved quality factor is @ = 5000 at 800 MHz, however, the
obtained values are generally around @ = 2000 at 2 GHz. This is due to the fact that the cavity
size is only A/2, while SAW is trapped on the surface where the cavity is many wavelengths long

which can be understood as an overmode acoustic resonator.
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A comparison of the main characteristics of the two technologies is shown in Table 1.1.
Both SAW and BAW have specific strengths and limitations, and in the most of the cases they
complement each other. This means that the number of applications in which they compete
against each other is very limited. This can be seen in Figure 1.4, where the applications space
for SAW and BAW are shown. BAW will expand the ability to serve high frequency and power
applications due to its ability to satisfy the requirements of high performance devices. At the
same time, due to the inherent cost advantage, it seems that SAW will retain the market for
the applications that they are currently serving. Taking into account the projection of BAW
resonators in the application to microwave devices, this thesis therefore focuses mainly on this

type of acoustic resonator

1.3 Bulk Acoustic Wave Resonators

The most basic configuration of a BAW resonator consists of a piezoelectric layer sandwiched
between two metal electrodes, as in a parallel plate capacitor, where the electric field is generated
in the direction of the thickness, thereby exciting the acoustic wave . At the same time, in order
to have a resonating mode in the structure, the acoustic wave must be confined in the acoustic
cavity created by the piezoelectric layer. There are several ways to confine the acoustic wave
which basically results in two different types of BAW resonators: film bulk acoustic resonators
(FBAR) and solidly mounted resonators (SMR). In the former, the idea is to create an air-gap
cavity below the bottom metal electrode. The electrical behavior of the air is a short-circuit
forcing the acoustic wave to reflect between the top and bottom surfaces, and therefore to
generate the resonant mode. In the SMR configuration, a Bragg reflector is placed below the
bottom metal electrode. The Bragg reflector consists of an alternating low and high acoustic

impedances layer which confines the acoustic wave to certain conditions.

It must be taken into account that the electrical performance of BAW resonators depends
on the piezoelectric layers, and also on the way in which the acoustic wave is confined in the
structure. A brief discussion about the piezoelectric materials available, with their intrinsic
properties, as well as the various ways to confine the acoustic wave is therefore included in this

section.

1.3.1 Piezoelectric materials

The most common piezoelectric materials used for the development of BAW devices are Zinc
Oxide (ZnO) [28, 29] and Aluminum Nitride (AIN) [30, 31], but resonators based on Cadmium
Sulfide (CdS) can also be found in the literature [29, 32]. All these materials have the same crys-

tallographic structure, which is an hexagonal 6mm class [28, 33]. In this case, all these materials
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Figure 1.5: Atomic structure of: (a) Wurtzite single cell. (b) Wurtzite full structure.

Table 1.2: Mechanical and electrical properties reference values for the different piezoelectric materials.

Material c33[N/m?] p[Kg/m?] e33[C/m?] e  V,[m/s] Z,[Kg/m?s| k?

AIN 395 3260 1.5 10.5 11340 3.70e7 ~ 6.1%
Zn0O 211 5680 1.32 10.2 6370 3.61e7 ~ 9.1%
CdS 94 4820 0.44 9.5 4500 2.15e7 ~ 2.4%

are classified as a Wurtzite crystals since each one is comprised of binary compounds. The single
cell and the full atomic structure are shown in Figure 1.5. One of the characteristics of these
materials is their strong orientation in one direction, generally [001] which corresponds to the
thickness dimension. One one hand, this is an advantage since the value of the electromechanical
coupling coefficient becomes greater. The electromechanical coupling coefficient is an intrinsic
property of piezoelectric materials which relates the amount of converted electrical energy into
mechanical energy or viceversa. On the other hand, in the manufacturing process, there is a

problem with controlling the film texture, as well as the physical properties [34].

Among the available piezoelectric materials, AIN and ZnO seem to be the most suitable for
microwave applications due to their inherent properties, mainly the high acoustic propagation
velocity and electromechanical coupling coefficient compared with CdS. Table 1.2 shows the
main mechanical and electrical parameters of some of the piezoelectric materials used, which will
be the reference parameters in this study. AIN is maybe where the most of the efforts have been
put on due to the high acoustic velocity and high reliability. Furthermore, AIN is compatible
with the standard CMOS process, which must be taken into account from the point of view
of On-Chip integration. ZnO presents a higher electromechanical coupling coefficient, but also
a higher TCF and lower acoustic velocity. In terms of integration, ZnO is limited due to the
CMOS contamination requirement [35]. The use of CdS has not been recently exploited due to

the low value of k2.
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1.3.2 Mechanisms for the confinement of the acoustic wave

The BAW technology is mainly characterized, among others, by high values of the quality factor
@ which lead to very good performance by the BAW resonators. The quality factor is directly
related with the ratio of the total energy in the structure to the power lost in a half-cycle.
There are some losses mechanisms related with the degradation of the quality factor of the
BAW resonator, and one of these is related to the confinement of the acoustic wave in the BAW
resonator. This section considers the various ways of confining the acoustic wave. These can be
classified into two groups: air-gap cavity and Bragg reflector. The former consists of making the
BAW resonator structure float on air. Due to the mechanical properties of this medium, the
acoustic wave reflects the top and bottom electrode surfaces and resonance is thereby achieved.
The latter solution consists of the Bragg reflector, which is a set of alternating low and high

acoustic impedance located below the bottom electrode.

The most used techniques to create the air-gap cavity to confine the acoustic wave are:
through-the-hole, bridge supported and backside edge. Figure 1.6(a) shows the first of these
techniques. In this case, the idea is to create several holes in the structure in order to introduce an
etching material to release the material under the bottom metal electrode and then, to create the
air-gap cavity. The drawback with using this kind of solution is related to its manufacturability.

Creating the etch holes weakens the structure mechanically, and makes it susceptible to breakage.

The next technique is called bridge supported. In this case, a sacrificial layer is deposited
under the bottom electrode. When the structure is complete, the layer is removed and the air-
gap cavity is created. This process is shown in Figure 1.6(b). This is the same as in the work
in [36] in which the bar-shape shown was manufactured achieving a quality factor of @ = 1400.
In this case, the drawback is related with the etching time. For resonators with very different
areas, there is a trade-off between the etching time and the size of the device, i.e. devices with
large areas will need much more etching time than devices with small areas. In this case, small
devices can be damaged due to excess etching time. However, the work in [24], which presents
a ladder-type filter working at 19.8 GHz, leading to extremely thin film layers. This involves
having a sacrificial layer to make a very thin air-gap cavity in order to prevent the resonator

from cracking, and to maintain the air-gap cavity when the resonator is deformed.

Finally, the idea of the backside etch consists of creating an air-gap cavity by removing the
material under the BAW resonator from the back side of the wafer. This process can be wet,
i.e. using etching solutions, or dry, by using reactive ion etching (RIE). Figure 1.6(c) shows a
resonator in which the removed material can be clearly seen below the bottom metal electrode.
There are other works, such as [37]. In this case, two ladder-type filters are shown, where the
composing resonators were manufactured using the silicon bulk micromachining technique in

order to obtain the air-gap cavity. In comparison with the previous techniques, in [38] a FBAR
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Figure 1.6: Different mechanisms to confine the acoustic wave: (a) Through-the-hole under-cut FBAR.
(b) Air-gap or bridge under-cut FBAR. (¢) Edge-supported FBAR. (d) Solidly Mounted Resonator (SMR)
(39].

resonator was manufactured without using any sacrificial layer. In this case, the whole resonator
structure is suspended by itself in the air, achieving a quality factor of between three and five

times that achieved with the solution using a sacrificial layer.

The techniques mentioned above for confining the acoustic wave present a very good per-
formance, although in some cases the resulting structures are mechanically weak and fragile. A
Solidly Mounted Resonator (SMR) is another way of confining the acoustic wave. In this case,
instead of forming an air-gap cavity, a Bragg reflector is placed between the substrate and the
bottom electrode of the BAW resonator.

The Bragg reflector, as seen in Figure 1.6(d) [39] is formed by a succession of low and
high impedance layers with thickness A\/4 in which the typical values of the quality factor for
these resonators are in the range of 500-800 [40, 41, 42]. The confinement of the acoustic wave
will depend on the ratio between the high and low impedance layers: the bigger the ratio, the
better performance of the Bragg reflector. The number of layers in the Bragg reflector is also an

important parameter in the design of such a structure.
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Figure 1.7: Comparison of the transmissivity response for a A\/4 and optimized Bragg reflector at 2
GHz.

Using the conventional solution for the design of the reflector entails a consideration: the
propagation of thickness shear waves through the reflector. Unlike the fundamental mode, in
which the propagation direction and the particle displacement are the same, shear waves are
all those in which the propagation direction and the particle displacement are orthogonal. The
propagation velocity of these is usually close to half of the thickness propagation velocity. In this
case, the thickness of the layers at these propagation velocities will be very close to A/2, leading to
these waves travelling through the reflector and leaking to the substrate, with the corresponding
degradation of the quality factor of the BAW resonator. The most common solution to this
problem is the optimization of the layers for both the thickness and shear modes, as in [43, 44].
In Figure 1.7, the transmissivity and return losses using the conventional A/4 (black line) and
the optimized (blue line) solution are shown for the longitudinal and shear waves. Using the
conventional solution, the transmissivity for the longitudinal mode is below 20 dB, but for
the shear wave it is not less than 2 dB. In the optimized case, both longitudinal and shear

transmissivity is below 20 dB, providing a very good performance at 2 GHz.

1.3.3 Electrical performance of BAW resonators

The input electrical impedance of a BAW resonator is characterized by the presence of two
resonances at the resonance frequency f, where the magnitude of the electrical impedance tends
to its minimum value, and the antiresonance frequency f, where the magnitude of the electrical
impedance tends to infinity. The input electrical impedance for a certain BAW resonator is shown
in Figure 1.8. This figure also shows that the phase between resonant frequencies is 90° behaving

as an inductor, while outside these frequencies it is -90° with a pure capacitive behavior.
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Figure 1.8: Electrical input impedance of a BAW resonator.

There are some one-dimensional models that allow the electrical characterization of the BAW
resonator in terms of allocation of the resonant frequencies and the static capacitance Cj, with
the most important being the well-known Mason model [45]. They are one-dimensional since
lateral dimensions are considered to be infinite. However, due to the finite lateral dimension of
the resonator structure, lateral acoustic waves, and generally Lamb waves, can also propagate
[46]. Lateral standing waves become evident in the electrical behaviour of the BAW resonator in
the form of spurious or unwanted resonances. In recent years, some of the efforts devoted to this
technology have focused on finding the way to minimize their presence. The presence of lateral
standing waves is related with the concept of energy trapping, which was studied in the early
1960s by Mindlin [47], Shockley [48] and Curran [49]. In this case, the area of the resonator which
comprises all the layers of the stack acts as an acoustic cavity in which the modes which fulfil
the boundary conditions propagate along the structure, and reflect at the boundaries leading to
the lateral standing waves. From the point of view of multilayer structures, these modes have
been seen to be a combination of thickness and shear waves, and an analytical solution can be
developed for this kind of structure [50, 51].

The degradation of the performance of the BAW resonator due to these spurious modes is
widely discussed in [52]. This is basically due to the fact that part of the energy contained in
the fundamental thickness mode leaks to the lateral modes which results in the degradation of
the quality factor of the resonator, but it is more evident when the BAW resonators are in a
filter configuration leading to a strong ripple in the transmission bandpass. The presence of the

lateral modes can be studied from the point of view of the acoustic dispersion which relates the
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Figure 1.9: Differente techniques to improve the electrical behavior of a BAW resonator.

wave number of the lateral wave with the frequency using the techniques described by Telschow

in [53], or using laser interferometry as shown in [54, 55, 56].

Two different techniques has been proposed to improve the performance of the BAW res-
onators: apodization and thickened edge load, which are shown schematically in Figure 1.9. The
first technique consists of designing the top electrode with non-parallel edges. By doing so, the
resonant paths becomes much longer than for a squared electrode, making the standing waves to
be more attenuated as proposed in [59]. But also circular shapes are also valid for this purpose
as seen in [60, 61]. However, as will discussed further in this work, this solution entails a higher
number of resonant paths that are now present in the structure, i.e. a higher number of spurious
resonances. Although these are more attenuated, more energy leaks to these resonances giving

cause to the degradation of the quality factor of the BAW resonator.

The second technique was discussed by Kaitila in [62]. Since the BAW resonator can be
understood as an acoustic waveguide [28], the idea is to create a region with specific boundary
conditions in which lateral acoustic modes cannot propagate. For type I resonators this is done by
including a thickened edge load in the perimeter of the structure. The Smith Chart representation
of the electrical input impedance of a BAW resonator with dispersion type I (ZnO) can be seen
in Figure 1.10(a), where the presence of the unwanted modes is between resonances. For Type
IT resonators (AIN), as seen in Figure 1.10(b), the presence of unwanted modes is mainly given
below the resonance frequency, thus in this case the solution is to create a region with a higher
cut-off frequency, and this is only achieved by removing material in the perimeter of the structure.
Since this solution is not evident from the technological point of view, Fattinger in [63], proposed
a solution in which the idea was to include a Bragg reflector with as much dispersion type I
material as possible forcing the whole stack to have a type I dispersion behavior. Different

experimental results using this technique on type I resonators, generally ZnO, can be found in
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(a) (b)

Figure 1.10: Spurious modes in (a) type I resonator and (b) type II resonator [67].

[58, 64, 65, 66]. Looking at the Smith chart representation also gives a qualitative idea of the
obtained @Q-value. This is given by the radious of the main loop. For dispersion type I resonators,
the radius is not as high between resonant frequencies as in dispersion type II. This is due to the
fact that in this case, part of the energy of the fundamental mode leaks to the spurious modes

which present a higher @)-value since they are allocated between resonant frequencies.

What has become obvious is that analysis of a BAW resonator demands accurate and reliable
modelling, i.e. going beyond the one-dimensional model, to complete characterization of the
electrical behaviour of the BAW resonator. Several analysis methods have been proposed in this
regard. In 1974, Kagawa proposed a two-dimensional analysis method based on finite elements
[68]. Boucher proposed a mixed method combining finite elements with the perturbation method
[69]. In 1990, Lerch performed a comparison between the two- and three-dimensional method
based on finite elements [70] in which the three-dimensional simulation clearly offers a higher
agreement and prediction compared to the two-dimensional method, with the extra cost of the
computation time. Although there are several ways of carrying out simulation and analysis of
BAW resonators for the complete characterization of the electrical behaviour, the finite element
method has been consolidated as the most commonly used analysis method, and achieves very
high levels of agreement between the simulation and experimental results, and sometimes uses
two-dimensional models since the degree of accuracy does not require three-dimensional models

[71, 72], or the use of three-dimensional models as can be seen in [61, 73].
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1.4 Filters Based on BAW Resonators

As mentioned above, the most common architecture for a wireless system is the classical hetero-
dyne circuit block diagram, like the one shown in Figure 1.1. In the receiving path, the needs
are generally based on the amplification or only the detection of the bandwidth of the desired
signal, and to the exclusion of all other interfering ones. In conversion schemes, the intermediate
frequency (IF) chosen is dependent on the available filter technology, in order to produce the
required fractional bandwidth of the signal [74]. The particular features of the various tech-
nologies available define their range of applicability, such as achievable resonator Q, size and
manufacturability. From this point of view, filters based on BAW resonators seem to be able
to meet the requirements of modern communication systems, as high selectivity, high frequency

operating range and compatibility with standard IC technologies.

Depending on how the BAW resonators are interconnected, there are two main groups of
filter topologies [75]: Ladder and Lattice, in which the BAW resonators are electrically connected,
and Stacked Crystal Filters and Coupled Resonator Filters, in which the BAW resonators are
acoustically coupled. The main features of the different types of filters will be discussed in this

section, with the advantages and drawbacks in each case.

1.4.1 Filters based on electrically connected BAW resonators

Considering BAW resonators as circuit elements, networks of resonators can be designed to
implement various filter characteristics. In this section we are going to deal with topologies in
which the BAW resonators are electrically connected between them in a balanced and unbalanced
configuration. Lattice-type filters belongs to the balanced while ladder belongs to the unbalanced
topology.

The conventional Ladder topology is composed of consecutive series and shunt BAW res-
onators, as seen in Figure 1.11(a). This type of filter presents a transmission response shown in
Figure 1.11(b), which is characterized by its high selectivity due to the presence of two notches.
The transmission zeros are due to the resonance and antiresonance frequency of the shunt and
series resonators respectively. The drawback of this type of filter is their poor out-of-band (OoB)
rejection, which is due to the natural capacitor voltage divider. Improvement of the OoB rejec-
tion entails increasing the order of the filter [76, 77]. However, at the same time, increasing the
order of the filter entails increasing the in-band insertion loss [78] and the ripple, and also entails
the presence of a pair of spikes at the limits of the bandpass. As will be discussed in detail, this
is related with the image impedance and the required condition for bandpass and stopband in a
network cascade configuration [79]. The achievable relative bandwidth can be written in terms

of the effective electromechanical coupling as W (%) ~ kgf /2 [35]. In order to obtain reasonable
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Figure 1.11: Ladder-type filter configuration and transmission response [77]

bandwidth, the shunt resonators must be slightly untuned from the series resonators. To do this
entails some difficulties in the fabrication process which requires of some special techniques like

frequency trimming [80].

Ladder-type filters based on ZnO or AIN can be found since the early 1990s, such as the
work in [81], which mentions a Ladder-type filter with order NV = 6. In this case, the central
frequency is around 1 GHz, achieving an OoB rejection higher than 100 dB, and an insertion loss
of around 3.8 dB. However, the presence of spurious modes leads to in a ripple in the bandpass.
In this case, the solution was to include grounded inductors between the building blocks in order
to move these spurious upwards towards the bandpass. In [82], Lakin designed various filters for
GPS applications, such as 3/2', 4/3 and 6/6 structures. The 6/6 structure shows a transmission
band centred on 1.48 GHz with an insertion loss of 6.8 dB, and an OoB rejection higher than
40 dB. Later, in 1995, Mang designed a Ladder-type filter based on ZnO with order N = 3
and N = 5, achieving an insertion loss of 2.2 dB and selectivity of 15 dB for the former, and
an insertion loss of 5 and selectivity of 32 dB for the latter, and showed the relation between
the order of the filter N, the insertion loss L and the OoB rejection with experimental results
[83]. In this case, the selectivity was calculated as the difference in dB between the minimum

insertion loss of the bandpass and the minimum OoB rejection.

Very narrow bandpass ladder-filters can also be designed without the corresponding degra-
dation of the effective electromechanical coupling constant. In [84], Lakin proposed overmoded
BAW resonators applied to Ladder filters. Since the effective electromechanical coupling coef-
ficient of higher fundamental harmonics is lower, this achieves very narrowband filters , with
bandwidths of B,, = 76 KHz at a central frequency of 1.6 GHz. However, in this case, having a
very low k:gff = 0.019% value leads to a high insertion loss of L = 7.3 dB.

IN/M where N refers to the number of series resonators and M to the number of shunt resonators.
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From the frequency operation point of view, as mentioned above, filters based on BAW
resonators overcome the limitation with SAW resonators. Applications above 5 GHz can be
found in [26], in which a 5/3 Ladder filter with doubled resonators is manufactured at 5.2 GHz,
with a 4 dB relative bandwidth of W = 3.2%, exhibiting a minimum insertion loss of L = 2.0
dB, and an OoB rejection of more than 24 dB. The prototype manufactured and its frequency
transmission response are found in Figure 1.12. [24], even discusses a Ladder-filter for K-band.
Here, the central frequency is at 19.8 GHz and the insertion loss L = 4.1 dB for a relative
bandwidth of W = 2%. However, such a high frequency entails very thin layers, which are

mechanically weak and fragile.

Afterwards, efforts were focussed on the improvement of the performance of the transmission
response, basically with the inclusion of reactive elements in the filter topology. In [78], in order
to improve the OoB rejection for a narrowband filter, the parasitic elements due to the package
are used, with the inductor specifically associated with the wire-bonded package, achieving a
filter response with relative bandwidth W ~ 2.5%, and insertion losses L = 1.2 dB, OoB=50
dB and N=8, or L = 0.8 dB, OoB=30 dB and N=6; making the capacitance ratio to be more
relaxed to fulfil the OoB specification. Also in [77], external reactive elements are used in order
to add transmission zeros to the transmission response which leads to an increase in the OoB

rejection without increasing the order of the filter.

With the aim of trying to systematize the design procedure of this type of filter, in [85]
Shirakawa presents a synthesis methodology which enables the placement of asymmetric trans-
mission zeros, as well as the exact determination of the transfer function poles. However, in
order to determine the final parameters, i.e. the geometrical definition of the BAW resonators,
an optimization process is necessary. This drawback is overcome in the work by Menéndez in
[76], which includes the closed-form expressions for the design of a Ladder-type filter, showing
a very good agreement between transmission response and the designed Ladder-type filter for

the GPS application in [86], without any optimization process. Further on, in [87], the design
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Figure 1.12: Manufactured prototype and transmission response for a Ladder-filter at 5.2 GHz [26].
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Figure 1.13: Lattice-type filter configuration and transmission response [89]

procedure for Ladder-type filters is expanded to take the effect of the electrodes into account.

Finally, some works are also related to mass volume production, such as [88], in which the
different features for the volume manufacturing are discussed. As it is described in that study,
the challenges are focused on the quality of the piezoelectric material on a regular basis, and
the right frequency on more than just a few spots on a wafer. Similarly, Infineon’s trimming
method corrects run-to-run deviations as well as uniformity problems achieving satisfactory
yields > 80%.

Lattice-type filters are the other configuration included in the large family of electrically
connected BAW resonators filters. This is an interesting configuration for applications wherein
the direct connection with RF integrated circuits is best made using balanced networks. The
basic configuration of this type of filter is shown in Figure 1.13, where balanced input and output
are found. In this configuration, the normal pole-zero response of a resonator is suppressed to give
a more conventional multi-pole response. This configuration therefore usually exhibits a higher
bandwidth than ladder-type filters without the presence of the transmission zeros, unless the
electrical impedance of the BAW resonators Zs # Z,,, as shown in Figure 1.13(b). Furthermore,
unlike Ladder-type filters, Lattice-type filters present a better OoB rejection due to the fact
that if the series and cross capacitors are chosen equal, this leads in a voltage cancellation across
the two pairs of resonators. The drawback is that they cannot perform balanced to unbalanced

transitions if these are required [90].

Finally, some hybrid configurations have been developed as a combination of ladder- and
lattice-type filters. [91], presents a combination of the Ladder and Lattice topology in which the
best performance of both topologies is obtained, i.e. the high selectivity of the Ladder-type filters
and the good OoB rejection of the Lattice-type filters as seen in Figure 1.14. The results obtained
show a transmission response centered on 2.15 GHz, with an insertion loss of L = 3.55 dB, and
an OoB rejection higher than 40 dB. Other references and achievements for the Lattice-type
filter topology can be found in [92].
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1.4.2 Filters based on acoustically coupled BAW resonators

One of the most important drawbacks in the filters based on electrically connected BAW res-
onators is related to the limited achievable bandwidth, which mainly arises in the ladder-type
filters. This is due to the finite value of the effective electromechanical coupling constant. The
solution to this limitation consists of newer filter configurations, and particularly, filters based
on acoustically coupled resonators. They key to wide bandwidth multipole filters without using
of external reactive elements, is in acoustic loading and resonance splitting due to propagating

effects, rather than just the electrical interactions of resonators as circuit elements [94].

The simplest configuration of a filter based on acoustically coupled resonators is the stacked
crystal filter (SCF) which is shown in Figure 1.15(a) [93]. The structure consists of two stacked
BAW resonators in which the central electrodes are electrically grounded. When an electric field

is applied to the top resonator, the mechanical deformations in this resonator induce mechanical
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Figure 1.15: Stacked Crystal Filter configuration and transmission response [93]
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Figure 1.16: Wide frequency range SCF transmission response [94].

deformations in the bottom resonator with the corresponding electric field. In this structure,
the BAW resonators are so strongly coupled that the structure acts as a single resonator. The
frequency response of this type of filter is shown in Figure 1.15(b). This topology presents a
complex frequency response, as shown in Figure 1.16 where different resonances are present at
approximate multiples of the frequency, corresponding to the half wavelength across the whole
structure [94]. The resonance with the wider bandwidth is where there is a half wavelength
across each of the BAW resonators. The lower band occurs when there is approximately half
of the wavelength across the whole structure, and the higher band when there are three half

wavelengths.

The first filter based on SCF was presented by Ballato in 1973 [95]. In this case, the filter
response showed a relative bandwidth of 4.2%, and an insertion losses of L = 8 dB. Later, Lakin
proposed the equivalent circuit for the SCF in [96], which has been very useful in the design
of this filter and other configurations. In [97], more experimental results are shown for different
configurations, connecting two SCF sections in series in order to obtain more selectivity in the
transmission response, or SCF which uses the highest resonance which present a high Q-value,
exhibiting insertion losses below 1.5 dB. Two-pole or two SCF sections connected in series can
be also found in [98], with the aim in this case being to manufacture filters above 2 GHz. In this
case, several transmission bands are found at 8.2, and 12.4 GHz, with the former achieving an
insertion losses of L = 6 dB, and the latter L. = 3.3 dB. In order to improve the performance
of the SCF filter, Lakin proposed manufacturing the SCF over a narrowband SMR, [93], forcing
the lower and higher resonances to be attenuated due to the poor confinement of the acoustic

wave at these frequencies.
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Figure 1.17: Coupled Resonator Filter configuration and transmission response [94]

The design of SCF filters has been traditionally based on an optimization process using
the equivalent circuit model proposed by Lakin in [96]. In order to overcome this limitation,
and with the aim to provide more control over the transmission response of the filter, in [99]
Menéndez presents the methodology for designing SCF filters with a Butterworth/Chebyshev
response, giving closed-form expressions to that end. Here, two SCF sections are presented
which are connected by means of a coupling element, a reactive element, with the drawback of
adding losses to the filter response, and increasing its size. As a design example, two different
filters are presented for narrow- and wideband transmission response (W = 0.7% and W = 3%
respectively), using a capacitor as a coupling element in the former, and using an inductor in
the latter.

However, the SCF filter can be considered as a particular case of the Coupled Resonator
Filter (CRF) structure in which wider bandwidths in the transmission response can be achieved
by reducing the coupling between both BAW resonators. The general configuration is shown
in Figure 1.17 where the structure consists of a pair of BAW resonators that are acoustically
coupled by means of a set of coupling layers. After the set of coupling layers is removed from
the structure, there is a SCF case in which the whole structure behaves like a single overmoded
resonator. Depending on the configuration of the coupling layers, different situations may arise,
as shown in Figure 1.17(b) in which the composing BAW resonators may be under-coupled,
critically-coupled or over-coupled. The coupling layers thus control the filter bandwidth. Unlike
the SCF case, the typical transmission response for an over coupled CRF clearly shows two
different poles. The CRF is designed so that the bandwidth is determined by the degree of
coupling between the resonators and not by the inherent bandwidth of the coupling mechanism
[94]. In [100], a four-pole CRF is designed at 1960 MHz, achieving a 3 dB relative bandwidth
of W = 3.6% and an insertion losses of L = 2.8 dB. The topology of the structure allows it

to be used as a mode conversion structure. In [101], a single-to-single CRF structure has been
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Figure 1.18: Manufactured single-to-single and single-to-balanced CRF filter [101].

manufactured at 1.8 GHz, with a bandwidth of B,, = 79.7 MHz with a minimum insertion losses
of L = 1 dB. This work also includes a single-to-balanced mode conversion structure featuring
an impedance transformation from 50 Q to 200 2. The common mode suppression achieved is
in the range of -40 to -60 dB. The results for the single-to-single and the single-to-balanced

structures can be found in Figure 1.18 (top view and bottom view respectively).

Using the proposed equivalent circuit for the SCF structure, in [102], the equivalent circuit
for the CRF structure was developed, which allows it to be linked to the classical filter synthesis
techniques based on the coupling control to this structure. Very importantly, by using quarter-
wavelength thick layers for the coupling layer, and taking into account that the value of the
coupling is directly related with the acoustic impedance and the area of the comprising layers,
only a discrete number of achievable coupling values are possible. In order to overcome this
limitation, in [103], each of the coupling layers are designed to have a different quarter-wavelength
thick. However, this requires an optimization process to achieve the desired purpose. Corrales
proposes a set of closed-form expressions for the design of the set of coupling layers, which enable
the structure to be designed without time-consuming optimization costs [104]. Furthermore,
the proposal by Fattinger in [101] is to use some organic materials with a very low acoustic
impedance, with the advantage that only one layer is required to decouple both resonators.
However, the drawback of this solution is that this kind of material is usually relatively lossy
(1000-2000 dB/cm) [67].
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All the proposed CRF structures are formed in such a way that the whole stack presents the
same area, which has been called symmetric CRF. In [106], a synthesis methodology is proposed
for a CRF structure in which the bottom resonator has a bigger area than the top one, which
has been called asymmetric CRF. In this case, the authors model the structure by means of the
Mason model, cascading the resonators and coupling layers, and assuming a different area in
the bottom electrode. This is partially correct, as demonstrated in [105]. Taking into account
the various boundary conditions in the structure, using the one-dimensional model is not a valid
approach for modelling the whole structure. The free-load area of the asymmetric CRF must
be modelled as an independent BAW resonator that is electrically connected to the active CRF
structure. By doing so, a deep notch is achieved in the transmission response of the structure
which was not possible with filters based on acoustical coupled resonators. The structure and the
transmission response of the asymmetrical CRF structure and the electrical input impedance of
the free-load area are shown in Figure 1.19 in order to illustrate this phenomenon [105]. This
configuration also enables stop-band filters to be obtained with the proper allocation of the

transmission zeros and the proper allocation of both transmission bands.
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1.5 Motivation and Purpose of the Thesis

The revision and the state of the art of the current achievements related with the BAW tech-
nology shows that the application of BAW technology to microwave devices is mainly due to
advances in the microelectronic manufacturing process. The efforts in the development of tech-
nology have therefore focused on improving the performance of the BAW resonator and on the
application of BAW resonators to the design of microwave devices, and particularly RF filters.
Taking this into account, different features can be emphasised regarding BAW technology and
its application to RF filters:

1. The validity of the one-dimensional Mason model to represent the electrical behavior of
BAW resonators has been highlighted in the numerous works related to it. Derived models
such the Butterworth-Van Dyke or the KLM model are also very good approaches to the
electrical behavior of the BAW resonator at fundamental modes and in higher harmonics.
However, effects due to the three-dimensional nature of the structure are evident in the
form of the degradation of the electrical performance of the BAW resonator due to the
presence of spurious modes at the frequencies of interest, which cannot be predicted by

the one-dimensional approach.

2. Various solutions have been developed in order to minimize or avoid the presence of un-
wanted modes. The apodization technique only requires a change in the geometry of the
top electrode, which does not imply any complication in the manufacturing process. How-
ever, when using this solution the quality factor obtained is not optimum, since unwanted
modes are minimized but are still present. The materials used also play a very important
role in this technique. Meanwhile, the inclusion of a thickened edge load provides a more
robust solution, since in this case the lateral modes cannot propagate through the struc-
ture, achieving very good (Q-values. However, the side-effects arising from this solution
could affect the electrical behavior of the BAW resonator.

3. Filters based on BAW resonators are becoming consolidated as the key to overcoming
the limitations presented by filters based on other technologies in modern communica-
tion systems, such as size, operation frequency range and compatibility with standard
integrated circuit technology. Filters based on electrically connected resonators, and par-
ticularly Ladder-type filters, consist of a very simple topology, with high selectivity and
low insertion loss. However, the main drawback is the poor OoB rejection. Filters based
on acoustically coupled resonators overcome the limitation of ladder-type filters, but the
drawback in this case is the optimization process needed for the design of the coupling

layers, and the complex manufacturing process
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Taking into account the above, the work of this thesis has focused on the use of the three-
dimensional analysis for a full understanding of the BAW resonator from the electrical and
mechanical point of view. A more specific study on the different proposed mechanisms to improve
the performance of BAW resonators, and the application of the BAW technology to the design of
microwave filters will be carried out. The aim is to try to move beyond simple electrical behavior
and to try to obtain additional information from the physics underlying the working principle
of acoustic devices. By doing so, the mechanical effects can be electrically modelled and we can
thus have better predictions of the performance of the BAW resonator. The main reasons for

beginning this thesis can therefore be summarized as follows:

1. A complete analysis and understanding of the various mechanisms in the electrical and
mechanical plane that govern the piezoelectric effect, to obtain a better understanding
of the different ways to model the BAW resonator in one dimension. This will be very
useful in stating the limitations of such a model and the mechanisms that can be used
to overcome them. The dependence of the geometry with the electric properties of BAW

resonators can be related to most cases.

2. To use the available methods of analysis of BAW resonators to obtain the complete char-
acterization of their electrical behavior. For this purpose, ANSYS has been chosen as
software that is very suitable for carrying out the different simulations. Since the mechan-
ical behavior of the BAW resonator can also be extracted with ANSYS, the aim of this
thesis is to try to move beyond electrical models and to have a better understanding of
the phenomena underlying the working principle of BAW resonators. To that end, and
taking into account the allocation of the spurious modes depending on the dispersion type
material, BAW resonators based on Zinc Oxide and air-gap cavity have been chosen for

carrying out the three-dimensional study.

3. Using three-dimensional simulations, a more in-depth study of the proposed techniques for
the optimization of the BAW resonator performance can therefore be carried out. For the
apodization technique, the aim is to analyze the relationship between the performance of
the BAW resonator with the different available metal electrodes and the shape of the top
electrode. Meanwhile, the side effects of the thickened edge load solution will be character-
ized and modelled using the one-dimensional equivalent circuits, and the results validated

with the three-dimensional analysis.

4. Regarding the filters based on electrically connected resonators, the aim is to try to improve
the performance, particularly of Ladder-type filters. Efforts must be made to improve the

poor out-of-band presented by this type of filters.

5. Finally, all the presented filter topologies present a single transmission band. There are

efforts devoted to the design of multi-frequency microwave devices in order to improve the
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performance of the systems where they are included. In the European project Mobilis?,
one of the goals was to try to develop a multi-band/multi-standard transmitter and its
implementation for the application of DCS-Edge/WCDMA. One of the works that must by
highlighted in this thesis is the development of a dual-band filter based on BAW resonators
which is very similar to the conventional ladder-type filter. This has to be highlighted
because: by one hand, a dual-band transmission response can be achieved using BAW
resonators, which is not until this moment known; on the other hand, the simplicity and
the similarity with the conventional ladder-type filter topology makes a very suitable device

to be manufactured. Therefore, this new topology has become an objective of this thesis.

1.5.1 Thesis outline

In this chapter, we have reviewed the development of the BAW technology from the point of
view of performance of BAW resonators, as well as the application of these resonators to the
design of microwave devices. The reason for the thesis has also been discussed, as well as the

objectives.

Chapter 2 includes an analysis of the acoustic wave propagating through non-piezoelectric
material. The circuital representation obtained shows a series of analogies between the mechan-
ical and electrical plane that is very useful for further developments. This development is then
expanded to the piezoelectric slab by obtaining the well-known Mason model. By using this
model, the mass loading effect can be extensively considered and the effects of the presence
of metal electrodes can be described. After this, various one-dimensional approaches such the
Butterworth-Van Dyke and the KLM model are also discussed. By doing so, the limitations of

the one-dimensional models and the needs of the three-dimensional simulations can be justified.

In chapter 3, BAW resonators are studied using the three-dimensional analysis. First, the
mechanical wave solution will be extrapolated from the one- to the three-dimensional case.
After this, the propagation of lateral waves is studied in order to obtain the boundary condition
requirements and the resonance condition for the propagation of these waves. Taking into account
the need for three-dimensional analysis, the Finite Element Method (FEM) will be introduced
and the basis to carry out simulations of acoustic devices will be given. Finally, the comparison
with the one-dimensional model will be made using three-dimensional simulations, in order to
find the required 3D simulation conditions, and to finally obtain the complete characterization
for the electrical behavior of the BAW resonator which cannot be obtained using one-dimensional

models.

Chapter 4 covers the optimization of the performance of BAW resonators, particularly in the

different solutions for minimizing or avoiding the presence of spurious modes. With regard to the

2www.ist-mobilis.org
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apodization technique, a systematic study using different metal electrodes and various shapes
is undertaken to show the performance of the BAW resonator. The side effects related to the
thickened edge load technique will be accurately modelled and validated using three-dimensional

simulations.

The ladder-type filters based on BAW resonators are discussed in Chapter 5. First of all, the
working principle of these filters is discussed. The design procedure of this type of filter is then
developed, with infinitesimal metal electrodes considered first, and the mass loading effects then
included in in the design procedure. Finally, the improvement of OoB rejection in these filters
is achieved by including external reactive elements in the topology. The closed-form expressions

for these modifications and validation examples are found.

The developed double-ladder dual-band filter is shown in chapter 6. As with the conventional
ladder-type filter, the working principle is discussed first, and is very similar to the conventional
ladder-type filter. Some of the limitations in the conventional ladder-type filter are therefore
also found in the double-ladder filter. However, the design procedure for this filter is presented,
and some examples for the GNSS are shown. Finally, a transmission response using measured

resonator is presented as a validation of the developed topology.

Finally the conclusions of this work as well as the future line work will be set out.
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CHAPTER 2

Modelling Acoustic Resonators in One-dimension

The aim of this chapter is to analyze the propagation of an acoustic wave through a non-
piezoelectric slab, which will be later extended to the piezoelectric slab. In a first approach, the
piezoelectric slab is considered to be infinite in its lateral dimensions which means that only
waves propagating in the thickness direction are present. One-dimensional equivalent circuits
can therefore be obtained from the given analysis which are a very good approach to the correct
characterization of the electrical behavior of the BAW resonator in terms of resonant frequencies,
static capacitance and electromechanical coupling constant. The structure of these equivalent
circuits leads us to state a series of analogies between the electromagnetic and mechanical plane,
which will be very useful for a better understanding of the underlying phenomenon governing

the behavior of the acoustic resonator.

Using the models obtained, the problem is extended to the case of loading the piezoelectric
slab with arbitrary mechanical loads. This leads to an analysis of the mass loading effect, in
which frequency shifting and variations of the electromechanical coupling constant are involved.
The development of the one-dimensional mechanical wave as well as the derived electrical models

comes from the works in [28, 33, 46].

29
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2.1 One-dimensional Mechanical Equation of Motion

In Newton’s basic laws, a given force applied to a rigid body traditionally results in an accel-
eration of the body. This is the case because the body is assumed to be rigid, and the force
transmits instantaneously to all the internal parts of the body. However, this is not exactly true
in deformable bodies, in which internal effects are very important. In this case, when some force
is applied to this kind of body, internal forces, called stresses, and deformations, called strains,
appear in the atomic structure of the body. Stress does not cause strain, and strain does not
cause stress, but the presence of one requires the presence of the other, as is the case with the

magnetic and electric field in the electromagnetic plane.

Because of the elasticity of the body, internal deformations and strains occur under a certain
applied force. In this case, internal particles of the body will suffer some mechanical displacement,
leading to the definition of the strain,

_ Ou

5=

(2.1)

where wu is the particle displacement. At the same time, the linear relation between stress and

strain by means of the stiffness constant c is given by the Hooke’s law,

T =cS (2.2)

Figure 2.1 shows a general volume which is assumed to be isotropic. In this case, the ori-
entation of the area is defined with its normal vector. Using this reference, the stress can be
longitudinal when the components are parallel to the area vector /T, and shear when the com-
ponents are transversal to A. Significantly, the stress components usually appears in opposite
pairs, which are not always equal. In other words, a traction force 77 will lead to an opposite
traction force —77. The relation between the applied force and the stress components can be

expressed as,

oT
F=""dzdA 2.
dF = ——dzd (2.3)

Based on the previous definitions, the Newton law can then be rewritten as

oT 0%u orT 0%u

where the left-hand term in the equation (2.4) is the applied force, the product of the density

(2.4)

p and the volume, given in terms of area A and z increment, corresponds to the mass, and the
second derivative of the displacement with respect z corresponds to the acceleration. Taking

into account that the particle velocity is the time derivative of the particle displacement,

ou

== (2.5)

v
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A T,
I

Figure 2.1: Orientation traction forces in an isotropic volume.

all the constitutive equations needed for the one-dimensional mechanical wave equation have
been obtained (2.1)-(2.5). If the partial derivative for time is applied to (2.1) and (2.2), the

expression obtained results in,

0S  d%u ov 10T
% 90 T 9ot (2.6)

Now, differentiating (2.4) with respect z, and (2.6) with respect time, and equaling the cross

derivatives, the one-dimensional mechanical wave equation can be obtained,

10°T 190*T
2 - (2.7)
p 022 ¢ Ot?
where the phase velocity of the mechanical wave, v,, is easily obtained as,
c
Vo

However, it is more interesting to express the one-dimensional mechanical wave equation in terms
of dependence on the mechanical displacement u for further developments. To do this, using
the Newton’s and Hooke’s laws, and equaling the terms with cross derivatives, the mechanical
displacement can be finally expressed as,
0%u 0%u
0z c ot
2.2 Solution of the One-dimensional Mechanical Wave in a Non-
Piezoelectric Slab

In this section, the mechanical wave is going to be analyzed when it is propagating in a non-
piezoelectric slab, in order to obtain the solution to the wave equation obtained in (2.9). The
scenario to be analyzed is shown in Figure 2.2 in which a non-piezoelectric slab with thickness

d, = z2 — 21 and infinite lateral dimensions is found. Considering the slab as a lossless, isotropic
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Figure 2.2: Scenario where the propagation of the one-dimensional mechanical wave will be analyzed.

and free-charge medium, two different mechanical waves thus propagates through the structure
which are solution of the equation (2.9), the incident and the reflected wave. In this case, the

mechanical wave can be expressed as the solution consisting of both waves in its phasor notation,
u(z) = ATe % 4 A= eIk (2.10)

where A7 is the amplitude of the progressive wave while A~ is the amplitude of the regressive
wave. The term k is the wave number defined as k = w/v,, with w being the angular frequency.
If the derivative with respect to ¢ is applied to the expression in (2.10), the particle velocity can
be obtained and also be computed in the slab limits z; and zo. In this case the particle velocity
results in,

V] = jw (A"’e_jkzl + A‘e‘”kzl)

v = ju (Ate=ik® | A= ctike) (2.11)

Multiplying the first equation in (2.11) with e7%#2 and the second equation with e~7%22 means
that the second equation can be substituted for the first one. Finally, after some trigonometric

transformations, the progressive and regressive waves can also be expressed as,

JwAt = 016722 — vyelh
2j sin (kdp) (2.12)
A — UQe—JkZ1 _ Ule—JkZ2
J 2j sin (kdp)
The acoustic impedance of the mechanical wave can be defined as Z = —T'/v,,, where the

minus sign is included so that the impedance will be positive because T' and v, are 180° out of

phase. Thus, since in the one-dimensional case under study we can consider that F' = —AT and
we obtain,

=T ck Ackv

=V = = T (2.13)

The Hooke’s law can be rewritten as a function of the applied force leading to,

T = c% —F = Ac% — F = jAck <A+e_jk2’ - A—ej’“) (2.14)
0z 0z
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Table 2.1: Mechanical and electrical plane analogies. [28]

One-Dimensional Mechanical Equations Maxwell Equations
Fundamental Physical Laws
T v _ 9B
& _ 20 EF=_2=
a: Pt v ot
ou L, 0D o
S=_— H=—+4J
3 Vzx BN +
Constitutive Equations
T=cS D=cE
ou - —
-2 B = uH
"T F

Finally, by substituting the solutions of (2.12) in (2.14), the solution of the mechanical wave in
a non-piezoelectric slab as a function of the applied force F, the particle velocity v, and the

acoustical impedance Z is finally obtained,

A kd
Fy = ———— (v1 —v2) + jZ tan <p> V1
J st(k:dp) Z (2.15)
Fo=—2  (v;—w)—jZtan | 2P
= Fangey ) 7 () v

The way that the relations between the mechanical parameters are given in the set of equa-
tions in (2.15) enable a simple circuit representation. To do this, two different loops must be
present in the circuit model - one for the applied force F} with a particle velocity v1, and the
other in which the force F, is applied, with the corresponding particle velocity ve. Note the
dependence with the term v; — v9 in both equations, which can be represented as an element
contained in both loops. Therefore, the circuit model is found in Figure 2.3. The model obtained
may be related with the classic distributed T-impedance equivalent network for a transmission
line, which can be found in [107]. It is therefore possible to consider the non-piezoelectric slab
as an acoustic transmission line if the applied force F' is related to the electrical voltage V' and

the particle velocity to the intensity current I.

Meanwhile, we can also validate the analogy between the electrical and mechanical plane by
analyzing the transverse electromagnetic (TEM) waves. The wave impedance of a TEM wave
can be obtained as the ratio between transverse electric and magnetic fields. In the mechanical
plane, we have defined the acoustic impedance of the medium as the ratio between the stress
T and the particle velocity v, with the minus sign. However, after some transformations, the

acoustic impedance can be also defined as [28],

7 =&t (2.16)
Tuyp,
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JjZtan(kd /2) JjZtan(kd /2)

Figure 2.3: T impedance equivalent circuit for an acoustical non-piezoelectric transmission line.

which in this case is expressed as a function of the ratio between the particle displacement and

the particle velocity, which are orthogonal to each other.

Taking into account the considerations above, the analogies between the electric and me-
chanical plane are summarized in Table 2.1 as analogies between the one-dimensional acoustic
equations and the traditional Maxwell equations. It must to be pointed out that further devel-

opments related with the piezoelectric effects are based on the analogies discussed.

2.3 Solution of the One-dimensional Mechanical Wave in a
Piezoelectric Slab

The distributed model for an acoustic non-piezoelectric transmission line was obtained in the
previous section. The model obtained can be related with the distributed T-impedance transmis-
sion line equivalent network, which allows some analogies between the electric and mechanical
plane to be affirmed. In this section, we are therefore going to analyze the piezoelectric slab in

order to obtain an equivalent circuit, as in the previous section.

2.3.1 The piezoelectric effect

In order to analyze the propagation of the acoustic wave through a piezoelectric slab, we first
briefly review the concept of piezoelectricity. The developments due to the effect of the piezo-

electricity on the mechanical and electrical properties are extensively discussed in [28].

Piezoelectricity involves the coupling between the electric and mechanical properties of a
crystal. The relation between both planes is given by means of the polarization vector. This is

proportional to the electric field in the form,

P = eokE (2.17)
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where ¢ is the permittivity of free space and k is the electric susceptibility matrix. Meanwhile,

the displacement vector D can be related with the polarization vector as,
D =¢eyE 4 P = eoE + eokE (2.18)
The displacement vector can also be described in sum notation as,
Di=¢j;E; i=1.3, j=1.3 (2.19)
where
gij = o(1 + ki) (2.20)

If the medium is isotropic, the € matrix reduces to a scalar. In this case, €;; = €,6¢9 where ¢, is
the relative dielectric constant. In the free space €, = 1 and k = 0. Unlike a non-piezoelectric
material, in a piezoelectric medium, the polarization vector is created not only by the effect of
an external electric field, but also by a stress or strain since a crystal deformation also causes
charge separation. Continuing with the double subscript notation, the equation that relates the

polarization vector with the stress and piezoelectric strain matrix can be also expressed as,
P =d;T; i=1.3, J=1.6 (2.21)

where the subscript J denotes two different dimensions in the space, as will be discussed in the

next chapter.

As discussed above, the fact that a stress or strain produces an electrical response involves
the inverse piezoelectric effect, and thus, the electrical variables (E, D and P) and mechanical
variables (T" and S) are also involved. The inverse piezoelectric effect can be defined by means

of the ratio between the strain and the electric field,
Sy =d,,E; (2.22)

where dgj is the transposal of the piezoelectric strain matrix. After some transformations that
have been meticulously developed in [28], the direct and inverse piezoelectric effect can be
expressed by means of the piezoelectric stress matrix e leading to the well-known constitutive
equations in matrix notation,

T=-e:E+cE:S

D=¢°:E+e:S (2.23)

The superscript E denotes that the mechanical properties have been measured under a constant

electric field in order to prevent charge buildup, while the superscript S denotes that the electrical

b

properties have been measured under a constant strain. The ” : 7 operator corresponds to the

matrix product.
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A more in-depth study of the effect of piezoelectricity on crystals is found in [28], where the
electromagnetic wave equation is modified by the presence of a mechanical perturbation term
using the Christoffel equation. In this case, for our purposes, we can summarize this effect in a
correction term applied to the stiffness constant, and specifically in the term c33, which is related
to the stiffness constant in the thickness direction. Taking into account this consideration, c33

must be modified as follows,

€33
Cég = c33 + (2.24)

33

where ¢4, is called stiffened stiffness constant. This correction is very important since the me-
chanical parameters related with the stiffness constant will be also modified. The phase velocity
in (2.8) must be redefined as,

/ Céb??
o =[5 (2.25)
p

When the term [e] is avoided, i.e. when the piezoelectric effect is not taken into account, the

equations above remains in their classical form for a non-piezoelectric medium.

2.3.2 Propagation of the acoustic wave through the piezoelectric slab: The
Mason model

The analysis of the propagation of the acoustic wave through the piezoelectric slab will follow
the same development as the one seen in section 2.2. However, in the piezoelectric slab, the
correction terms due to the piezoelectric effect must be applied to the mechanical parameters.
Hooke’s law must be therefore rewritten as,

ou
_ EY"
— ¢ 0z

where the piezoelectric contribution is given by the second term of the equation.

T —¢E (2.26)

Figure 2.4 shows the scenario in which the propagation of the acoustical wave through the
piezoelectric slab will be analyzed. Here, a piezoelectric slab is excited by means of an electric
field in the thickness direction. For a thickness excitation, the displacement vector D remains
constant in the thickness direction because in the piezoelectric medium there is no free charge

density pe, leading to,
V-D=p.=0 (2.27)

If the piezoelectric slab was laterally excited, the electric field E would remain constant instead

of D [28], but this is a different situation which will not be discussed in this work.
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Figure 2.4: Thickness excitation of a piezoelectric slab.

The goal of the analysis is to obtain the current-voltage I-V characteristic. Since the piezo-
electric slab is a dielectric material, it may initially be considered that the current through a
piezoelectric medium is purely a displacement current which corresponds to an electron flow due
to the presence of an external electric field E. However, as discussed below, this is not exactly

true. This displacement current is expressed as,

J = 88—1; =jwD =1 = jwDA (2.28)

where J is the displacement current density. In order to obtain the voltage, the electric field
must be integrated along the piezoelectric slab, as is also suggested for the case of TEM waves
in [107]. The electric field in the one-dimensional case can be defined as,
D e du
S Sz

where the first term is the external electric field and the second term in the equation is the

E = (2.29)

internal electric field generated by the acoustic wave. The voltage can therefore be expressed as

the integral of the electric field between the limits of the piezoelectric slab z; and zo,

V- /Edpz :Z_glp S () — () (2.30)

Substituting the term D of (2.28) and using that the particle velocity is the derivative of the

mechanical displacement with respect time, the voltage can be expressed as,

d, I h e
_% o — ., h=— 2.31
€% jwA + jw (1 = v2) es (2:31)
Finally, from the previous development, we can obtain that,

eSA
I = jwCyV + h(Cy (’Ul — U2) , Cy= d_ (2.32)

i
where (Y is the static capacitance given between the electrodes of the piezoelectric slab. The

current through the piezoelectric slab is given by the contribution of two different terms. The



38 2.4. Analysis of the Electrical Input Impedance for a Piezoelectric Slab
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Figure 2.5: Equivalent Mason model for a piezoelectric slab.

first is due to the displacement current through a capacitance; and the second term is due to the
conversion between mechanical and electrical energy, i.e. due to the piezoelectric effect. This is
the reason why the current in a piezoelectric medium is not exactly a pure displacement current.
The set of equations for the non-piezoelectric slab in (2.15) can therefore be modified by adding

the current term due to the piezoelectric effect which results in,

kd
_ VA _ : p h
Fl - jSiIl (kdp) (Ul UQ) +]Ztan 2 v + ij (2 33)
kd ’
_ VA oY p h
FQ = jSiIl (kdp) (Ul 1}2) ]Ztan 2 Vg + ]wI

Figure 2.5 shows the Mason model, an equivalent electrical circuit. The model consists of two
mechanical ports where a certain mechanical forces F; and F5 are applied, and one electrical
port, defined by V and I. The transformer is modelling the mechanical to electrical energy
conversion and viceversa. The turn ratio of the transformer can be easily derived by applying
the voltage Kirchoff’s voltage law in both loops of the transformer resulting in a ratio of hCj.
Another interesting point is the negative capacitor. Due to the definition of V and I, we can state
that I is directed away from the node to the transformer, then, the voltage drop in the capacitor
must be negative. The capacitor behaves as a capacitor, where its reactance varies inversely with

the frequency, however, the magnitude of its reactance is positive, as an inductance.

2.4 Analysis of the Electrical Input Impedance for a Piezoelec-
tric Slab

The one-dimensional Mason model has been obtained from the analysis of the propagation of

the acoustic wave through a piezoelectric slab in the thickness direction. The electrical input
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Figure 2.6: Piezoelectric Slab loaded with arbitrary load impedances in the mechanical ports.

impedance for a piezoelectric slab with arbitrary load impedances in the mechanical ports is

therefore going to be obtained at this point.

Taking into account the situation shown in Figure 2.6, the equations in (2.33) become,

_ — U1 _ U2 _h
Zuv = Zp (j tan (kd,) jsin (k:dp)> + ij

(2.34)
_ — Y1 _ U2 _h
Zrva = Zp (j sin (kd,)  jtan (kd,) + ij

where Z, is the piezoelectric acoustic impedance, Zy is the top mechanical impedance and Z, is
the bottom mechanical impedance. By developing the previous set of equations mathematically,
the V/I characteristic is found,

V1 _ (@) Zp(cos(kdp)—1)+3jZ, sin(kdp) sin (kd )
1 w (22+Zn Z1) sin?(kdp)—j(Zu+21) Zp sin(kdy,) cos(kdp) p (2.35)
vy _ (@) — Zp(cos(kdp) —1)—j Zy, sin(kdp) sin (kd,) ’
1 w (22+Zn Z1) sin®(kdp)—j(Zu+21) Zp sin(kdy) cos(kdp) p
and taking into account that the electrical impedance can be written as,
|4 h (%] (%) 1
Zzizi(i_f> 2.36
I jw\I 1 + JjwCo ( )

we can finally obtain the expression of the electrical impedance for the piezoelectric slab with

arbitrary loads in the mechanical ports after applying some mathematical transformations,

1 k? tan (o) (ZHZJ;ZL> cos” (¢) + 7 sin (2¢)
7 = - _ M (2.37)
JwCo kd, ¢ (ZHT‘;ZL) cos (2¢) + j (1 + ZEQZL) sin (2¢)

being ¢ = kd,/2, and k; the electromechanical coupling constant which is defined with the

piezoelectric material properties as,

(2.38)
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The expression obtained for the input electrical impedance in (2.37) is worthy of particular men-
tion due to its importance in further discussions. This expression relates the electrical behavior
of a piezoelectric slab for any impedance load connected in the mechanical ports. As in the elec-
tromagnetic plane, we can therefore consider a situation in which several layers are mechanically
coupled to the piezoelectric slab, and we can then translate the mechanical impedance of these
layers to obtain the resulting Zy or Z; mechanical equivalent impedance and then, to carry out

the corresponding electrical analysis.

2.4.1 Electrical input impedance for a piezoelectric slab without mechanical
loads

The first situation that can be analyzed is the simplest one, in which there is no mechanical
loads, i.e. there is air on the upper and lower surfaces of the piezoelectric slab. The force that
the air exerts on the piezoelectric slab is null, and we can therefore consider the mechanical
loads Zy and Z7, to behave as a shortcircuit since F; = F5 = 0. In this case, the acoustic wave is
confined to the piezoelectric cavity. Thus, the expression in (2.37) is reduced to a more simplified

expression,

1 otan (kdy,/2)
Zin = 7l (1 k; Rdy )2 (2.39)

The magnitude and phase of the electrical input impedance as a function of the frequency
for a given electromechanical coupling constant k? and piezoelectric thickness d, can be found
in Figure 2.7. As briefly discussed in the introduction section, two different resonances can
be clearly distinguished: the resonance and mechanical or antiresonance frequency. The former
occurs when the magnitude of the electrical input impedance tends to 0 €2, while the latter

occurs when the magnitude is maximum.

By analyzing the electrical input impedance for the case of the antiresonance frequency, the
next relation between the thickness d, and the propagation velocity v, in the piezoelectric layer

can be stated,

% = f, =2 (2.40)

T
Ziyp — 00 = tan (kdp/2) =00 = 5 2,

Thus, at the antiresonance frequency the piezoelectric thickness is equal to half of the acoustic
wavelength in the case of infinitesimal metal electrodes. For the case of the resonance frequency
the electrical input impedance can be also analyzed providing the relation between the elec-
tromechanical coupling constant which is directly related to the frequency separation between

resonant frequencies,

tan (kd,/2) T fr T fr
Z; Rl B =Z"cot [ =2Z 2.41
I s AT YA (241)
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Figure 2.7: Electrical Input Impedance of a BAW resonator.

This can be approximated using the Taylor series to,

a2 ()1

The phase is also found in Figure 2.7. It can be seen that between resonant frequencies, the

piezoelectric slab behaves as an inductance with phase of 90°, while out of these frequencies, the

behavior is purely capacitive with a phase of -90° given by the static plate capacitance Cj.

Next, the piezoelectric slab will be considered to be loaded with a certain mechanical loads.
These mechanical loads are usually a metal electrodes in the upper and bottom surfaces of
the piezoelectric layers, but different layers conforming the Bragg reflector under the bottom
electrode can also be present as in the SMR configuration. Loading the piezoelectric slab with
metal electrodes entails a certain effects on the mechanical and electrical plane which are called

mass loading effects. The importance of these effects warrants a specific section discussing them.

2.4.2 Electrical input impedance of a piezoelectric slab with arbitrary me-
chanical loads: The mass loading effect

Among others, the mass loading effects are those ones associated with the deposition of metal
electrodes in a piezoelectric slab. These effects can be related with the shifting of resonant
frequencies, which are also known as inertial effects, with the concept of energy trapping, and

with the stress in the structure [108, 109].

The previous section showed that, if no mechanical loads are present, the antiresonance fre-

quency can be directly related with the thickness of the piezoelectric layer. However, in this case,
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Table 2.2: Mechanical and electrical properties of non-piezoelectric materials.

Material Young Modulus[GPa] Poisson ratio p[Kg/m3] V,[m/s] Z,[Kg/m?s|

Al 63.61 0.362 2695 6330 1.71e7
Mo 324.054 0.31 10200 6636 6.77e7
Pt 144.79 0.38 21500 3550 7.63e7
W 344.738 0.28 19300 4776 9.21e7
5109 70 0.17 2200 o848 1.28e7

when metal electrodes are present, since the thickness of the structure is higher, the allocation
of the resonant frequencies will be different. This also entails variations in the electromechan-
ical coupling constant obtained from (2.42). As a result, when metal electrodes are present in
the structure the intrinsic k; it will be recalled as keyy, the effective electromechanical coupling

constant.

The most commonly used metal electrodes are Aluminum (Al), Molybdenum (Mo), Platinum
(Pt) and Tungsten (W). The main mechanical properties of them and also other non-piezoelectric
materials are summarized in Table 2.2. The propagation velocity and the acoustic impedance
have been calculated using the Young modulus FE, the Poisson ratio ¢ and the mass density p

as,

B \/ E(1—o0)
=\ pd+0)(1-20) (2.43)
Za = pUp

We can consider the metal electrodes as an acoustic transmission line of length t., which
corresponds to the electrode thickness, and characteristic impedance the acoustic impedance
for each one of them. In this case, as it was suggested above, we can obtain the values of Zg
and Zj, by moving the mechanical loads found at the input and output mechanical ports along
the acoustic transmission line given by the electrodes, as occurs in the traditional microwave

networks analysis.

Using the expression in (2.37), one of the most important results that can be extracted is
the relation between the effective electromechanical coupling constant kgf 7 and the thickness
ratio between the electrode and piezoelectric layer t./d,. In order to carry out the appropiate
analysis, Table 2.3 shows the main electrical and mechanical parameters for the piezoelectric
materials used, Zinc Oxide (ZnO) and Aluminum Nitride (AIN).

If the antiresonance frequency f, is maintained at a fixed value, the piezoelectric and elec-
trode thickness can be swept, which leads to a certain resonance frequency f,, and thus, a certain
k:gf - Figure 2.8 shows the dependence of the effective electromechanical coupling constant on a

certain ratio between the thickness of the electrode and piezoelectric layer. These results have
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Table 2.3: Mechanical and electrical properties of piezoelectric materials.
Material c33[N/m?] p[Kg/m?] e33[C/m?] e  V,[m/s] Z[Kg/m?s|
AIN 395 3260 1.5 10.5 11340 3.70e7
Zn0O 211 5680 1.32 10.2 6370 3.61e7
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Figure 2.8: Effective electromechanical coupling constant as a function of the thickness ratio for: (a)
Aluminum Nitride Piezoelectric material. (b) Zinc Oxide Piezoelectric material.

been calculated for the case of ZnO, and AIN, and the metal electrodes defined in each case.

First, it can be seen that for a single piezoelectric slab without metal electrodes, that is,
te = 0, the observed value of the k:zf 12 corresponds to k? as expected. As the ratio ¢,/ d, becomes
greater, the curve present a maximum in the value of k:gf £ The conductor material with the
highest acoustic impedance, in this case W, leads to the maximum achievable value for kgf f-
As discussed below, since the bandwidth of the filters is usually related with the value of kgf £
a common design rule consists of choosing the ratio corresponding to the maximum achievable
szf. Furthermore, a certain value of kgf 7 Is given by two different t./d, ratios. This is also
useful from the point of view of the manufacturing process since, in the event of a limitation on

the thickness, the layers can be redesigned to overcome this.

When discussing the behavior of the effective electromechanical coupling constant, and why
the achieved value is higher with some metals, we can use the definition of k; given by Berlincourt
in [110]. In this work, the development is based on the definition of the internal energy for a

piezoelectric body with volume V. This is also studied in [111].

Un
VvUUq

ky = (2.44)

where U, is the called mutual energy, U, is the elastic energy and Uy is the electric energy.
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Figure 2.9: Distribution of the electrical voltage along the BAW resonator with metal electrodes of Al,
Mo, Pt and W, and also special cases where the mass loading is done with a material with the same
properties as the piezoelectric, and a fictitious material with an infinite acoustic impedance (Open). In
this figures, d,=2 pm and t.=0.25 pm. (a) Zinc Oxide piezoelectric material. (b) Aluminum Nitride
piezoelectric material.

These are defined as,
U =3 [ TiSET;av
Uy = %Vf Tidpi En + Endn TidV (2.45)
Ug=3 }/EmeTT,mEndV
|4

where m,n =1,2,3 and i,j = 1,2, 3, ...,6. The value of the electromechanical coupling constant
will therefore be maximized when U, is maximized. In a parallel plate capacitor the electric
field can be assumed to be constant. Considering only the thickness dimension, the term dss is
also constant, and the mutual energy will therefore basically depend on the distribution of the
component 733 of the stress. Using the analogies described between the electric and mechanical
plane, and since the stress is proportional to the applied force, for a qualitative study, the stress
distribution for a given electrode material can be obtained by means of the distribution of the
voltage across the piezoelectric slab. For a piezoelectric slab with thickness d, = 2 pm, and
electrode thickness t. = 0.25 pm, the distribution of the voltage along the structure is shown
in Figure 2.9 using Al, Mo, Pt and W as the metal materials for ZnO in (a) and AIN in (b).
”Fictitious” materials have been also used: these are materials with the same properties as the
piezoelectric material, and a material with an acoustic impedance tending towards infinity, since

they are cases of special interest.

When the properties of the electrode are the same as the piezoelectric material (v, and Z,),
the first derivative of the distribution of the voltage through the structure is continuous. In

this case, the standing wave can be written as V(z) = Acos(kz) as it is discussed in [21] and
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Table 2.4: Obtained effective electromechanical coupling constant k72, [%].

ZnO/AIN Al Mo Pt W  Open-circuit
ZnO 9.30 9.03 9.74 9.62 9.82 10.52
AIN 6.45 6.23 6.64 6.47 6.63 7.01

Figure 2.10: Stress field distribution for: (a) Equal acoustic impedance in the piezoelectric and electrodes
(b) Different acoustic impedance in the piezoelectric and electrodes.

represented in Figure 2.10(a).

In the case of the used metal electrodes, it can be seen that the distribution of the voltage
through the piezoelectric and electrode layer is different, which is of course, due to the dif-
ferent acoustic impedance and propagation velocity in each layer. This situation is represented
schematically in Figure 2.10(b). For each metal electrode, the values obtained for k'gf 5 are shown
in Table 2.4. It can be seen that the highest values for k‘gf § occur when the distribution of the
voltage becomes more parallel to the thickness direction. The obvious case is found for the open-
circuit load. In this case, the distribution is almost flat in the whole piezoelectric layer parallel
to the thickness direction. Taking into account that the electric field is constant as well as the
piezoelectric strain constant dss, we can conclude that the mutual energy U,,, and therefore
kgf > will be maximized in event of a flat distribution of the stress in the piezoelectric layer in
the thickness direction. Note that for the specific case under study in which ¢./d, = 0.125, the
material with the highest acoustic impedance does not necessarily lead to the highest k:zf s This

is shown in Figure 2.8, in which the blue line shows the specific ratio.

There is also a second effect arising from the presence of the metal electrode, which is the
electrode’s resistance. Let us take the Al as an example which is the conductor with the higher
conductivity. In the frequency range of 2 GHz, the calculated skin depth is approximately 2 pm.
Taking into account that the thickness to achieve the optimum value of kgf 7 is around 200 nm,

a current flow may be present through the electrode thickness leading to power losses. There
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is therefore a trade-off between thin metal electrodes which lead to resistive losses, and thick
metal electrodes which lead to mechanical losses. This situation is represented in Figure 2.11
where the Q-value at the resonance frequency has been plotted against the thickness of the metal
electrodes using Au, Al and Mo at the frequency of 10 GHz. For low values of t., the obtained
Q-value is low due to the electric losses associated as it has been previously commented. As
the value of t. is increased the maximum @-value is achieved when the electric and mechanical
losses are equal. Beyond that point, mechanical losses are the dominant with the consequent

degradation of ().
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Figure 2.11: Dependence of the ()-value of the series resonance with the electrode thickness for Au, Al
and Mo as a metal electrodes [67].

One solution in front of the decision in front of thin or thick metal electrodes is the use
of composite electrodes. This consists of using a metal electrode composed of Al and W layer,
taking advantage on the high acoustic impedance, and thus the high value of kgff, of the W,
and the high conductivity of the Al for a better conduction.

Finally, some considerations related with the analysis of the BAW resonator warrant dis-
cussion in order to obtain the position of the resonant frequencies, and thus the value of kgf f-
For a symmetrical structure in the thickness direction, i.e. a piezoelectric slab with the same
thickness and electrode material, the BAW resonator can be considered as the classical elec-
tromagnetic stepped impedance resonator (SIR) [112].The methodology applied to the analysis
of these structures can therefore be also applied to the case of the BAW resonator, using the
symmetry of the structure at the reference point z = d,,/2. The results obtained are completely

equivalent to the results obtained from equation (2.37), and for this reason the complete analysis
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of the BAW resonator with the commented technique has been included in Appendix A.

2.5 Other important one-dimensional models

As seen in the previous section, the Mason model was obtained from the analysis of the
propagation of the mechanical wave in the thickness direction. The equivalent electrical circuit
is considered an acoustic transmission line in a T-impedance configuration loaded with an
arbitrary mechanical load Zy and Z;. However, two more one-dimensional models must be
described in this section, due to their importance in the field of acoustic resonators: the KLM
and the Butterworth-Van Dyke (BVD) model. The former is a modification of the Mason model
which retains its distributed nature. The latter is based on the representation of the main
fundamental mode as well as higher harmonics by means of lumped elements. The BVD model

will be widely used in further developments.

2.5.1 The KLM model

The KLM model was developed by Krimholtz, Leedom and Matthaei in 1970 [113]. Like the
Mason model, the KLM model present also a distributed nature in which the piezoelectric slab
is modelled as an acoustic transmission line in its classical form, i.e. using two different conduc-
tors of length d,/2 each, unlike the T-impedance network form, which is found in Figure 2.12.
Likewise, as in the Mason model, the KLM model can be loaded with arbitrary mechanical loads
which can be cascaded at the mechanical ports. The difference between the Mason and KLM
models is given by the removal of certain lumped elements, between the top of the transformer
and the acoustic transmission line, in the latter. The transformer is placed at the central point
between the two transmission lines. In this case, the negative static capacitance —Cj is removed,
while the series branch in the electrical port now consists of the positive static Cy in series with

a reactance X; which is described as,

X; = ZoM?sin (dpw) NGV 1 (2.46)
vp w2y

The turn ratio of the transformer ® is defined as,

= <2;\4> s (C;f:) (2.47)

With this electrical equivalent circuit, the analysis of the input electrical impedance is very
easy. We only need to displace the acoustic loads Zy, and Zp through the transmission line with

characteristic impedance Z,. In this case, at the central point between both transmission line,
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Figure 2.12: KLM equivalent electrical model

the equivalent acoustic impedance will be,

217y

7 = 2.4
AT Z vz, (248)
where
/ _ ZL,H +ij tan (6dp/2) (2 49)

Bl Zy+ §Z1  tan (8dy/2)

The equivalent impedance Z’; can be now translated to the electrical port taking the turn ratio

into account. The input electrical impedance using the KLM model is therefore,
Lin=—=—+—+7X1+=5 (2.50)
wCp

The comparison of the obtained results using the Mason and KLM mode has been studied
widely in [114]. There, the agreement between both models for the thickness mode is total,

regardless of the boundary conditions used.

2.5.2 The Butterworth-Van Dyke model

Unlike the Mason and KLM model described above, the BVD model is an equivalent electrical
circuit made up of lumped components. This equivalent circuit has become as a very suitable
equivalent circuit for the BAW resonator for the fundamental operating mode, but also, higher
harmonics can be modelled by adding motional arms in shunt configuration with the static
capacitance. The equivalent circuit is found in Figure 2.13, where Cy corresponds to the static
capacitance, R, is the associated material losses resistance, R,, is the resistance associated with
mechanical losses [15], and L, and C,, are the motional inductance and capacitance. Also other

Ly, —C)y, in shunt configuration can be added to model higher harmonics or other present modes.



Chapter 2. Modelling Acoustic Resonators in One-dimension 49

] I O

Figure 2.13: BVD equivalent electrical model
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Figure 2.14: BVD equivalent electrical model

By one hand, the simplicity of the model, due to the fact that it only contains lumped
elements makes it to be very suitable for obtaining electrical models for more sophisticated
structures as will be shown in later chapters. This model is also very suitable for obtaining the
electrical characterization of a BAW resonator from a given measurement. In [115], a modified
BVD model is presented in order to extract the value of the various lumped components from
the measurement of a BAW resonator. The modified BVD model is shown in Figure 2.14. In
this case, in addition to the basic equivalent in Figure 2.13, the effects arising from the losses
of the access line represented by a series resistance and inductance with respective values Rg/2
and Ly/2, the effects of the parasitic capacitance due to the oxide layer with value C,,, which
is usually present in the structure in order to isolate the resonator from the substrate, and the
losses due to the substrate represented by the R — C' tank with values R, and Cj,p, have been
also taken into account. Taking into account the modified BVD model, Appendix B contains the
automated parameter extraction algorithm used, as well as the results obtained with measured

resonators.
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2.6 Chapter Summary

In this chapter, the analysis and the solution to the wave equation of the mechanical wave in one
dimension has been carried out, i.e. in the thickness direction, with lateral dimensions assumed to
be infinite. In this case, before the piezoelectric effect is taken into account, a generic slab can be
considered as an acoustic transmission line, since the electric equivalent circuit which describes
the propagation of the mechanical wave is completely analogous to the T-impedance network
transmission line on the electromagnetic plane. This analogy also means that the propagating
mechanical wave can be considered analogous to the TEM wave on the electromagnetic plane.
At the same time, the applied force F' is assumed to be analogous to the electric voltage V' and

the phase velocity of the mechanical wave v, to the current intensity /.

The piezoelectric effect has been described as a property of certain materials, in which
a certain applied mechanical force results in a generated electric field in the structure and
viceversa. When the piezoelectric effect is taken into account, analysis of the propagation of the
mechanical wave through the piezoelectric slab provides the well-known one-dimensional Mason
model. This is an equivalent electric circuit, which is composed of one electrical port and two
mechanical ports. The Mason model describes the electric behaviour of the piezoelectric slab
for any mechanical load condition. The conversion between electrical and mechanical energy is

modelled by means of a transformer which links the mechanical and electric port.

The simplest situation is when the piezoelectric slab is considered to have infinitesimal metal
electrodes and thus air as a mechanical load. In this case, the expression of the input impedance
for a piezoelectric slab is considerably reduced. In the electrical input impedance for a BAW
resonator, there are two clearly different resonances: the resonance, when the magnitude of the
input electrical impedance tends to a shortcircuit behavior, and the antiresonance or also known
as the mechanical resonance, in which the magnitude of the electric input impedance tends to
its maximum value. The phase of the BAW resonator shows that between resonances the BAW
behaves as a pure inductance. This is an inductive phenomenon with mechanical origin. Since in
this case there are not associated losses due to the metal conductivity, as it occurs in the electric
inductors, the obtained quality factor in a BAW resonator is very high. Out of the resonant

frequencies, the BAW resonator behaves as a pure capacitance given by Cj.

When the metal electrodes are taken into account, a series of effects appear in the electrical
behavior of the BAW resonator. These are called mass loading effects and are mainly related with
the resonant frequencies shifting and the consequent variation in the effective electromechanical
coupling constant. As has been seen, depending on the thickness of the metal electrode and
its mechanical properties, a maximum value of k:gf 5 can be achieved. It must also be taken
into account that the conductor material with the highest acoustic impedance leads to have a

maximum value for k:gf f
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Finally, although the Mason model is the reference model for analysis of the BAW resonator,
other one-dimensional models have also been described in this chapter due to their importance in
further developments. First, there is the KLLM which is a modification of the Mason model. This
is also a distributed model, in which the transmission line appears in its classical form, i.e. by
means of two different conductors, unlike the T-impedance network present in the Mason model.
Using this model, some of the lumped components present in the Mason model can be removed,
and particularly the negative static capacitance in the electric port of the transformer. Second,
there is the Butterworth-Van Dyke model, which is an electric circuit conisiting lumped elements
which is used to model the fundamental mode of a BAW resonator. The lumped nature of this
model makes it very suitable for obtaining electrical equivalent circuits of more sophisticated

structures, as will be discussed in subsequent chapters.
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CHAPTER 3

Modelling Acoustic Resonators in Three-dimensions

In the previous chapter, the BAW resonator was studied using infinite lateral dimensions. Us-
ing the analysis of the propagation of the acoustic wave in the thickness direction, the one-
dimensional Mason model and the KLM, and the Butterworth-Van Dyke equivalent circuit can
thus be obtained. This is a very good approach to the electrical behavior of the BAW resonator
for its fundamental mode operation and higher harmonics. However, the BAW resonator is com-
posed of different layers, mainly metal electrodes and piezoelectric material, with a finite lateral
dimensions. This means that not only the thickness can be excited in the BAW resonator, but

so can the lateral modes.

Taking the considerations above into account, the one-dimensional wave equation will first
be extended to the three-dimensional case. After this, since also lateral waves can propagate
along the structure, the origin and the resonance conditions of these modes for certain boundary
conditions will be analyzed. This leads to the introduction of the very important concepts of
energy trapping and acoustic dispersion, which are linked to the coupling between thickness and

lateral wave modes.

When characterizing the electrical behavior of the BAW resonator when lateral effects are also
considered, the need for a 3D simulator becomes evident. With this in mind, the finite element
method will be discussed, as well as the simulation strategy. The effect of lateral standing waves
on the electrical behavior of the BAW resonator will also be extensively discussed, from both
the electrical and the mechanical point of view. The discussions and results will be carefully

compared with various works related to these topics.
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3.1 Three-dimensional study of the piezoelectric slab

3.1.1 3D equation of the mechanical wave

The development of the one-dimensional equation of the mechanical wave was briefly discussed
in the previous chapter, with the lateral dimensions assumed to be infinite. However, BAW
resonators are finite structures, in which the finite lateral dimensions must also be taken into
account when analyzing the propagation of the mechanical wave in a BAW resonator. With this
in mind, a brief review of the 3D mechanical parameters must first be included, in order to
extrapolate the one-dimensional equation of motion to the 3D case. This development has been
widely studied, and it can be found in [28] and [46].

The 3D form of the strain S can be expanded from its one-dimensional form and can be

written as,
S:E:r Sxy S:EZ
S=1| Su Sy 5 (3.1)
Sza: Szy Szz
where ,
1 (9ul 8Uj
S = 5 (arj * an) (32)

being i and j the directions x, y and z. At this point we can assume that the strain tensor
is reciprocal due to the atomic structure of the piezoelectric materials (6mm hexagonal class),

leading to the matrix S to be symmetric.

From Hooke’s law, we can ascertain the ratio between the strain and stress by means of the
stiffness coefficient, as mentioned in the previous section. As a result, it is reasonable to extend
the 3x3 matrix form in the strain definition to the stress definition. Taking this into account,

the 3D form of the stress tensor can be defined by means of a symmetric 3x3 matrix,

Tyx Tgcy Ty,
T=| Ty Ty Ty (3.3)
Teo sz T,.

Using the 3D form of the Hooke’s law, it can be seen that the existence of a stress in some
direction will cause a certain strain not only in the same direction but also in the perpendicular
directions. Furthermore, depending on the material properties, the coupling between the stress
and strain in different directions may be different. If the material is isotropic, the stress and

strain will couple in the same way in the three directions. The developed form of the 3D Hooke’s
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Table 3.1: 3D indices nomenclature.
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law developed for an isotropic material can be written as,

Tez = ConzaSze + szyysyy + Crz22522
Tyy = cyyaaSea + CyyyySyy + Cyyz2Szz
2 = CazzaSzz + sznyyy + 2222522

T,

3.4
Txy = C:pymysxy ( )
Tz = Cuzz2Saz
Ty. = cyzyzSy=

If we deal with anisotropic materials, a given stress can couple to the six possible shear
strains. Due to the complexity involved in writing the Hooke’s law for an anisotropic materials,

a reduced form can be used,

3 3
T;j = Z Z CijkiSki (3.5)

k=1 k=1
where i, j, k and [ represents the various directions x, y and z. However, this nomenclature

is still tedious and that is why the next compact notation can be used: c¢jjp; — c¢ry , I =
1...6, J = 1...6. This notation is clarified in Table 3.1.

Once the nomenclature has been clarified, the 3D Hooke’s law in its expanded form is finally

written as,
[ Ty [ c11 ci2 ci3 | ciu c5 c6 | [ S1 ]
T €21 C22 €23 | Co4 Co5 C2p Sa
T3 _ |31 e c33 | e c35 C36 S3 (3.6)
Ty C41 C42 C43 | C44 C45 C46 Sy ’
Ts €51 Cs52 C53 | Cs54 Cs5 C56 S5
L 16 | | c61 C62 Ce63 | Cea Co5 Co6 | L S |

The ¢ matrix in (3.6) has been blocked in four different regions. The upper left region
represents the coupling between the longitudinal stresses and strains. Here, the diagonal terms
couple both parameters in the same direction, while the off-diagonal terms couple the stresses
and strains in orthogonal directions. These terms are given by Poisson’s ratio o, which is a

dimensionless constant of the material that gives the ratio between orthogonal components of
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the stress and the strain. The upper left region will be always filled regardless of the type of

material.

The lower right region represents the coupling between shear stresses and shear strains.
The diagonal terms are always present in this matrix. However, depending on the material
properties, the off-diagonal terms may or may not be present. Finally, the lower left and upper
right region of the matrix represents the coupling between shear stresses and longitudinal strains
and longitudinal stresses and shear strains. These terms may or may not be present depending

on the material properties.

The materials used in this work belong to the class 6mm hexagonal systems, where the only
terms that are present in the stiffness matrix are those belonging to the upper left region and the

diagonal of the lower right region. The stiffness matrix for this material class takes the following

form,
[ C11 C12 (13 0 0 O 1
Cl12 C11 (13 0 0 0
c13 c13 c33 O 0 0 _C11 —C12
0 0 0 ey 0 0 |7 77 (37)
0 0 0 0 C44 0
L 0 0 0 0 0 «ce6 |

where it can be seen that there are five independent terms. Also note the symmetry properties
of this matrix where c12 = co21, ¢13 = ¢31 and c99 = c11. Taking into account the 3D definition of
the mechanical parameters related with the wave equation, the mechanical equation expanded

to the 3D case can thus be derived from the Newton’s and Hooke’s law as,

oT;; 0%u;
8.%‘ =f ot? (3.8)
Tij = cijriSk (3.9)

Finally, related with the piezoelectric effect, the piezoelectric stress matrix e, in its 3D form,
for a 6mm hexagonal class piezoelectric material is expressed as,
0 0 0 0 e35 O

0 0 0 e 0 O (3.10)
e31 e31 esz O 0 O

3.2 Propagation of Mechanical Waves in the Lateral Dimension

As it was briefly discussed in the introduction to this chapter, the structure of the BAW resonator
is finite in its thickness direction but also in its lateral dimensions. Mechanical waves propagating
in the lateral directions of the structure may thus also be present in the electrical behavior of the

BAW resonator. Taking into account that several mechanical waves may be propagating in the
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(b) Transversal waves

Figure 3.1: Particle displacement and propagation direction for longitudinal and transversal waves [67].
Vertical definition of the wavelength denotes waves propagating in the thickness direction while horizontal
definition of the wavelength denotes waves propagating in the lateral direction.

structure, it is worth of clarifying the nomenclature used for them. In the one-dimensional case,
the wave propagates in the thickness direction and the particle displacement was also assumed
to be in the same direction. These kind of waves are represented in Figure 3.1(a) on the left side,
and we use to refer to them as thickness modes. They are sometimes also called longitudinal.
However this may lead to confusion since waves propagating in the lateral dimension with the
particle displacement also in the lateral dimension are also longitudinal as seen on the right
side in Figure 3.1(a). On the other hand, we use the term shear waves to refer to the kind of
waves in which the propagation direction and the particle displacement direction are orthogonal.
This case is represented on the left side in Figure 3.1(b). The literature also includes the term
thickness shear (TS), which is related with waves propagating in the lateral direction with the
particle displacement in the thickness direction as seen on the right side in Figure 3.1(b). These
kind of waves will be widely discussed along this chapter since the origin of the main lateral
spurious resonances are associated to them. They are also referred to as Lamb waves [46] since

they are lateral waves propagating in a finite plate with a finite thickness dimension.

In order to analyze the origin and the resonance conditions for lateral standing waves, we
are going to use the scenario found in Figure 3.2, which shows the cross section of the BAW

resonator. It clearly distinguishes between two different regions: the electroded region, i.e. the
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Electrodes

Figure 3.2: Definition of the different region in an acoustic resonator.

area consisting of the piezoelectric material between metal electrodes at ¢ = 2, and the non-
electrode region, which is the surrounding area at ¢ = 1 and ¢ = 3. The resonance condition will
be obtained by analyzing the mechanical displacement in the structure, taking the boundary

conditions into account.

3.2.1 Resonance condition for Lamb waves

For isotropic materials, the independent elastic stiffness constants are represented by c¢;; and
c44. On the other hand, in this kind of materials, the Lame’s constants, A and u, are used as the
quantities equivalent to two elastic stiffness constants. The relation between stiffness and the
Lame’s constants is given by c11 = A+ 2p and cq4 = p [46]. Using the Helmholtz’s theorem, also
known as a Fundamental theorem of vector calculus, which states that every vector field can
be considered to be generated by a scalar function ¢ and a vector function A', the displacement

vector 4 can be decomposed in,

Gi=Vo+VxA (3.11)

where
—wpp = (A +2u) V2o (3.12)
—w?pA = VA (3.13)

Taking the above equations into account, it can be stated that the scalar function ¢ is related
with the longitudinal wave and the vector function A is related with the shear waves. The
solutions for ¢ and A are ¢ = ALejE'F and A = Aigej’g"7 where A; and Ag are amplitude
constants, 7 is the position vector and k is the wave vector. The solution to the equation for the
displacement vector in (3.11) therefore consists of the sum of a displacement component related
with the longitudinal wave and a displacement component related with the shear wave. For the

sake of simplifying the development, the structure is considered to be infinite in the y—direction.
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Considering, then, the wave propagating in the lateral x— and the longitudinal z— direction,
the wave vector is defined as k = kytiy + k,u,. The displacement on the surface of the plate

z = 0 becomes,
iz =0) = VALel*® + V x Age?F=® = Ceha® (3.14)

where C is the constant amplitude vector. The form of the previous equation shows that the

wave behaves like a travelling harmonic wave on the surface of the plate.

The vibration on a plate can be described by the interaction of two harmonic waves travelling
in opposite directions. In this case, the displacement of a Lamb wave is given by a scalar function
U(x) as,

U(z) = Ae 7k 4 Beike (3.15)

However, in the piezoelectric resonator, at least, there are two different regions (electroded and
non-electroded), making the values of A, B and the wave number k to be different in each region

1. Therefore, the previous equation may be rewritten as,

‘Ifz(xl) = Aie_jkimi + Biejkimi (316)

The mechanical boundary conditions in a semi-infinite crystal are extensively described in
[33], section 5.1.2. Here, the stress on the surfaces of the crystal is said to be zero, and thus this

situation can be expressed as,

" ou,
0z

=0 (3.17)

At the same time, due to the continuity condition between regions, the mechanical displacement
must be continuous and the stress must be equal on both sides of the interface resulting in the
next equalities,

Ui (x; =W;) =V (2541 =0)

dz |g=w,  dx

@i4+1=0

Taking into account the boundary conditions that must be fulfilled, the relation between the

progressive and regressive wave amplitude at region i = 2 becomes [62],

5=l 3.19
By ( )
where s = 1 for the symmetric solutions of the displacement, and s = —1 for the antisymmetric

solutions. Figure 3.3 shows both types of wave solution, while Figure 3.4 shows the particle

displacement for the first symmetric and antisymmetric modes. By inserting the ratio between
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Symmetric Antisymmetric

Figure 3.3: Symmetric and Antisymmetric Lamb waves [33].

Figure 3.4: Particle displacement for the first four Lamb modes. S refers to symmetric modes and A to
asymmetric modes .

Ay and By in the set of equations related with the continuity of the mechanical displacement,

and equaling the real and imaginary parts, the resonance condition can finally be obtained,

2K [ks

sin (koWo) = s —————
1+ (K1 /ks)?

(3.20)
where Kl :jk‘1.
The piezoelectrically generated voltage can be calculated as the integral of the mechanical dis-

placement over the electroded region W, as,

We
V= h/\I/dx (3.21)
0

where h is a proportionality constant. In this case, we can therefore express the piezoelectrically

generated voltage as a function of the obtained values A; and B> as,

h —hjk ¥
V= (s+1)(Ay — By) = —2 1205 4 1) (3.22)
Ik k3
where it can be seen that the antisymmetric solutions (s = —1) cannot be piezoelectrically

generated, unlike the symmetric solutions.
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Figure 3.5: (a) Cut-off frequency diagram for a BAW resonator with dispersion type I. (b) Dispersion
curves for the thickness extensional TE1 mode in the active and outside regions. [67]

3.2.2 Acoustic dispersion

Before talking about the acoustic dispersion, it is required to introduce the energy trapping
concept. This concept enables the lateral effects in a BAW resonator to be studied in more
depth. The concept was introduced by Shockley in [48], who says that: If the portion of the
surrounding region in a BAW resonator (x < —L and = > L in Figure 3.5(a)), in our case
i = 1,3, presents a higher cut-off frequency than the exciting frequency, the resulting vibratory
energy is essentially confined to the active region (—L < x < L), in our case i = 2, with an
energy distribution decreasing exponentially with the distance away from the resonator. In other

words, the oscillating energy is trapped within a confined region.

The lateral propagation constant 3 can be pure real, pure imaginary or complex leading
to a sinusoidal propagating wave, to an exponentially decreasing wave or to an attenuating
sinusoidal propagating wave respectively. The BAW resonator can be also understood as an
acoustic waveguide with a certain cut-off frequency, where the lateral wave number § can be

related with the cut-off frequencies as,

5= \/m (3.23)

However, it can be seen that (§ also depends on the parameter «. This is a dispersion type
parameter which is @ > 0 for materials with dispersion type I, and a < 0 for materials with

dispersion type II [62].

Let us first consider a dispersion type I BAW resonator. The cut-off frequenciy diagram is

shown in Figure 3.5(a). For a certain frequency between the cut-off frequency of the active region
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denoted as f.q, and the outside cut-off frequency f.,, the lateral propagation constant is real
in the active region (8 € R), leading to a propagating sinusoidal wave; and purely imaginary
in the outside region (5 € ), and thus an exponentially attenuating propagating wave. Figure
3.5(b) shows the dispersion relation curves for the fundamental thickness mode in the active and
outside region, where the situation discussed here is clarified. The gray shading denotes purely
imaginary (8 values. The dispersion curves give a response to the kind of waves characterized
by the lateral propagation constant 3 can be supported by the BAW resonator at a given
frequency. The dispersion curves are usually obtained by means of matrix methods, some of

which are reviewed by Lowe in [51].

Also very useful is the analysis in [28], in which as previously assumed, the BAW resonator
is an acoustic waveguide. Here, after some mathematical transformations, the eigenfrequencies
which are the solution of the wave equations, with reflecting walls at the top, bottom, and lateral

boundaries, are expressed as,

Vo IN 1 Md,\?
a 1 p .24
Inm 2d, [ (2 WN> ] (3.24)

where v, is the acoustic velocity for the lateral wave, W is the width of the top electrode, with
M,N = 1,3,5,.... In other words, for a given mode NN, there are a series of harmonic modes
given by M = 1,3,5,... which represent the spurious resonances that are generally present in
the electrical behavior of the BAW resonator. It must to be pointed out that this result is valid
for longitudinal lateral propagating waves. If we are interested, the lateral standing waves come
from the interaction between thickness and shear modes. That is why more sophisticated matrix

methods are required to predict the position of the lateral spurious modes.

With respect to dispersion type II resonators, the situation is the inverse of that discussed
above. In this case o < 0, and frequencies above the cut-off frequency of the active region will thus
present a pure imaginary propagation constant leading to an exponentially attenuating wave,
while frequencies below the cut-off frequency of the active area will present a real propagation
constant leading to sinusoidal propagating waves. As will be discussed in subsequent chapters,
the spurious modes in the dispersion type I resonators are present above the resonance frequency

of the BAW resonator, while for dispersion type Il they are present below this frequency.

The presence of lateral spurious resonances in the electrical behavior of the BAW resonator
is due to shear modes which, under the proper boundary conditions, are coupled to the thickness
mode. The nature of the dispersion type in a BAW resonator is given by the relation between the
resonance frequency of the thickness and shear modes. Figure 3.6 shows the dispersion curves
including both the thickness and shear branches. It must to be pointed out that the thickness
shear T'S1 mode occurs at very low frequencies, making the effects at the fundamental resonant
frequencies of the BAW resonator almost negligible, and this is therefore not shown in the Figure.

However, the T'S2 mode is closer to the fundamental thickness mode frequency. In dispersion type
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Figure 3.6: Dispersion curves showing the thickness and shear branches for different materials with a
specific Poisson ratio o [63].

I resonators, the TS2 resonance frequency of this mode is below the TE1 resonance frequency.
For dispersion type II resonators the situation is the opposite, as the resonance frequency of
the TS2 mode is above the TE1 resonance frequency. That is, using the dispersion relations,
we can predict the frequencies at which the fundamental TE mode couples with the different
harmonics of the TS2. It can also be seen that the Poisson ratio is obtained by means of the

relation between longitudinal and shear acoustic velocities.

The origin and the resonance condition for lateral standing waves have been considered in
this chapter. It has also been seen that predicting the position of spurious resonances in the
electrical behavior of the BAW resonator is not an easy task, since it requires sophisticated
matrix methods. The need for a 3D analysis tool in order to characterize the electrical behavior
of the BAW resonator is therefore obvious. To this end, the Finite Element Method (FEM) will

be used to simulate the BAW resonator from the electrical and mechanical point of view.

3.3 Finite Element Method

The BAW resonator performance has been widely described by means of the Mason and the
KLM one-dimensional models. As discussed in chapter 3, the Mason model arises from the
propagation of the acoustic wave in the thickness dimension, and lateral dimensions are therefore
considered infinite. However, BAW resonators present a finite lateral dimension, which must be
considered in the study of their electrical behaviour, due to the presence of lateral standing

waves as seen in the previous section. A 3D simulator must be used for this purpose and,
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of course, it must be capable of analyzing coupled-fields (Electro-mechanical fields). The 3D
simulators use various techniques: Momentum, Finite Difference Time Domain (FDTD) and the
Finite Element Method. The software chosen for this work was ANSYS Release 11.0, which
uses the FEM method, since a solution for the coupled-fields analysis is also provided. The
Finite Element Method was originally introduced by Turner in 1956 [116], in order to provide
approximate solutions to a wide variety of engineering problems with complex domains subjected
to general boundary conditions. The basis of FEM relies on the decomposition of the domain,
which is a continuum with a known boundary, into a finite number of subdomains, which will be
called elements, for which the systematic approximate solution is constructed by applying the
variational or weighted residual methods. The ability to discretize the irregular domains with

finite elements makes the method suitable for this study.

Taking into account the basis of the FEM method, the BAW resonator will be discretized
in a finite number of elements to carry out the coupled-fields analysis. Each element of the
discretized structure is connected to each other by their common nodes. A node specifies the
coordinate’s location in space containing certain degrees of freedom. This situation is shown in
Figure 3.7.

Depending on the geometry of the problem, the domain can be discretized in line, area or
volume elements, where each of those elements, identified with an element number, is identified
by a given number of nodes. Due to the nature of the structure of the BAW resonator, volume
elements are the most suitable for the discretization process. The type of element to use must
be chosen taking into account the degrees of freedom available in the nodes contained in the

element, and the reaction solution.

The nature of the structure under study requires two different types of element for its full
characterization: a structural element for the non-piezoelectric layers (metal electrodes, coupling
layers, Bragg reflector layers), and a coupled-field element for the piezoelectric layers, in order
to solve the constitutive equations governing the piezoelectric effect. For the former, the element
type is the ”SOLID95”, while for the latter it is the "SOLID226”. Both elements are 20-node

(X55¥7) (XeYs) (X55Y5)

y (X,.Y,) (X,oY.)
(X,Y2)

X Common Nodes
(X3,Y5)

Figure 3.7: Division of the domain into elements.
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Figure 3.8: Basic BAW resonator discretized in elements.

Table 3.2: Element type definition.
Degrees of Freedom Reaction Solution
SOLID95 Uz, Uy, Uy Force
SOLID226 Ug, Uy, Uz, V Force, Electric Charge Q.

hexahedral brick elements. Figure 3.8 shows the discretized BAW resonators in these elements.
The degrees of freedom and reaction solutions for each element type are listed in Table 3.2. The
element type referred to in the non-piezoelectric layer contains the mechanical displacements u,,
Uy, U, as degrees of freedom, and the force as a reaction solution. For the piezoelectric element,
the degrees of freedom are u,, uy, u., the electrical voltage V, and the reaction solutions are

the mechanical force and electric charge Q. with negative sign, since this is a reactive solution.

3.3.1 Simulation strategy

This section provides the basis for carrying out a 3D simulation of a BAW resonator using the

FEM method. The various steps used in the simulation can be summarized as:

1. Define the geometry of the structure. First of all, the different variables related with

the physical geometry of the structure are defined.

2. Define the elements in which the structure must be discretized. In this case, as
mentioned above, the elements used are SOLID226 for the piezoelectric layer and SOLID95
for the non-piezoelectric layers. Note that different options must be set for the SOLID226
element, since not both electro-mechanical analysis and different coupled field analysis is
possible.In our case we must therefore specify the type of degrees of freedom that the

element must contain in order to carry out the desired analysis.
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. Define the material parameters. At this point, once the element type has been defined

for each layer of the structure, the material parameters must be defined. The piezoelectric
material is defined with the density p, the electric relative permittivity matrix [e,], the
piezoelectric coupling matrix [e], the stiffness matrix [¢] and, if required, the losses of the
material in the form of the damping ratio &, which is directly related with the quality
factor of the materials. The non-piezoelectric layers are usually defined with the density of
the material p, the Young modulus matrix [F], the Poisson’s ratio ¢ and the shear module
matrix [G]. As is the case with the piezoelectric material, losses in the form of a damping

ratio can also be set.

. Create the structure using volumes. In this step, using the definition of the structure

in step 1, the structure must be created using volumes with the corresponding size. Once
the structure has been created, a boolean operation called VGLUE must be applied to the
structure. The result of ”gluing” the full structure is a structure where each area which is in
contact with another one belonging to a different volume shares the same boundaries and
nodes, i.e. this operation provides mechanical and electrical continuity between different

volumes.

. Assign element type and material to the different volumes of the structure.

In order to mesh the structure, the type of elements and materials must be linked to the

different volumes composing the structure.

. Mesh the structure At this point, the size of the elements must be set in order to

mesh the structure. There are various ways to mesh the structure. The kind of elements
that can be used to mesh the structure are: tetrahedral, hexahedral or a mixed mesh,
using the previous shape. The suitability of each mesh element depends on the nature
of the structure. In our case, since the geometry is formed with square blocks, the most
suitable type is the hexahedral mesh, since the final meshed structure presents a perfect
symmetry in each direction, thereby reducing numerical errors. As discussed below, this
is a critical point since depending on the mesh size, the results may not converge to the

desired solution.

. Set the boundary conditions. Due to the finite character of the structure, certain

boundary conditions must also be applied to it. In the case under study, the boundary
conditions are of two different types: electrical and mechanical boundary conditions. The
electrical boundary conditions are related with the definition of the electric voltage in the
structure. As can be seen in Figure 3.9, the interface between the piezoelectric layer and
the top electrode has been set at a certain value of V', usually V' =1 V, and the interface
between the piezoelectric layer and the bottom electrode has been grounded, i.e. V=0 V.

Note that the electric voltage is applied to the piezoelectric layer since the elements which



Chapter 3. Modelling Acoustic Resonators in Three-dimensions 67

u=u=u=0
1 I

z N\ \ VLS V O\ \\
\ \ \ . NN . \ \ \\ \
NN AN N\ N\

X

Figure 3.9: Definition of the electrical and mechanical boundary conditions in the BAW structure.

conform this layer contain it as a degree of freedom. As regards the mechanical boundaries,
the BAW structure will be assumed to be clamped, i.,e. the mechanical displacement at
the edges of the structure will be null, i.e. u; = u, = u, = 0. What is usually done in this
kind of analysis is all the nodes are coupled with some degree of freedom -in this case with

the same electric potential- to a single node, in order to obtain the final result easily.

8. Simulate the structure. ANSYS provides various types of simulation: Static, Modal,
Harmonic, Transient, Spectrum, Eigen Bucking and Substructuring. When simulating
BAW resonators, two of them are of great interest: the static and the harmonic. With
the former, the value of the static capacitance Cy can be computed and compared against
the theoretical value. The latter allows us to obtain the frequency response of the BAW

resonator.

In order to carry out the harmonic analysis, different methods can be used: Full, Reduced
and Mode Superposition method. In this work, different harmonic analysis have been
carried out by means of the Full method. This is the easiest of the three methods. It
uses the full system matrices to calculate the harmonic response, i.e. there is no matrix

reduction. The advantages of this method can be summarized as:

- There no need to choose master degrees of freedom or mode shapes, as occurs with the
Reduced Method.

- It uses full matrices, and there is therefore no mass approximation involved in the analysis.

- This kind of method allows symmetric and unsymmetrical matrices, which are typical of

acoustic applications.
- It accepts all the available load types.
- It allows effective use of solid-model loads.

The disadvantage compared to other methods is that this kind of analysis is more time-

consuming.

Once the computation method, the frequency range and the number of steps have been

set, the harmonic analysis can be carried out.



68

3.3. Finite Element Method

Figure 3.10: Electric current density in a dielectric slab.

9. Post-process the results. The results available using the piezoelectric analysis are the

mechanical force and the electric charge Q. with a negative sign (because it is a reaction
solution). However, the aim is to obtain the electrical input impedance in order to study
the electrical behaviour of the BAW resonator. In order to compute the electrical input

impedance, we can first consider the BAW resonator as a dielectric slab as done in [117].

Figure 3.10 shows a current source connected to a resistor and a parallel-plate capacitor,
which is equivalent to a piezoelectric slab. The electric current density can be understood
as the sum of the conduction current density J. through the resistor, and the displacement
current density J; through the dielectric material. In addition to Maxwell’s equation, the
called ” continuity equation” refers to the current density J;., where J;. = J;+J., with the
charge density ¢e,. It relates the net flow of current out of the small volume to the rate of
decrease of the charge, and takes the form,

~ 94eu

v‘]l: )
ot

V - Jie + jwqey = 0 (3.25)

By integrating both terms in a certain volume we can write,

// VV +Jiedv + ///V jW(evdv =0 (3.26)

Taking into account that the integral of the charge density in a certain volume results in

the total electric charge, and the divergence theorem,

ﬂs Ads = / / fodv (3.27)

the continuity equation can be rewritten as,
) JidS = —juQe, T=—juw, (3.28)
S

The minus sign in the second term of the equation indicates the opposite direction between
the electric charge and the current intensity. As we have set the voltage in the top surface
of the piezoelectric slab, the electrical impedance can be obtained by means of the Ohm’s

law.
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For the purposes of this work, we are interested in the electrical characterization of the BAW
resonator. That is why the post-process step has been focused on this area. However, the 3D
simulator used enables us to go beyond observation of the electrical behavior. The mechanical
phenomena governing the BAW resonator can also be studied, and in most cases, this can be
very useful for full understanding of the various effects observed. As discussed in subsequent
sections, we are going to use both the electric and mechanical behavior to describe the origin of

unwanted modes and thus the degradation of the expected performance of the BAW resonator.

The source code for carrying out the simulation of a conventional BAW resonator can be

found in Appendix C.

3.4 3D Simulation of Acoustic Resonators

In this section, we are going to carry out the 3D simulation of the BAW resonator, once the
basis for carrying out this simulation has been stated. First, we need to state the required
conditions in the 3D simulator in order to obtain an accurate solution. To do this, we expect
the 3D simulation of the BAW resonator to converge with the obtained results by means of one-
dimensional models of the resonant frequencies position, and therefore the value of the effective
electromechanical coupling constant, but also the static capacitance Cy. In the first step, we
are therefore going to simulate a piezoelectric slab, neglecting the effect of the electrodes, and
setting the lateral dimension as much larger than the thickness dimension, i.e. similar to the
one-dimensional scenario. Afterwards, the BAW resonator will be simulated with the presence

of the metal electrodes.

3.4.1 3D simulation of a piezoelectric slab with infinitesimal electrodes

Figure 3.11 shows the piezoelectric slab which is going to be analyzed in this section, where as
has been discussed, the metal electrodes are considered to be infinitesimal. The corresponding
dimensions of the piezoelectric slab are shown in Table 3.3, where the piezoelectric material is
ZnO. Note that the lateral dimensions are much bigger than the thickness dimension, making
the BAW resonator behave like a one-dimensional structure. As mentioned above, although the
lateral dimensions of the piezoelectric slab are finite, the convergence with the Mason model for
the fundamental longitudinal mode and successive harmonics must be accomplished, as well as
the value of Cy. To do so, the mesh density must be fine enough for an accurate result to be

obtained.

In order to obtain the response of the fundamental mode, somehow, the size of the used
elements in the discretization of the structure must be small enough to converge to the expected

result. Therefore, we can directly relate the wavelength of the fundamental mode with the mesh
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Figure 3.11: Definition of the piezoelectric slab.

Table 3.3: Dimensions of the piezoelectric slab in Figure 3.11.

Material Thickness dimension d, Lateral dimension L
Zinc Oxide 1.52 pm 130 pm

size. When the electrodes are infinitesimal the wavelength of the fundamental longitudinal mode
is related with the piezoelectric thickness as d, = A/2. In [61], the number of elements used in
the thickness dimension is 2, the same as A/4 in terms of the acoustic wavelength. Some other
techniques, such as the method of moments are a good approach for using an element size for
meshing of A/10.

The lateral dimensions must also be taken into account in order to set the mesh size. Relating
the mesh size with the lateral dimension entails a very large number of elements in the thickness
dimensions. In our case, the ratio between lateral and thickness dimension is around 85:1. Using
10 elements in the thickness direction entails an element size of L,, = 0.152 ym. We can easily
calculate the number of equations that the simulator tool should solve: the number of elements
present in the surface with area L? is n = L?/L2 = 731.475 elements. This means that the
number of elements in the whole structure is n = 7.31 - 10%. Finally, each of the elements
contains 20 nodes, where the corresponding constitutive equations are solved. It is clear that

this would lead to a very expensive cost-time simulation.

The proposed solution for overcoming this problem consists of meshing the structure inde-
pendently in the lateral, X- and Y-dimension, and the thickness Z-dimension. To do so, there is
a very simple method that consists of forming the piezoelectric layer by using as many layers as
there are number of elements in the Z-dimension. If the desired number of elements is N = 10,
then the piezoelectric layer will be composed of a stack of 10 independent piezoelectric layers
of thickness d; = d,/N. In this case, since the BAW resonator is physically truncated in the
thickness dimension, a single element will be considered on each layer, although the size of the
element is bigger than the thickness of each single piezoelectric layer. The mesh size can be thus

directly related with the lateral dimensions, regardless of the number of layers in the thickness.

The first step is to establish the required number of thickness elements in order to achieve
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Figure 3.12: Convergence for the resonance and antiresonance frequency with the Mason model.

convergence in terms of the Mason model response. To do so, different simulations have been
carried out for different numbers of divisions in the thickness dimension. The result is shown
in Figure 3.12, where it can be seen that the convergence is achieved for a number of thickness
divisions starting at N = 10 which is A/20. It must be pointed out that these simulations
were carried out for the fundamental thickness mode. For higher harmonics, the wavelength
decreases. This means that the number of elements must be increased in order to converge with

the expected result.

Figure 3.13 shows the resulting electrical input impedance obtained by means of the 3D
simulator and compared with the Mason prediction for the fundamental mode 3.13(a), and the
first harmonic allocated at 3 f, in 3.13(b). The 3D simulation has been carried out using N = 10
divisions in the thickness dimensions, and using a size element of L,, = 5 um, which leads to 25
elements in the lateral dimension. It can be seen that the agreement between both responses for
each case is very good in terms of resonant frequencies, and also in terms of the static capacitance

out of the resonant frequencies Cj.

As mentioned above, both the electrical and the mechanical behavior of the BAW resonator
can be obtained. For our purposes, we are interested in the distribution of the mechanical
displacement in the thickness direction in order to see how the BAW resonator is vibrating and
deformed. The distribution of the mechanical displacement in the thickness direction is shown in
Figure 3.14 for the resonance and antiresonance frequencies. It is apparent that the distribution
is uniform in the center of the structure, but this is not fully extended to the whole surface.
This is due to the fact that we have imposed that the BAW resonator is clamped at the edges,
that is, u; = uy = u, = 0, otherwise, the distribution would be extended to the full surface
of the BAW resonator. It can also be seen that in the case of the antiresonance frequency,
the displacement is maximum, while in the case of the resonance frequency it is minimum. As

discussed in Appendix A, due to the symmetry of the BAW resonator, a vertical symmetry
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Figure 3.13: Electrical input impedance comparison between the Mason model and the 3D simulation
for: (a) Fundamental mode and (b) the first harmonic mode.
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Figure 3.14: Mechanical Z-displacement distribution : (a) Antiresonance frequency and (b) resonance
frequency.

arises at dp,/2. At this point, in the case of the antiresonance frequency, the excitation mode is
even, which means that at this point the equivalent impedance corresponds to an open-circuit.
In the case of the resonance frequency, the excitation mode is odd, which means that at d,/2
the equivalent impedance corresponds to a shortcircuit. That is why, the mechanical behavior

of the BAW resonator at the two frequencies is the opposite.

In Figure 3.15, the magnitude of the mechanical displacement in the longitudinal direction is
also shown for the fundamental mode in 3.15(a), and the first harmonic in 3.15(b). In the former,
it can be seen that the wavelength of the mechanical wave along the piezoelectric layer is \/2 as
predicted, while for the latter, the wavelength corresponds with 3A/2. In other words, the BAW
resonator present a periodic behavior with the odd multiples of the fundamental frequency. We
can state that the BAW resonator is deformed in a compression/expander way, as can also be

seen in Figure 3.4 for the S1 mode, i.e. the fundamental symmetric thickness mode.
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Figure 3.15: Mechanical Z-displacement in the piezoelectric layer : (a) Fundamental mode and (b) the
first harmonic.

Thickness Mode Condition

As it has been seen, the lateral dimensions of the piezoelectric slab are large enough to converge
with the one-dimensional Mason model response. In this situation, the so-called thickness mode
condition is accomplished. That is, the lateral dimensions are large enough to make the resonance
frequency of lateral waves to be far away from the fundamental mode, or even to be evanescent
if losses in the piezoelectric slab are included. Some works have presented the ratio needed
between lateral and thickness dimension (L/d,) to have a pure thickness mode resonating in the
BAW resonator [118, 119]. As the lateral dimensions of the BAW resonator becomes comparable
to the thickness dimension, lateral modes are strongly coupled to the thickness mode [119].
Part of the energy contained in the thickness mode thus leaks to the lateral mode making the
electromechanical coupling constant to be degraded. This also results in a decrease in the quality
factor @ of the BAW resonator. In this situation, the antiresonance frequency is still directly
related with the thickness dimension of the BAW resonator. If the value of the electromechanical
coupling constant is degraded, the resonance frequency will therefore be shifted to higher values,

that is, the frequency difference between the resonance and antiresonance frequency will be lower.

In order to analyze this, several simulations have been carried out for different ratios between
lateral and thickness dimensions. The results are found in Figure 3.16. Here four different BAW
resonators with a thickness d, = 0.5 pm, 1 pm, 1.5 ym and 3 pm have been simulated decreasing
the lateral dimensions. It can be seen that as the ratio between the lateral and thickness dimen-
sion becomes smaller, the convergence error compared to Mason model becomes greater. Using
the results obtained, it can therefore be stated that for a ratio of 40:1, the error convergence
in the resonance frequency is below 0.1%, making the value of the electromechanical coupling

constant remain at the expected value.
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Figure 3.16: Convergence for the resonance frequency to the Mason model for different ratio between
lateral and thickness dimension.

In order to validate the results above, Figure 3.17 shows the convergence error of the res-
onance frequency as a function of the lateral dimensions for different resonators provided by
Triquint Semiconductors. As expected, as the lateral dimensions of the resonator becomes larger,
the error in the resonance frequency becomes closer to zero. The value of the effective electrome-
chanical coupling coefficient is also plotted. In this case, as the resonance frequency moves
towards its predicted value, the value of kgff tends to higher values. This is due to the fact
that for small lateral dimensions, lateral modes couples strongly with the thickness extensional
mode, leading to a leak of the energy of the main mode with the consequent degradation of the

effective electromechanical coupling coefficient and the @)-value.
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Figure 3.17: Convergence error in the resonance frequency and effective electromechanical coupling
factor as a function of the lateral dimensions for measured BAW resonators.
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i Active Area
Figure 3.18: Definition of the electroded BAW Resonator.

Table 3.4: Dimensions and materials of the BAW resonator in Figure 3.18.

Layer Material ~ Thickness dimension Lateral dimension
Top electrode Aluminum 100 nm 100 pm
Piezoelectric Zinc Oxide 1.52 pm 130 pm
Bottom electrode  Aluminum 100 nm 130 pm

3.4.2 3D simulation of an electroded BAW resonator

The requirements in the 3D simulation in order to converge with the one-dimensional Mason
model have been stated for the BAW resonator with infinitesimal electrodes in terms of the num-
ber of thickness elements, and the ratio between the lateral and thickness dimensions. However,
in the previous section, since there was no region distinction (electroded and non-electroded re-
gion) the presence of lateral unwanted modes was not evident. In this section, the BAW resonator
is going to be analyzed with the presence of metal electrodes. To that end, the BAW resonator
to be analyzed is shown in Figure 3.18, and the materials and dimensions of the different layers

are shown in Table 3.4.

Figure 3.19 shows the resulting electrical input impedance of the BAW resonator using the
3D simulation compared to the one-dimensional Mason model. The result shows a very large
number of spurious resonances in the electrical response. The spurious resonances present in
the electrical response can be classified in two different groups depending on their origin: cavity
modes and lateral standing wave modes. The origin of the cavity modes comes from the artificial
boundary conditions considered in the structure. The mechanical displacement has been set to
zero in the lateral edges, making the BAW resonator to be clamped. As a result, the mechanical
wave is reflected at this interface, making the mechanical wave to propagate along the whole
structure. In order to avoid these modes, PML (Perfectly Matched Layers) can be used at these

edges of the structure. This is an artificial absorbing layer which is designed so that incident
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Figure 3.19: Electrical response for a BAW with no losses.

waves upon the PML from a non-PML layer do not reflect at the interface. However, the solution
used in order to avoid this kind of spurious resonances is the inclusion of material losses in the
form of mechanical damping in the piezoelectric layer. The value of the damping ratio is related

with the quality factor of the BAW resonator as,

Q=— (3.29)

In order to clearly observe the distribution that the modes mentioned above present in the
electrical behavior of the BAW resonator, and specifically the cavity modes, the lateral dimension
of the whole structure L, has been set to a higher value. Figure 3.20(a) shows the mechanical
displacement distribution for the fundamental thickness mode. It can be seen that this presents
a uniform distribution which is confined in the electroded region as it was discussed in Figure
3.14. Figure 3.20(b) shows the sum of the mechanical displacement distribution for the cavity
modes, where the mechanical displacement is distributed along the whole structure, electroded
and non-electroded region, as it was previously discussed. Finally, Figure 3.20(c) shows the
mechanical distribution for the lateral standing waves. In this case, unlike cavity modes, the

distribution is confined in the electroded region due to the trapping energy concept.

In order to minimize the cavity modes, a damping ratio of 0.03% has thus been included in
the piezoelectric layer. In Figure 3.21, the electrical response of the BAW resonator of Figure
3.19 is compared with to a lossy BAW resonator. In this case, the quality factor @ of the BAW
resonator is affected by the mechanical damping ratio according to the expression in (3.29),

obtaining a value of () >~ 1500. The strength of the different spurious modes has therefore been



Chapter 3. Modelling Acoustic Resonators in Three-dimensions 7

> &

) Thickness Mode b) Cavity Mode

“

¢) Standing Wave Modes

Figure 3.20: Sum of the mechanical displacement distribution for the resonant modes present in a BAW
resonator.

Table 3.5: ANSYS parameters for the 3D simulation.

Mesh size | Thickness divisions | Damping ratio ¢
5 pm 10 0.03%

substantially decreased and the presence of the cavity modes has been minimized. Table 3.5
summarizes the main parameters used in the 3D simulation of the proposed structure, which
has been meshed using 26 elements in the lateral direction, and 12 elements in the thickness
dimension. Note that numerical errors could be present in the form of unwanted modes in the
electrical behavior of the BAW resonator depending on the simulation conditions, that is, the
number of elements in the lateral dimensions and the step frequency used in the harmonic

analysis.

3.4.3 Lateral standing waves

As discussed in the previous section, the presence of cavity modes can be avoided or minimized
by means of a PML layer, or by including the mechanical damping ratio in the piezoelectric layer.
In this section, the aim is to study the lateral standing waves arising from the trapping energy
concept, the origin and resonant condition of which was extensively discussed in section 3.2. For
this purpose, we use the BAW resonator in Figure 3.18, with the corresponding materials. Note
that Aluminum Nitride could be also chosen for the analysis. However, as discussed above, the

allocation of the lateral standing waves occurs below the resonance frequency due to the type
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Figure 3.21: Comparison of the electrical input impedance of the lossless BAW resonator, and a BAW
resonator with ¢ = 1500.

II dispersion. Unlike the case of Aluminum Nitride, when Zinc Oxide is used as a piezoelectric
material, the allocation of the lateral unwanted modes occurs between resonant frequencies which

could lead to negative effects in a microwave device response.

The origin of lateral unwanted modes is given by the excitation of Lamb waves by means
of the coupling with the fundamental thickness mode. The dispersion relation for the first four
Lamb modes in a dispersion type I piezoelectric material is found in Figure 3.22, which is very
useful since, in a first approach, the allocation of the unwanted modes can be predicted. The
particle displacement for each mode is also given, and the mechanical displacements obtained can
therefore be compared with the expected theoretical results. With regard to the antisymmetric
modes An, they cannot be piezoelectrically generated, and we are therefore not going to consider

them.

The first Lamb mode of interest is the mode S0. This mode is found at a very low frequency,
and thus, the electrical behavior of the BAW resonator in frequencies close to the resonant
frequencies is not affected. The resonant frequency of this mode is directly related with the
lateral dimension of the top metal electrode and it can be calculated as [59],

vsIN
= 3.30
Iv =3 Tn (3.30)

where vg corresponds to the shear velocity of the lateral propagating mode, N corresponds to

the number of harmonic and Lg is the width of the top electrode in which lateral modes are

trapped.

Figure 3.23(a) shows the electrical input impedance of the BAW resonator at very low fre-
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Figure 3.22: Particle displacement for the first four Lamb modes at low and high frequency and acoustic
dispersion relation [52].

quencies, where the S0 mode is found at approximately 42 MHz. For this mode we can therefore
also obtain the distribution of the mechanical displacement. Figure 3.23(c) shows the distribu-
tion of the mechanical displacement in the lateral dimension. The magnitude of the mechanical
displacement in the lateral direction is two magnitude orders higher than the displacement in
the thickness direction since in this case, the particle displacement and propagation direction
occur in the lateral dimension. We can therefore state that for this mode, the BAW resonator is
deformed in a compression/expansion way in the lateral dimension. Of course, this also entails
some deformation in the thickness dimension and that is why we see the result in Figure 3.23(Db).
This result is consistent with the theoretical particle displacement found in Figure 3.22. Higher
harmonics of this mode can also be found, but their frequency allocation is not equally spaced

due to the non-linearity of the w — k dispersion relation curve.

At higher frequencies, the S1 mode is the mode with the strongest contribution to the
presence of lateral standing waves in the electrical behavior of the resonator, since as mentioned
above, these are allocated between resonant frequencies. Figure 3.24 shows the 3D simulation
of the BAW resonator compared with the one-dimensional simulation result. The agreement
between both responses is very good in terms of static capacitance and resonant frequencies.
However, as expected, different standing waves are found in the 3D response which cannot be
predicted by one-dimensional models. As it occurs with the SO mode, the harmonic modes are
not equally spaced due to the non-linearity of the w—k dispersion relation. The distribution of the
mechanical displacement in the thickness dimension is also plotted for the first three harmonic

modes. A pattern in the mechanical distribution given by the position of the maximum and
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Figure 3.23: Electrical behavior of the BAW resonator at low frequencies.

minimum mechanical displacement points can be observed. In this case, the mechanical wave
is propagating in the lateral dimension and, at the same time, the particle displacement occurs
in the thickness dimension. This is the typical behavior of the thickness shear TS waves as it
was discussed in section 3.2 in this chapter. As a result, a more detailed study of the different

present spurious modes in the electrical behavior of the BAW resonator must take place.

Figure 3.25 shows the mechanical displacement distribution in the thickness direction for
the fundamental mode at the resonance frequency at 1899 MHz, and the next standing modes
placed at 1903, 1909 and 1917 MHz. The phenomena occurring at the resonance frequency is
a special case. As constantly mentioned on various occasions throughout this chapter, plate
wave modes are always combinations of longitudinal and shear wave modes. However, at the
resonance frequency we have a special case because here, 8 = 0, that is, the lateral dependence
of the mechanical displacement disappears. In this situation, the whole structure vibrates in
phase either as a longitudinal compression/expansion way for the thickness extensional TE

mode, or for the TS mode. As will be discussed below, this is called the piston mode. At the
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Figure 3.24: Comparison of the one- and 3D simulation of the electrical input impedance for the BAW
resonator.

resonance frequency we will therefore always find a lateral standing wave with wavelength /2,

with the particle displacement in the thickness direction.

For the consecutive modes, the mechanical displacement in the thickness direction is plotted
on the X —Y plane in the diagonal direction. It is apparent that we found mechanical displace-
ments consistent with the consecutive wavelengths 3A\/2, 5A/2 and 7\/2, that is, odd multiplies
of the fundamental mode. The distribution pattern of each of these spurious modes has been
compared with the distributions obtained in [120]. Here, the technique used to measure the
displacement profiles is Laser-Interferometric Probing. To do this, a particular frequency range
is selected. The optical scanning interferometer sweeps the sample surface at each frequency,
recording the time-averaged amplitude of the motion in the thickness dimension of the surface
and the intensity of the reflected light for each point in x and y. More information about the
technique can be found in [54, 55, 56]. The mechanical displacement distribution pattern is then
obtained. As can be seen, the agreement between 3D simulations and the patterns obtained using
Laser-Interferometric Probing is very good. This is a very promising result since, first, we have
the certainty that the previous assumptions related with the 3D simulation environment were
correct taking into account the results obtained; second, due to this certainty, we can consider
the performance of a conventional BAW resonator and carry out the study of more complex
structures, as will be discussed in further chapters. Finally, note that the presence of lateral
standing waves out of the resonant frequencies is not as evident as between resonant frequen-
cies. This is because out-of-band, the BAW resonator behaves as a parallel capacitor plate, with

a very low quality factor making the amplitude of the lateral standing waves to be weak.
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3.5 Chapter Summary

In this chapter, we have extended the solution of the mechanical wave in one dimension, i.e.
considering infinite lateral dimensions, to the three-dimensional case, where lateral dimensions
are also considered to be finite. This means that not only thickness modes can propagate in the
structure, but also lateral modes, which are usually called Lamb waves. When metal electrodes
are present in the structure of the BAW resonator, a distinction must be made between two
different regions: the electroded and non-electroded region. The former is the area covered by all
the layers making up the structure, while the latter is the outside or surrounding region. Taking
this into account, the propagation of Lamb waves can be analyzed and, for some boundary
conditions at the interface between the two regions, lateral standing waves can be excited in the
BAW resonator.

In order to predict the specific lateral modes that can be excited in the BAW resonator, we
can use the dispersion relations curves, which relate the acoustic wave frequency with the lateral
propagation constant. For a given ,frequency and depending on the cut-off of the different regions,
the lateral propagation constant can therefore be real, which leads to a sinusoidal propagating
wave, or may be purely imaginary which leads to an exponentially attenuating wave, or may
also be complex, which leads to a sinusoidal attenuating wave. These considerations give rise to

the well-known concept of energy trapping.

The need for a 3D simulator becomes evident when lateral waves, which cannot be predicted
by the one-dimensional models, are also present in the electrical behavior of the BAW resonator.
That is why the finite element method is introduced in this chapter, where the simulation strategy
is widely discussed. However, before the simulation of a BAW resonator, the mesh element size in
the simulator environment must be set. Some partial results are obtained using 3D simulations.
The most important refers to the thickness mode condition, and this establishes the required ratio
between the lateral and thickness dimensions needed for a weak coupling between the lateral and
thickness waves. This would otherwise lead to the degradation of the effective electromechanical

coupling constant.

Finally, the BAW resonator has been simulated using the 3D simulator. The origin of the
various unwanted modes in the electrical behavior of the BAW resonator has been studied
extensively, but also from the mechanical point of view. The results have been compared against
various works in which measured resonators are discussed, and very good agreement with the
3D results has been achieved. These results encourage us to move beyond the simulation of
a conventional BAW resonator in the next chapters, where more sophisticated structures are

discussed.
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CHAPTER 4

Optimization of the Electrical Behavior of a Bulk
Acoustic Wave Resonator

As seen in the previous chapter, the conventional BAW resonator presents lateral standing
waves which degrades its electrical performance. The need for 3D simulations therefore becomes
evident in order to predict the allocation and the effect of these lateral modes. The next question
is therefore: is it possible to design a BAW resonator with the aim of avoiding or minimizing the
presence of the spurious lateral modes? There are basically two different techniques, which when
applied to the BAW resonator design lead to an improvement in its performance: apodization

and the thickened edge load solution.

Apodization consists of designing the top electrode in such a way that non-parallel edges
are found. In this case, the standing paths which create the lateral standing waves are larger,
which means that the strength of the lateral modes are minimized. However, this also leads
to more standing paths, and more lateral modes are thus present in the electrical behavior
of the BAW resonator, although they are not as strong as the BAW resonator with a square
top electrode. The presence of these unwanted modes therefore also entails the consequent
degradation of the @) quality factor. Meanwhile, the thickened edge load consists of the presence
of a border ring which forces certain boundary conditions that makes lateral standing waves
unable to propagate in the structure. This means that the @ quality factor obtained in the
BAW resonator is higher than the one in the apodization technique. Taking into account
these considerations, both techniques will therefore be described in this chapter. Although the
apodization technique is described and discussed by means of 3D simulations, this chapter is
mainly focused on the thickened edge solution, since the performance obtained from the BAW

resonator is better than from the apodization technique.

85
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It must be pointed out that, for the purposes of this work, ZnO has been chosen as a piezo-
electric material since the lateral standing modes will be present between resonant frequencies
(dispersion type I), unlike AIN where they are found below the resonance frequency f,. (disper-

sion type II).
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4.1 Apodized BAW Resonator

The first discussed technique for minimizing the presence of lateral standing waves in a BAW

resonator is the apodization technique which is described in [57, 59].

The piezoelectric layer can be understood as an acoustical cavity in which lateral standing
waves can be present. These modes occur due to the resonant paths in which the wave is travelling
parallel to the electrodes, bounces off the electrode edges a certain number of times and finally
returns to the same point on the wall of the cavity. In the conventional structure of the BAW
resonator with a squared top electrode with a length of W, the modes will be placed at the

frequencies [59],

vsIN

v = Y

N=12,.. (4.1)

where vg corresponds to the shear acoustic propagation velocity in the piezoelectric layer taking
into account the effect of the metal electrodes. The strength of the spurious mode will be thus

increased by the number of the points having the same resonant path.

The primary idea of apodization is to design a BAW resonator containing a top electrode
with non-parallel edges. By doing so, the resonant path becomes greater leading to a more
attenuated mode. The apodized resonator geometry can be seen in Figure 4.1. In (a), the idea
is to design a shape with non-parallel edges, while in (b) all the sides of the top electrode are
curved [60]. In this work we are going to focus on the former solution. One of the parameters
that defines the apodization shape is the angle a, as seen in the figure. The blue line shows the
theoretical path for a given propagating wave. Thus, depending on the apodization angle, the
path that the propagating wave must travel will be longer than the standing path for a square
electrode. Since material losses have been assumed in the piezoelectric material, the longer the

standing path, the more attenuated the spurious mode will be.

(a) Non-parallel edges (b) Curved sides

Figure 4.1: Schematic view of the apodized electrode.
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Figure 4.2: (a) Electrical impedance of the BAW resonator for different apodization angle. (b) Smith
Chart representation for the apodized BAW resonator.

In order to study this technique, several 3D simulations have been carried out for BAW
resonators with ZnO as a piezoelectric material, and with different electrode materials and
also different apodization angles a,. In this sense, the discussion is focused on the electrical
performance of the BAW resonator in terms of presence of spurious modes and also the obtained

quality factor.

First of all, in order to determine the limit apodization angle, Figure 4.2(a) shows the elec-
trical input impedance for a 5°, 10° and 20° values for «, using ZnO as a piezoelectric material,
and Al as a metal electrode. Analysis of the possible standing paths for a different apodization
angle shows that a maximum apodization is approximately a, ~ 22°, which is the equidistant
angle between 0° and 45°. This is because standing paths with 22° < «, < 45° are equivalent to
the standing paths with 0° < o, < 22°. 3D simulations have shown that for a given apodization
angle above 25°, the electrical performance of the BAW resonator is not improved compared to

the 22° situation.

Some conclusions can be from Figure 4.2(a). It is clear than that apodized BAW resonators
present an electrical response where the spurious modes are clearly attenuated. However, the
number of spurious modes is higher than the original situation. The non-parallel edge will lead

to many more standing wave paths than the square one, since more possible paths can be found.

The presence of more lateral standing waves also entails that part of the energy associated
with the fundamental thickness mode will leaks to these modes making the () quality factor of
the BAW resonator to be degraded. This can be clearly seen in Figure 4.2(b), where the reflection
coefficient for each value of o, is shown. As predicted with the electrical input impedance, it
can be seen that the radius of each of these loops is decreased as the apodization angle becomes

greater, i.e. the modes are more attenuated. It can also be seen that the number of the present



Chapter 4. Optimization of the Electrical Behavior of a Bulk Acoustic Wave Resonator 89

%
S
®
S

=
=)
=
<

% >N
S S
v Q
S—=

[
S
w
?

)
S
[
<

—50
—10°
|—20°
----- Original ---Original

—50
—10°
—20°

Electrical Input Impedance |dB Q|
5

Electrical Input Impedance |dB Q|
-
(=}

5
=

)
=N
—-
w

l.‘(\S . l‘.7 1.75 1.35 1.4 1.45 15 1.55
Frequencia (GHz) Frequency (GHz)

(a) Molybdenum electrodes. (b) Platinum electrodes.

Figure 4.3: Electrical input impedance for different apodization angle using: (a) Molybdenum electrodes
and (b) Platinum electrodes.

loops is higher. Finally, when the apodization angle is increased, the radius of the curve which
is described in the Smith chart also becomes smaller. This is related with the quality factor ) of
the BAW resonator, which tends towards lower values when the apodization angle is increased,

as mentioned above.

In order to study the electrical behaviour of the BAW resonator with other type of metal
electrodes, the same simulations have been carried out for heavier metals such as Molybde-
num and Platinum. Figure 4.3(a) and 4.3(b) shows the electrical input impedance of the BAW
resonator for Molybdenum and Platinum metal electrodes. As with Aluminum electrodes, the
attenuation of the spurious modes is evident, but the number of modes is now higher. Mean-
while, the quality factor of the BAW resonator also seems to be degraded, as can clearly be seen
in the Smith Chart representation in Figure 4.4 due to the number of lateral standing modes,

where part of the energy of the fundamental thickness mode is leaked.

Figure 4.4(a) and 4.4(b) shows the Smith Chart representation of the reflection coefficient for
the apodized BAW resonator with Molybdenum and Platinum electrodes. As with Aluminum,
the number of modes have been increased although they are not as strong as the original
situation. The quality factor is degraded as the apodization angle increases, as can be observed
in the radius of the circle which describes the input impedance. However, this degradation also
depends on the acoustic impedance of the metal electrodes used. For the heaviest material - in
this case Platinum - the degradation of the quality factor () seems to be stronger. This is due
to the fact that the higher is the acoustic impedance of the metal electrode the stronger are
the reflected wave modes at the interface, and thus, the higher coupling between thickness and

shear modes which entails greater degradation of the () quality factor.
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Figure 4.4: Smith chart representation of the reflection coefficient for: (a) Molybdenum electrodes and
(b) Platinum electrodes.

The statement above can be validated by means of the mechanical results obtained in the
3D simulations. Figure 4.5 shows the distribution of the mechanical displacement in the thick-
ness direction for the BAW resonator with different metal electrodes and apodization angle at
the antiresonance frequency f,. In the case of Aluminum, which is the metal with the lowest
acoustic impedance and also a mass density p, for each of the values of «,, the distribution
is uniformly confined in the active are of the resonator. In the case of Molybdenum with an
acoustic impedance and mass density are higher than that of Aluminum, it can be seen that, as
the apodization angle «a, increases, the distribution of the mechanical displacement is less uni-
form. This is also seen in the electrical input impedance, where unlike the original situation, the
antiresonance frequency is not a clear frequency point as with f,, i.e. the quality factor is clearly
degraded. Finally, the worst case occurs with Platinum electrodes which is the metal material
with the highest acoustic impedance and mass density of the materials used for this analysis.
In this case, for a, = 5°, it can be seen that the distribution of the mechanical displacement
is non-uniform along the active area. As the value of ¢, is increased the distribution becomes
more non-uniform, a situation in which predicting the antiresonance frequency becomes a very

hard task.

In the literature is found that high acoustic impedance metal electrodes are preferred in a
filter configuration due to the high effective electromechanical coupling constant associated with
them. However, these conductor materials also present high resistivity. The resistivity of the
metal electrodes can be modelled by means of a series resistance as it was done in the modified

Butterworth-Van Dyke equivalent using Rs. The value of R, as seen in [27] is related with the
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Figure 4.5: Distribution of the mechanical displacement in the thickness direction for a BAW resonator
with different metal electrodes and apodization angle a,: (a) Aluminum electrodes. (b) Molybdenum
electrodes. (c¢) Platinum electrodes.
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quality factor of the series resonance as,

_ wsLl
R, + R,

where as it was discussed in chapter 2, L corresponds to the parasitic inductance of the metal

Qs (4.2)

contacts, and R, is associated with the acoustic losses in the motional arm of the BVD model.
The resistive loss mechanism is thus most pronounced near the operating frequencies where the

electrical currents are largest.

Meanwhile, resistive effects arise from non-uniform stress distributions over the area of the
electrodes as it is discussed in [121]. This is clear by looking at the distributions of the mechanical
displacement in Figure 4.5. As the acoustic impedance is higher, as is the resistivity associated
to this material, the distribution becomes less uniform. In this case, if the distribution is not
flat, there are areas of the resonator vibrating at different amplitudes or phases which leads to
redistributions of currents associated with them. In other words, non-uniform distribution of
the mechanical displacement entails points of the metal electrode being at different voltages.
Therefore, so-called eddy currents [27], will flow between points of the electrode with local
maximum and minimum displacement. Since the electrode is not a perfect conductor, there will

be I?R, losses associated with these eddy currents.

We can conclude that in order to improve the BAW resonator performance by means of the
apodization technique, lighter metals are advisable to be used to try to obtain a reasonably good
quality factor since they present a lower metal resistivity. From the point of view of the shape
of the top electrode, low values of «, are desirable for a greater possible uniform distribution
of the mechanical displacement in the active area of the BAW resonator, and thus the better
performance. However this also entails stronger lateral resonances since there are fewer standing

paths.

4.2 Thickened Edge Load solution

The previous section showed that using the apodization technique, the spurious modes in the
electrical behavior of the BAW resonator can be minimized. However, they are still present
in the electrical response leading to the quality factor to be degraded. On the other hand,
high acoustic impedance metals are usually desired in the BAW resonator since it enables the
highest value of k:gf f which offer a very good performance in a filter configuration. However,
these metals also present high resistivity which entails a significant loss mechanism, and the
consequent degradation of the () value, due to the non-uniform distribution of the mechanical

displacement.

The solution proposed in this section consists of including a perimetric thickened edge load

in the top electrode which forces the required boundary conditions to not generate these un-
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wanted modes. This is accomplished when the distribution of the mechanical displacement in the
active area of the resonator is flat. As discussed in the previous chapter, any non-perpendicular
longitudinal waves affecting a material interface will become reflected and transmitted in form
of longitudinal and shear waves. The lateral boundaries require the same continuity of displace-
ment and stress as the vertical boundaries. On the outside region side, the vertical stress must
equal zero, but on the active area side it does not generally have to. An additional mechanism
is therefore needed in order to facilitate this mismatch. The additional mechanism is thickened
edge in the perimeter of the top electrode mentioned above. This solution was patented by
Kaitila in [62]. In this section, the side effects will also be analyzed using an in-depth knowledge
of the proposed solution. This will lead to a one-dimensional equivalent circuit, which takes the

side effects mentioned above into account.

4.2.1 Theoretical development for the thickened edge load solution

In Figure 4.6(a), the 3D view of the BAW resonator is shown where the thickened edge load
has been included. The two-dimensional cross section in Figure 4.6(b) shows five different re-
gions with characteristic propagation and mass loading condition, unlike the situation shown in
Figure 3.2 in the previous chapter, with only three regions. In order to develop the theoretical
development, as it was discussed in section 3.2, longitudinal and transverse waves can be studied
separately. Due to the symmetry of the structure in the z-direction, regions 1 and 5 and 2 and

4 are assumed to be equal since the mechanical and electrical conditions are the same.

The mechanical displacement W at regions i = 2, 3,4 can be expressed as,
; (x;) = Ape kT 4 B ehii (4.3)
while in regions i = 1,5 this is expressed as ¥; = A1ef1%1 and U5 = Ase 5575 being K; and

K5 real numbers in order to make the propagating wave in this region to be evanescent. Thus,

the resonance condition in region » = 3 can be expressed using the boundary conditions, that

W, Center
hi Area

Region
(a) (b)

Figure 4.6: (a) 3D view of a BAW resonator with the thickened edge load. (b) BAW resonator two-
dimensional section with the mechanical distribution.
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is, continuity of displacement ¥ and its differential VW. This results in,

Us(x3 =0) = sW3(W3)
avy _ a3 (4.4)

dx x3=0 dx x3=W3

where W3 is the width of the region » = 3. As it occurred in the development in section 3.2, the

symmetry of the solutions is expressed for s = +1. The set of equations in 4.4 and the resonance

condition for this mode, the piezoelectrically generated voltage can be obtained as,
V= j%(s +1)(A3 — B3), ks # 0

(4.5)
V = hWs(As + Bs), ks = 0

where as is the case with the conventional BAW resonator, antisymmetric modes are not piezo-
electrically generated. In the case of k3 = 0, the operating mode in the BAW resonator is called
the piston mode, which present a flat distribution of the mechanical displacement. Resonances
occurring near the piston mode operation frequency are therefore often weakly coupled, which

enhances the electrical performance of the BAW resonator.

It is therefore straightforward to state that in this case V¥ = 0. Therefore, in order to satisfy
the continuity of the differential of the displacement between regions i = 2 and 7 = 3, the next

relation must be accomplished,

dVUs

— = jk’Q(—A2€_jk2W2 + BQ@ijWQ) =0 (4.6)
dz |, —w,

so, the width W5 at region r = 2, that is the thickened edge region, in order to achieve a piston
mode in the active region ¢ = 3 must be,
arctan % +nm

= =0,1,.... N 4.
W2 K2 ) n 07 JERRE) ( 7)

which has been obtained by equating the real and imaginary parts. Note that k1 = jK; is the
wave number at region 1, with K; being a real number, and ky = jK5 is the wave number in
region 2. The width presents a periodical solution with n due to the periodicity of the trigono-
metrical functions. Due to the symmetry of the structure, the width of region » = 4 is exactly the
same as the calculated for region r = 2, that is, Wy = Wy. In this case, since one of the lateral
dimensions in this development has been considered to be infinite, the obtained results are not
the optimal results which may be found experimentally, but they are a very good approach. On
the other hand, in order to ensure that W5 > 0, the number K9 must be real. Regarding with the
continuity conditions at the different interfaces, if a piston mode operating mode is considered
in region ¢ = 3, with a flat displacement, that is, VW3 = 0, it must be the case that,
dVUs dVq

dr - = —jksAs + jksBs =0 = dr - =0 (4.8)
x3=0 xo=Ws
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Figure 4.7: Dispersion relation curves in the outside, active and thickened edge region for a material
with: (a) dispersion type I and (b) dispersion type II [67].

which means that As = Bs. Thus, the piezoelectric coupling which is proportional to A3 — Bj
in equation (4.5) is weak, leading at the same time to the coupling to spurious modes modes to

be also weak as was anticipated above.

Depending on the material’s properties and the operating mode of the BAW structure, it is
possible to distinguish between acoustic dispersion type I or II. If the Poisson’s ratio for a given
material is above 1/3, the dispersion is type I, while if the ratio is below 1/3, it is type II. This
situation was seen in Figure 3.6. The dispersion curves for type I and II in the outside, active
and thickened edge regions are shown in Figure 4.7(a) for the former and 4.7(b) for the latter.
As discussed above, the presence of the thickened edge enables the mismatch between the active
and outside region to be avoided. To do so, the lateral propagation constant must be real, while
it must be pure imaginary in the outside region. In dispersion type I materials this is achieved
when the cut-off frequency of the thickened region is below the cut-off frequency of the active
region. An additional mass loading must therefore be included in the top electrode. As discussed
at length in chapter 3, in a dispersion type II material the behaviour is the opposite, and the
cut-off frequency of the thickened edge region must therefore be higher than the active area. To
achieve this, some of the metal electrode must be removed, which entails a very complicated
fabrication process. In order to overcome these limitations, some works propose including as
much as dispersion type I in the stack which changes the material dispersion from type II to
type I, and the thickened edge load can thus be included [63].

The structure of the BAW resonator under study presents an Aluminum electrode with a
Poisson’s ratio equal to 0.362, and Zinc Oxide as a piezoelectric material with a Poisson’s ratio

equal to 0.39, leading to a dispersion type I [63]. Taking into account that the BAW resonator
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Table 4.1: Dimensions for the thickened edge load in the BAW resonator in Figure 4.6.

n-solution height h width W5
10 300 nm  11.65 pm

can be understood as an acoustic waveguide, the thickness of each region will set the cut-off
frequency of this region w.;. Therefore, the wave number at each region k; can be related with
the cut-off frequency of the region and the dispersion parameter « [62],

ki = /o (w? —w?) (4.9)

; —

where w, is the cut-off frequency of the center area at region ¢ = 3, where as it was discussed in

the previous chapter o = 10® for dispersion type I and o = —10® for dispersion type II [62].

Figure 4.8(a) shows the comparison between the electrical impedance in the conventional
non-optimized resonator, and the resonator in which the thickened edge load is included. Using
the expression in 4.7, the geometry characterization of the thickened edge load is summarized
in Table 4.1. It can be seen that the presence of lateral resonant modes using the thickened
edge load is almost avoided. Note that this is not the optimum solution, but it is much better in
comparison with the conventional case. There is also a side effect which is related to the allocation

of the antiresonance frequency. This effect will be extensively discussed in the following section.

The Smith chart representation of the reflection coefficient is shown in Figure 4.8(b). In this
case we have compared the conventional with the optimized BAW resonator by means of the
apodization technique and the presence of the thickened edge load. As expected, the conventional
BAW resonator presents several loops between resonant frequencies corresponding to the lateral
standing waves. If the top electrode is apodizated, in this case with a, = 5°, the strength of the
lateral modes is reduced, but there are more resonant modes. In terms of the quality factor @,
both resonators present almost the same performance. Finally, in the case of the thickened edge
load solution, very few loops are present between resonant frequencies, and thus, since there is
no leak of energy to these modes, the quality factor of the BAW resonator presents a very good

performance.

4.2.2 Side effects coming from the thickened edge load in the BAW resonator

Taking into account the dispersion type and depending on the materials to be used, the height
h of the thickened edge load is set to accomplish the relation between the cut-off frequencies of
the different regions in (4.9). Afterwards, the equation in (4.7) can be solved in order to obtain
the width of the thickened edge. There is therefore a freedom degree when setting the height h,

and there is another freedom degree when the n-solution must be chosen to obtain the width
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Figure 4.8: (a) 3D simulation for a conventional BAW resonator compared with the BAW resonator
with the thickened edge load. (b) Comparison of the reflection coefficient for the thickened edge load,
apodized and conventional BAW.

Ws. Both parameters, h and Ws, are going to be discussed in this section, and how they affect

the electrical behavior of the BAW resonator will be seen.

Resonant mode due to the thickened edge load

The fundamental mode operation of the BAW resonator can be modelled by means of the
Butterworth-Van Dyke (BVD) equivalent circuit considering infinitesimal electrodes. This circuit
consists of a static capacitance Cy, which is the parallel plate capacitor, in a shunt configuration
with a series L-C' circuit corresponding to the motional arm [122]. However, when the thickened
edge load is included, a distinction must be made between two different regions in which the
mass loading conditions are different, meaning that the application of the one-dimensional BVD

equivalent circuit to the full structure is not a valid approach.

Figure 4.6(b) shows the cross-section of the BAW resonator with the thickened edge load
where two different areas can be distinguished: the center area, confined between the thickened
edge load, corresponding to region 3; and the thickened edge load area corresponding to region
2 and 4. For our purposes, the structure can therefore be understood as two different BAW
resonators that are electrically connected in a shunt configuration due to the different mass
loading conditions. Each of the regions with the same boundary conditions can be modelled
using an independent Butterworth-Van Dyke equivalent, as shown in Figure 4.9. The BAW
corresponding to the central area is characterized by the static capacitance Cp; and the motional
arm consisting of C1 and Ly, while the BAW resonator of the thickened edge load is characterized

with Cps, Co and Ls. The values for the mechanical and the electrical arm of each BAW resonator,
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Figure 4.9: Equivalent electrical circuit for the thickened edge configuration using the Butterworth-Van
Dyke equivalent.

according to the Butterworth-Van Dyke model, can be expressed as [122],

P
8Cok
C, = eff =1,2
T8k, (4.10)
2
Le = 7T2
Skeffzwazc()m

The set of equations in (4.10) shows that each BAW resonator is completely defined with w, =
27 f,, the antiresonance frequency that is directly related with the thickness of the structure,
the effective coupling coefficient k.y; which depends on the mass loading effect, and the static
capacitance Cy of each resonator, with d,, being the thickness of the piezoelectric slab. Thus, the
input electrical impedance can be then obtained by analyzing the electrical equivalent circuit in
Figure 4.9, leading to (4.11), where Cy = Cp1 + Cpa.
(w?L1C1 — 1) (w?LoyCy — 1)

Z =
(w) w4(LlclLQCQCo) + w2(_C()<L101L202) — 0102<L1 + LQ) + Co+ C1 + Cy

(4.11)

By analyzing (4.11), it can be seen that the magnitude of the electrical impedance is zero

for,

wr1 = 1/vVL1Cy (4.12)
Wrg = 1/\/L202 ’

that is, each BAW resonator contributes with a resonance frequency that only depends on the
mechanical arm of each resonator. In the case of the antiresonance frequency f,, the magnitude of
the electrical impedance must be infinite. Solving the roots of the denominator, two antiresonance

frequencies occur at,

(4.13)

1
Wa2 = 51

g — 2}4\/_2A (B + VB —1AC)
\/—2A (B vB=14C)
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Figure 4.10: Electrical impedance using the one- (dashed line) and the 3D simulation (solid line).

where, A = L1C1L,C5Cy, B = —CO(L101 + LQCQ) — 0102(14 + Lg) and C'= Cy+ Cy + Cy

corresponding to the shunt equivalent capacitance of the equivalent model.

Figure 4.10 shows the comparison between the one-dimensional equivalent using
Butterworth-Van Dyke and the 3D simulation using the ANSYS finite element simulator. The
first resonant mode is at a round 1.75 GHz is found, which is due to the thickened edge load.
As discussed above, the thickened edge load region can be understood as an independent BAW
resonator, since the mechanical boundary conditions are not the same as the active area. The
thickness in this region was also designed to have a lower cut-off frequency, which contributes to
a resonant mode at this frequency. However, note the the slight difference in the allocation of the
resonance frequency f, between both simulations. The lateral dimension of the width compared
with the thickness dimensions leads to a ratio of approximately 8:1. The thickness mode condi-
tion is therefore not accomplished, with the resulting shift of the resonance frequency to higher
values, as predicted in Figure 3.16 in the previous chapter. Moving to higher frequencies, at 1.9
GHz, the main fundamental mode of the structure is found as expected. It can be seen that the
agreement between the proposed one-dimensional equivalent circuit and the 3D simulations is

very good.

Meanwhile, the contribution of each region in the structure can be observed from the me-
chanical point of view. Figure 4.11 shows the distribution of mechanical displacement in the
frequencies of interest. In 4.11(a), the distribution has been obtained at the frequency of the
mode due to the thickened edge load. In this case, the distribution is confined to the thickened
edge region, while in 4.11(b), the distribution is obtained for the fundamental mode, with the

distribution confined to the central area of the structure as expected.
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Figure 4.11: Mechanical distribution at the resonance (Right) and antiresonance (Left) frequency in the
Z-direction for each of the modes present in Fig.4.10. 4.11(a) is the mechanical distribution of the mode
due to the thickened edge load around 1.75 GHz. 4.11(b) is the mechanical displacement of the main
mode between 1.9 and 1.95 GHz. In this case, the mechanical distribution is confined to the central area
of the BAW resonator.

Effective coupling coefficient degradation

It has been previously discussed that the thickened edge load contributes with a resonant mode
placed at its own cut-off frequency, which depends on the used height h. The comparison between
the 3D simulation agrees perfectly with the proposed model shown in Figure 4.9, where the active
and thickened edge region can be modelled as an independent resonators electrically connected
in shunt configuration. This is accomplished in terms of resonance frequency since w,; and
wyo only depends on the mechanical arms of each BAW resonator. However, in the case of the
antiresonance frequency wg,, (4.13) shows that the position of these frequencies are function of
wae and kegy, of each resonator. This was seen in Figure 4.8(a), where the resonant frequency f;
was found at the predicted value, while the antiresonance frequency f, had shifted down. This
is due to the fact of the presence of the thickened edge mode, which takes energy from the main
resonant mode making the effective electromechanical coupling coefficient to be degraded. Since
the resonance frequency f, is fixed, the degradation of the value of kgf f makes the antiresonance
frequency to shift down. When the width W5 is so small that it is almost negligible, the value of
Co2 is also very small leading to approximate Cy =~ Cp1, and the Cy — Lo branch behaving like

an open circuit, turning back to the non-optimized BAW resonator.

In order to validate these results, the effective electromechanical coupling constant of two
different groups of BAW resonators provided by Triquint Semiconductors has been measured.

The first group consist of resonators with f,=1.907 MHz, while the second group present a
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Figure 4.12: Effective electromechanical coupling constant values obtained for various width of the
thickened edge load in measured BAW resonators.

resonance frequency of f.=1.963 MHz. In both groups, a thickened edge load was included
where the value of the width was designed from 0.25 pm to 5 pm in steps of 0.25 um. The
variation of the effective electromechanical coupling constant as a function of the width Ws is
shown in Figure 4.12. It can be clearly seen that as the width W5 becomes greater, the value of
the effective electromechanical coupling becomes more degraded. These results are in agreement

with the results obtained by means of the one- and three-dimensional simulation.

4.3 Chapter Summary

Before the presence of lateral standing wave modes, basically, two different techniques had been
developed in order to minimize or even prevent the effects of these modes on the electrical
performance of the BAW resonators: the apodization and the thickened edge load solution.
In this chapter, both techniques have been studied by means of the 3D simulations and their
limitations have been discussed, although the attention has been focused on the thickened edge

solution due to its better performance compared to the apodization technique.

The apodization technique consists of designing the top electrode in such a way that it
contains non-parallel edges. By doing so, the resonant paths in the structure become larger, which
entails a higher attenuation of the propagating mode. However, with an apodized electrode, there
are more standing paths which leads to a larger number of spurious resonances. Taking this into
account, the performance of the apodized BAW resonator has been evaluated for various top
electrode shapes and metal materials. It has been seen that there is a limit of o, = 22° at which

the standing paths obtained are equivalent. It therefore makes no sense to go further than 22°. As
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the apodization angle is increased, as mentioned above, more standing paths are possible, which
means more spurious modes are present, although their amplitude is considerably attenuated.
This leads to the degradation of the quality factor ) of the BAW resonator, since part of the
energy contained in the fundamental thickness mode leaks to these modes. The performance
of the apodized BAW resonator also depends on the metal electrode. It has been seen that
metals with high acoustic impedance also present high resistivity. Using these materials, the
distribution of the mechanical displacement in the thickness direction along the surface of the
top electrode becomes non-uniform. In this case, there are local points in the top electrode at a

different voltage and eddy currents are therefore generated, with the associated losses.

The second technique consists of the presence of a border region on the perimeter of the top
electrode in a BAW resonator. This creates certain boundary conditions and makes the BAW
resonator operate in the so-called piston mode. The piston mode present a flat distribution of
the mechanical displacement in the active region, which makes the coupling with shear modes
very weak. In this case, lateral standing waves are not excited. This results in very high @
free-spurious resonators. Using this technique, we have gone further, and the one-dimensional
equivalent circuit has been developed. With this in mind, we assume the full structure to be two
independent BAW resonators in a shunt configuration due to the differences in the mass loading
and boundary conditions between the active and thickened edge region. The Butterworth-Van
Dyke model has been applied to this situation and the agreement with the 3D simulations is very
good. This result is worthy of mention, since more sophisticated asymmetric acoustic structures

can be modelled using the proposed strategy.



CHAPTER 5

Ladder-Type Filters Based on Bulk Acoustic Wave
Resonators

Filters based on BAW resonators have become vital in the exponential growth of communications
systems and microwave devices. This is basically due to the small size of the resulting device,
and compatibility with the standard integrated circuits (IC) technologies, unlike filters based on

surface acoustic wave (SAW) resonators, which are not compatible.

Filters based on BAW resonators can be classified in two major families, depending on how
the different BAW resonators are connected. There are Ladder and Lattice topologies, in which
the BAW resonators are electrically coupled; and coupled resonator filters and stacked crystal

filters, in which the BAW resonators are acoustically coupled.

This chapter is focused in filters based on electrically coupled resonators, more specifically
in Ladder-type filters. First of all the working principle operation of this class of filters will be
analyzed. After this, a design procedure applied to the ladder-type filters will be widely discussed.
This design procedure can be used when the effects of the electrodes are not considered, but
also, when these are present. In the latter case, the drawback is that the value of kzgff is not
a-priori known. To overcome this, we propose an iterative method which allows obtaining the

physical dimensions of the piezoelectric and electrodes.

On the other hand, Ladder-type filters are characterized by a very selective transmission
band due to the presence of a pair of transmission zeros. However, the natural capacitive volt-
age divider out of the resonant frequencies entails a poor out-of-band rejection. With the aim
to improve the out-of-band performance, external reactive elements are included in the BAW

resonator, and latter in the conventional topology.

103
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5.1 Working Principle of Ladder-type Filters

The configuration of a conventional ladder-type filter topology is shown in Figure 5.1. It consists
of consecutive series and shunt resonators, usually called L configuration, being all the series
and shunt resonators equal. The single cell is composed of one series and one shunt BAW
resonator. However, another configuration is also possible where the first element in the topology
corresponds to a shunt resonator. In both topologies the order IV of the filter is given by the

number of resonators making up the structure.

Series BAW Resonator

Shunt BAW Resonator

Figure 5.1: General configuration for a Ladder-type Filter.

As mentioned above, ladder-type filters present a pair of transmission zeros or notches which
somehow define the bandpass in its transmission response. The lower transmission zero is given
by the resonance frequency f;. of the shunt resonators. In this case, the electrical input impedance
tends towards 0 €2, i.e. the BAW resonator behaves as a shortcircuit, making the signal grounded,
as shown in Figure 5.2(a). The upper transmission zero occurs at the antiresonance frequency
of the series BAW resonators fI. At this frequency, the series BAW resonator behaves as an
open circuit, since the electrical input impedance tends to a very high value, preventing the

propagation of the signal from the input to the output port as shown in Figure 5.2(b).

Figure 5.3 shows the lossless transmission response for a Ladder-type filter with order N = 6,
and the electrical input impedance for the series and shunt resonators. It can be seen that the

presence of the transmission zeros means that this topology offers a very good selectivity, but

R ST
| | [ |

R B B B TT T.
(a) Lower Transmission Zero. (b) Upper Transmission Zero.

Figure 5.2: Behavior of the BAW resonators at the frequencies of the lower and upper transmission
zZero.
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Figure 5.3: Transmission response for a Ladder-type filter with order N = 6 and the electrical input
impedance for the series and shunt BAW resonators.

also a poor out-of-band rejection. Out of the resonant frequencies, the BAW resonator behaves
as a pure capacitor, and the out-of-band rejection is thus given by the natural capacitor divider.
Taking this into account, it is straightforward to state that improving the out-of-band rejection,

initially entails increasing the order of the filter.

Meanwhile, the bandpass is characterized by a certain ripple and the presence of two spikes
at the limits of the band. These spikes are only given for high values of N and lossless BAW
resonators. The ripple in the bandpass is due to the unfulfillment of the image impedance
condition but also to the topology itself. The image impedance is the image of the single L-
network at the input and output ports Zj; and Zrs. In order to avoid reflections, both image
impedances are required to be equal to the source and load impedance, usually 50 2, in the
whole bandpass of the transmission response. As it will be lately discussed, this can be partially
achieved resulting in some mismatch losses at the center of the band. This situation is represented
in Figure 5.4(a), where as seen, the resonant loop in the reflection coefficient is not centered

with respect the real axe in the Smith Chart.

On the other hand, the ripple is also due to the topology itself. As it will be discussed in the
design procedure, the BAW resonators are designed in such way in the bandpass |Z;| << |Z,|.

However, part of the signal will be grounded which also contributes to the ripple in the bandpass.
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Figure 5.4: (a) Reflection coefficient Sy; for a ladder-type filter with order N = 2. (b) Detail of the
bandpass of the ladder-type filter for different values of N.

This effect is more pronounced as the order of the filter increases since more ground paths are
found. This situation is represented in Figure 5.4(b), where the valley at the center of the band

is more pronounced as the order of the filter is increased.

5.2 Design Procedure for Ladder-type Filters

The design of a BAW resonator entails characterizing Cy and f,, which are directly related
to the resonator’s physical dimensions: On the one hand, like in any parallel plate capacitor
Co = eoerA/d), is fulfilled, where A is the resonator area and d, the piezoelectric thickness. On
the other hand, the mechanical resonant frequency f, is mainly determined by the piezoelectric
thickness, but also by the thickness of the electrodes [20, 123]. In a first approach, we are
considering the electrode thickness to be infinitesimal. In this case, the piezoelectric thickness
corresponds to a half acoustic wavelength and the electromechanical coupling coefficient is given

by the intrinsic k2.

In this section the design procedure developed in [76] will be described. The specifications
of the filter are: the bandwidth Bw,, the Out-of-Band (OoB) rejection and the allocation of
the lower and upper transmission zeros fOL , fOU . One of the difficulties in the design of such a
filter arises from the dependence of the bandwidth of the filter By,_34p) on the order N as
seen in Figure 5.4(b). Thus, for the sake of simplicity of the design procedure, Bw, is defined
as the frequency difference given by the frequency points where the electrical input impedance
for the series and shunt resonators are equal, that is |Z°(f;)| = |ZP(f;)| for i = 1,2, which is
not dependent on the order of the filter V. Taking into account the previous considerations, the

design procedure can be summarized in the following steps:
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1. Determine f$ and fF. As seen in Figure 5.3, it is straightforward to state that f2 = f(g]
and ff = fOL, where the S and P upper scripts are referred to the series and shunt

resonators, and L and U are referred to the lower and upper transmission zeros.

2. Determine f5 and fF. The frequency difference between the resonance and antireso-
nance frequency is given by the electromechanical coupling factor as it was discussed in
Chapter 2. In this case, we are considering infinitesimal electrode thickness, leading to the

electromechanical coupling constant being expressed as,

2 T a— Jr
=% () (457) o

Using the definition for the electromechanical coupling constant, which is an inherent prop-

erty of the piezoelectric material, both frequencies can be obtained for each resonator since
k; is known. However, in order to obtain a reasonable bandwidth it must be accomplished
that f¥ > fP. This condition can be directly related with the transmission zeros, which
must fulfill,

2
fé’z(”) (”‘”Q‘mﬁz)ﬁ% (5.2)

2k T+ /7% — 16k?

3. Determine the capacitance ratio ¥ = C(S) / COP. The definition given for the bandwidth
depends on the resonant frequencies and the static capacitances of both series and shunt
resonators. As a result, using the next approximation for the electrical input impedance
of the BAW resonator,

1 2= f?
2 = T5ricy <f2 = f3> (5:3)

the capacitance ratio can be expressed as,

2 2 2 2
B A il o i e el 0
S o D S E S i

(2

U (5.4)

where f; can be either fi or fy since, in this case, it has been considered that both
frequencies are considered symmetrically spaced around the central frequency of the filter
bandpass fy. Therefore, fi = fo — Bw./2 and f2 = fo + Bw./2. It is also important to
point out that in order to obtain values for ¥ > 0, the Bw, must fulfill,

fo—ff<%<fo—ff (5.5)

4. Determine the capacitance product © = CSCOP. In the previous step the capacitance
ratio was ascertained. However, another equation is needed in order to obtain the static
capacitances of both series and shunt resonators. The required equation comes from the

image impedance matching condition [79], which relates the input and output impedances,
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Figure 5.5: (a) Periodic structure composed by N L-networks. (b) L-Network with the terminations
which must be matched to Zr; and Zro

in a network composed of a series of cascaded sub-networks, with the source and load

impedances.

Figure 5.5(a) shows the cascade of N L-networks so that at each junction either port 1 or
port 2 are connected together. All the composing networks are therefore perfectly matched.
The impedances Z7; and Zjo are the so-called image impedances. Figure 5.5(b) shows a
single network with the corresponding terminations Z, and Z;, at the input and output
ports. The image impedances for the L-network are defined as,

Zn=+\Zs(Zs + Zp)

Zpy = —_ZsZp (5.6)

VZs\2s+27)

To have transmission between input and output ports requires Zry = Z, and Zyp = Zr. At
the same time Z;, = Zj, = Zj leading to obtain the needed product capacitances equation

required in the design procedure,

1

CSCP —
00 (27 foZo)?

(5.7)
At this point it is straightforward to compute the values for Cﬁq and C§". It must to be
pointed out that the asymmetry in the L-network makes Zj; # Zjo, what give cause to
a certain mismatch losses at the center of the band f as it was briefly discussed in the

introduction section.

5. Determine the order of the filter N. The Ladder-type filter behaves as an out-of-
band ladder of capacitances, with the rejection decreasing slowly as the frequency moves

away from the central frequency of the filter fy. The achievable level of attenuation will
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Figure 5.6: Out-of-Band rejection depending on the capacitance ratio ¥ for a given order of the filter
N.

Table 5.1: GSM filter specifications.

Bandwidth [MHz] 28.2
Lower transmission zero [MHz] | 924
Upper transmission zero [MHz] | 976.4

Out-of-band rejection [dB] 35

depend on the capacitance ratio ¥ and the order of the filter IN. Once the capacitance
ratio has been chosen in order to fulfill the specified Bw,, only the order of the filter
N can be set to achieve the specified OoB rejection. Figure 5.6 shows the out-of-band
rejection as a function of W for a given value of N. By one hand, it can be seen that as
the order is increased, the OoB rejection is improved, while for a given order of the filter
N, as the value of the bandwidth is increased, that is, the value of the capacitance ratio
¥ is increased, the out-of-band rejection becomes lower. Thus, in order to achieve a high

out-of-band rejection, the static capacitance C’g)q is desired to be lower than Cé) .

Design example

In order to validate the proposed design procedure, a ladder-type filter has been designed to
fulfill the GSM specifications and compared with the work in [86]. The specifications are listed in

Table 5.1. The values obtained for the static capacitances of the series and shunt resonators and
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Table 5.2: Values obtained with the design procedure.

Parameter ‘ Series BAW | Shunt BAW

Co 2.016 pF 5.571 pF
f, 955 MHz 924 MHz
fa 976.4 MHz | 944.7 MHz

the resonant frequencies for each are listed in Table 5.2. The order of the filter in order to fulfill
the out-of-band rejection requirement must be N = 6 using the curves in Figure 5.6. Figure
5.7 shows the transmission response of the designed filter and the electrical input impedance of
the series and shunt BAW resonators making up this structure. The value for the out-of-band
rejection corresponds to the expected value, that is OoB~-35 dB. The ripple appearing in the
center of the transmission band comes from the topology itself and the non-fulfilment of the

image impedance matching condition. In the case under study Z;; = 52.3 Q2 and Zjo = 47.5 Q
at f[).
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~
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Figure 5.7: Designed ladder-type filter for GSM specifications with order N = 6.

In the presented design procedure, the thickness of the electrodes has been considered to
be infinitesimal. Thus, from the antiresonance frequency the thickness of the piezoelectric layer
can be obtained. However, in a real case, the metal electrodes are also present. In this case, the
design procedure only requires to use k:zf f instead of k:tQ The problem is that we are not able
to know a priori the value of k:zf 7 since it depends on the thickness of piezoelectric and metal
electrodes. In order to overcome this, we propose an iterative method. First, the previously
developed design procedure is applied using k2. Once the output parameters are obtained, the

electrode thickness is fixed and then the piezoelectric thickness can be calculated which give rise
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to a new resonance frequency f,, and thus, a new value of k:gf 2 Then, using the new value of
k:gf f the design procedure must be again carried out in an iterative way until the convergence

between the obtained values of kgf f is achieved.

5.2.1 Effect of the electrodes in the design procedure of ladder-type filters

In this section, the iterative method to include the effect of the electrodes in the design procedure
discussed in the previous section is given. When the metal electrodes are considered to have a
certain thickness, k? becomes kgf f due to the mass loading effect. In this case, the value of the
piezoelectric layer can be determined using the following equation, which is derived from the
analytical expression of the lossless input electrical impedance of a BAW resonator applying the
condition that at frequency f, this tends to infinity [20, 123]:

(21 + z2) cosy + J(1 + z122) siny = 0, (5.8)

where v = 27 fodp /vy, and 21 = Z1/Z, and 29 = Zy/Z,, are the lossless input acoustic impedances
at frequency f, looking into the top and bottom of piezoelectric boundaries that are normalized
to the piezoelectric characteristic impedance. The impedances Z; and Z5 can easily be obtained
by modelling the single or multi-layer electrodes as acoustic transmission lines [123]. It should
be noted that Z; and Zs are always purely imaginary numbers since it is assumed that both

electrodes are acoustically short-circuited [75].

Once the resonator has been designed, it is important to ascertain its effective coupling
coefficient sz s To do so, it is necessary to determine the frequency f,.. This can be determined
using the following equation, which is derived from the analytical expression of the lossless input

electrical impedance applying the condition that at frequency f, this tends to zero [20, 123]:

1 k? 1-—
cosy + j (JFZIZQ) siny = ~t (sin7+2jw>, (5.9)
21+ 22 ¥ 21+ 22

where v = 27 f,.d, /vy, and 21 = Z1/Z, and 2o = Z3/Z, are the lossless input acoustic impedances
at frequency f, looking at the top and bottom of piezoelectric boundaries that are normalized to
the piezoelectric characteristic impedance. As in the previous case Z; and Zs are always purely

imaginary numbers. Once the frequency f, has been determined, it is straightforward to obtain

2 _7T2 f?" fa_fr
= (1) (25, a0

The design procedure discussed in the previous section is based on a series of closed-form

kz,f f by applying that,

expressions that make possible, without any optimization work, to relate the number of res-
onators N and the characteristics of series (f:, C§) and shunt (f, C5) resonators with the

desired filter specifications: Bandwidth, out-of-band rejection, and frequency allocation of the
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Determine order N and characteristics of series (Csofga) and shunt (C"y,f*,) resonators
assuming infinitely thin electrodes *,) using the previous design procedure.
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Determine 75, using (5.8) taking
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Determine 7, using (5.8) taking
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Determine /. using (5.9)
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Predict &%,y , using (5.10)

Predict k%5, using (5.10)
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Determine order N and characteristics of series (C‘go,fg,,) and shunt (C"y,f*,) resonators using
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Ko (10)= Ko (T)
Ko (10)= Ko (7)

Figure 5.8: Flowchart of the proposed design procedure.




Chapter 5. Ladder-Type Filters Based on Bulk Acoustic Wave Resonators 113

upper and lower transmission zeros. The limitation of this design methodology is that infinitely
thin electrodes are assumed. In order to take the thickness of the electrodes into account the
coupling coefficient of the piezoelectric material k7 must be replaced by the effective coupling
coefficient kgf f in the closed-form expressions presented in the previous section. The drawback
is that k2 only depends on the piezoelectric properties and can be obtained from the inherent

piezoelectric parameters,

62

k= ——— 5.11

t Zp€0€rvp ( )

However, k‘gf 7 is not, a priori, known since it not only depends on the piezoelectric properties
but also on the properties of the electrodes and the electrode-to-piezoelectric thickness ratio
[123]. To overcome this obstacle, the following design procedure, the flowchart of which is shown

in Figure 5.8, must be used:

1. Decide on piezoelectric material and calculate its intrinsic coupling coefficient k? using
(5.11).

2. Decide on structure (single or multi-layer) of the electrodes and set their materials and

thickness for both series and shunt resonators.

3. Determine the order N and the characteristics of series (f$, C§) and shunt (fZ, C¥) res-
onators assuming infinitely thin electrodes using the design methodology presented in

section 5.2.

4. Determine, from (5.8), the piezoelectric thickness for each type of resonator taking elec-

trodes into account in order to obtain the frequencies f, calculated in the previous step.
5. Determine the frequencies f, for the designed series and shunt resonators using (5.9).

6. Predict kzgff for each type of resonator using (5.10). It should be noted that k:sz of the
series resonators will be different to k:gf f of the shunt resonators, and in general both will

be different from k? and therefore the results obtained in step 3 are not accurate.
7. Repeat step 3 but now replacing k? with the predicted effective coupling coefficients.

8. Repeat steps 4, 5 and 6. If the predicted effective coupling coefficients in step 10 are not the
same as those used in step 7 then steps 7-10 must be repeated but now using in step 7 the
predicted effective coupling coefficients obtained in step 10. It should be noted that in each
iteration the predicted effective coupling coefficients obtained in step 10 will tend towards
those in step 7. In general, carrying out steps 7-10 once is enough to obtain a difference of
less than 0.1%. When the predicted effective coupling coefficients are close enough to those

used in step 7 then the procedure is complete and the filter is designed since the thickness
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of the electrodes for the series and shunt resonators was set in step 2, the piezoelectric
thickness for each type of resonator was determined in step 8, and finally the area for each
type of resonator is obtained by applying the corresponding piezoelectric thickness and

static capacitance between electrodes, determined in step 7, in A = Cyd,/eoe,.

In order to validate the procedure presented we will use the work published by other authors.
The drawback is that the most of the published and manufactured ladder filters were designed
by means of an optimization process and therefore, in general, all the resonators are different.
Moreover, this optimization usually entails the inclusion of additional lumped elements such as
inductors [86, 124]. In [125] several ladder BAW filters without additional elements and with
all series resonators equal, and all shunt resonators also equal to each other are presented. The
only difference between the presented filters is the order N. Table 5.3 shows the different layers,

materials, thicknesses and areas for the series (S) and shunt (P) resonators of these filters.

Table 5.4 shows the properties of the different materials. The aim is to design one of these
filters using the presented procedure. We assume that electrodes are composed as shown in
Table 5.3, and therefore that design consists of determining the order N and specially the
piezoelectric thickness and the area of each type of resonator from the filter specifications. For
our purpose the filter order is secondary, as a result of the different orders presented in [125]
we have chosen a single-stage ladder filter (N = 2), the specifications of which are shown in
Table 5.5.

Table 5.6 shows the designed piezoelectric thickness d, and area A of each type of resonator
after applying the presented design procedure. This table also shows the results obtained in each
step. The excellent performance of the procedure presented is demonstrated by comparing the
designed piezoelectric thicknesses and areas with the original ones (Table 5.3). We could remark
that the order is also perfectly determined, but as mentioned earlier this is secondary in this
section. The transmission response of the designed filter is shown in Figure 5.9. This has been
obtained using the well-known Mason Model implemented in a commercial microwave design

simulator (Advanced Design System) [45].

Table 5.3: Characteristics of series and shunt resonators.

Layer Material ~Thickness [nm]  Area [pmXx pm]
Top electrode Mo 308 Series Resonators
Piezoelectric ZnO 2147 225x%225
Bottom electrode 1 Mo 308 Shunt Resonators

Bottom electrode 2 SiOq 90(S)/360(P) 352x352
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Table 5.4: Material properties.

Z [10" Ns/m?®] v [m/s] e [C/m?] &,
ZnO 3.61 6370 1.32 10.2
Mo 6.56 6408 NA NA
Si0, 1.31 5270 NA NA

Table 5.5: Filter specifications.

Bandwidth [MHz| 384
Lower transmission zero [MHz| 917.4
Upper transmission zero [MHz] 987.4

Out-of-band rejection [dB] 6.5

Table 5.6: Predicted results using the design procedure.

Step Series Resonator Shunt Resonator
1 k? = 8.393% k? = 8.393%

3 fa =987.400 MHz | f, = 950.932 MHz
Co = 2.225 pF Cy = 5.027 pF

4 dp, =2146.984 nm | d, = 2164.710 nm

5 fr =947.068 MHz | f,. =912.327 MHz
6 kgff = 9.666% kzsz = 9.610%

7 fa =987.400 MHz | f, = 956.219 MHz
Co = 2.149 pF Cy = 5.205 pF

8 dp = 2146.984 nm | d, = 2147.006 nm

fr =947.068 MHz | f,. = 917.404 MHz
10 kgff = 9.666% kgff = 9.609%

d, [nm] 2146.984 2147.006
A [pmxpm] | 226.083 x 226.083 | 351.839 x 351.839
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Figure 5.9: Transmission response of the designed filter [87].

5.3 Improvement of the Performance of Ladder-type Filters by
Including External Reactive Elements

At this point, the closed-form expressions for the design of ladder-type filters have been devel-
oped. The proposed methodology has also been modified in order to take into account the effect

of the electrodes that were supposed to be infinitesimal in a first approach.

As discussed in previous sections, ladder-type filters present a poor out-of-band rejection. In
order to overcome this limitation, we propose including external reactive elements in this section.
First of all, the performance of the single BAW resonators when reactive elements (inductances
and capacitors) are included will be analyzed. On this basis, the modified BAW resonators will

be applied to the ladder-type filter configuration in order to improve the performance of the
filter.

5.3.1 Modification of a BAW resonator by including external reactive ele-
ments

The resonance and antiresonance frequencies in a BAW resonator are determined by the mo-
tional arm in the BVD equivalent circuit and the effective electromechanical coupling constant.
In this section, the electrical performance of the conventional BAW resonator will be modified by
including external reactive elements (inductance and capacitance). Depending on the configura-
tion, the allocation of the resonant frequencies can therefore be modified which can be useful in
some applications. Thus, in this section the four different possibilities found in Figure 5.10 will

be studied. For the analysis of each configuration, a ZnO-BAW resonator with f, = 955 MHz
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and f, = 976.4 MHz has been used to analyze each configuration. First of all, the analysis of the
input electrical impedance will be analyzed. Therefore, using the obtained closed expressions,
the tunability range of the resonant frequencies depending on the value of the reactive element

will be exhibited.

Inductance in shunt configuration

The proposed topology when the inductance is included in shunt configuration is shown in Figure

5.10(a). The electrical input impedance of the proposed circuit can be calculated which results

in,
_ 1 (H) ion fL ) 9 )
7(f) = DO T /2] Lun (/2 — 17) (512)
j27T1fCo (%ﬁ:ﬁ) + j2ﬂ—thun f2 a fg - 47T2f4Lt“”CO + 471—2f2f3LtunCo

where Ly, corresponds to the external inductance included. In this case, the resonance frequency
fr of the modified resonator remains at its original value. Therefore, the included inductance
will affect to the allocation of the antiresonance frequency. For our purposes, we can express
the value of the included inductor as having the antiresonance frequency in a desired allocation.
This results in,

P13
4m*Cofi (13 = 13)

where f, and f, are the resonant frequencies of the BAW resonator, and f; is the desired

Liun = (5.13)

allocation of the new antiresonance frequency.

Figure 5.11 shows the dependence of the new antiresonance frequency as a function of the
external inductance Lyy,. It can be seen that for high values of this inductance, the value for f),
tends to its original value f, since the reactance is very high. Meanwhile, the tuning over the
antiresonance frequency is almost 100% for a difference of 20 nH in the value of the external

inductance.

Y'Y\ I
I

1 I

(a) (b)

_ YN III I(
(c)

Figure 5.10: Different configurations using reactive elements.
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Figure 5.11: Dependence of the antiresonance frequency as a function of the value of the external
inductance Ly, .

Capacitance in shunt configuration

If an external capacitance Ci,, is placed in shunt configuration with the BAW resonator as

shown in Figure 5.10(b), the total electrical input impedance is then,

1 2= 1
Z(f) _ j2rfc <f27f3) 127 fCun (fr2 - f2) (5 14)
B £2-1? 20 f (Crun (f2 — f2) + Co (f2 — f2 '
RO <f2—f3> + rporm Y mf (Ctun (f# = 17) +Co fa = %))

In this case, it can be seen that the value of the resonance frequency remains at its original
value, while the allocation of the antiresonance frequency is affected by the capacitance. In this
case, as it has been done in the previous configuration, we can express the value of Ct,,, required

to allocate the new antiresonance frequency in the desired position,

fi— 1

Ctun = Co f7«2 — fg

(5.15)

Figure 5.12 shows the dependence of the antiresonance frequency as a function of the value of
the external capacitance Ci,,. As expected, for a low values of the capacitance, the value of the
antiresonance remains at its original value, since the capacitance behaves as an open circuit.
As Cyyn moves to higher values, the antiresonance frequency tends to lower values. However, it
must be taken into account that in this case, unlike the case with the inductance, the range of

tunability in the antiresonance frequency is low.
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Figure 5.12: Dependence of the antiresonance frequency as a function of the value of the external
capacitance Ciyp,.

Inductance in series configuration

The total impedance for the configuration in 5.10(c) can be computed resulting in,

_ 1 fQ_fr2 f2_fq?_4772f2LtunCO(f2+f3)
J2mfCo f? — f2 72mfCo(f? — f2)

When the resulting impedance is analyzed, it can be concluded that the antiresonance frequency

Z(f) + 327 f Liun = Z(f) = (5.16)

will occur for f = f,, i.e. for the natural antiresonance frequency, while the resonance frequency
will depend on the value of the inductance Ly,,. However, for the purposes of this study, it is
preferable to obtain the value of the inductance for a given desired frequency. When looking for
the new resonance values, we therefore also obtain the equation in (5.13). In this case, Figure
5.13 shows the dependence between the new resonance frequency f; compared the value of the
external inductance Ly,,. As expected, for lower values of Ly, the new resonance frequency f/
tends to its original position at f,. In this case, as in the previous case, a wide range of values

for f! can be achieved by small variations in Lyyy,.

Capacitance in series configuration

The last configuration corresponds to the one shown in Figure 5.10(d), where the external capac-
itance C,, is placed in series with the BAW resonator. Thus, as the previous cases, analyzing

the input electrical impedance we obtain,

1 (P 1 G (=) +Co(f2 - 1)
B j27rfCo <f2 - fg) j27rfctun N j27rfCoCtun (ff - f2)

Z(f) (5.17)
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Figure 5.13: Dependence of the resonance frequency as a function of the value of the external inductance
Ltun-

In this case, the antiresonance frequency f, remains at the original value while the resonance

frequency is modified by the action of the external capacitance Cy,,. As with all the previous

configurations, we can relate the value of Cy,,, with the desired new resonance frequency using,
fi—1a

Crun = Com (5.18)

Figure 5.14 shows the dependence of the resonance frequency as a function of the external
capacitance Cyyy,. In this case, f/ tends to its original value for high values of C},,;, since in this
situation, the capacitance behaves as a shortcircuit. As the capacitance assumes lower values,
the resonance frequency tends to higher values. As it occurred in the configuration with the
capacitance in shunt configuration, the range of tunability of the resonance frequency is not as

high as the case with the inductance Lyy,,.

Table 5.7 shows the tends of the resonance and antiresonance frequency depending on the
external reactive element and its configuration with the BAW resonator. It must to be also
pointed out that, as it has been previously discussed, the inductance L, allows a higher
tunability range of the resonance and antiresonance frequency than the capacitance Clyy,.
It can be seen that the inductance makes the resonance frequency to go to lower values, or
the antiresonance frequency to shift to higher. Somehow, the inductance makes the effective

electromechanical coupling constant to be increased.
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Figure 5.14: Dependence of the resonance frequency as a function of the value of the external capacitance

Ctun .

Table 5.7: Resonance and antiresonance frequency tends of a modified BAW resonator with reactive
elements.

Element Configuration Resonance Frequency | Antiresonance Frequency
Capacitance Ct,,, | Shunt (Figure 5.10(b)) fl=f i< fa
Series (Figure 5.10(d)) fl> fr fo=Ta
Inductance Ly, | Shunt (Figure 5.10(a)) fl=f > fa
Series (Figure 5.10(c)) fl<fr fa=ta

This solution was also discussed by Lakin in [75]. Taking this into account, in the next
section, the presence of the external reactive element, mainly the inductance Ly, will be used
to introduce new transmission zeros in the frequency response of a ladder-filter which increases

the out-of-band rejection.

5.3.2 Improvement of the performance of ladder-type filters using modified
BAW resonators

The dependence of the out-of-band rejection on both the order of the filter N and the bandwidth
Bw, was discussed in the design procedure. Thus, for a given capacitance ratio, the OoB rejection
will be given by the order of the filter, and if this is not fulfiled, N must be increased. However,
a solution for improving the OoB rejection without increasing the order of the filter is discussed
in this section. The solution consists of using the previous modified BAW resonators to modify

the allocation of the transmission zeros. The idea is to use modified and non-modified BAW



5.3. Improvement of the Performance of Ladder-type Filters by Including External Reactive
122 Elements

resonators in the same topology. This will provide, two pairs of transmission zeros due to the

modified and non-modified BAW resonators.

In order to validate the proposed solution, the conventional ladder-type filter for the GSM
application shown in the previous section will be modified by means of the presence of a new
pair of transmission zeros. The specifications for the GSM applications are shown in Table 5.1.
The allocation for the new transmission zeros has been chosen at fj; = 910 and f};, = 990
MHz, which implies that f! < f,. for the shunt, and f, > f, for the series resonators. Looking
at Table 5.7, it can be seen that this is achieved by adding a series inductance in the first case,
and a shunt inductance for the second case. The value of the inductors can be calculated using
the expression in (5.13). In this case, we obtain L; = 2.2 nH and Ly = 32 nH. At the same time,
the position of the new transmission zeros are also a determinant parameter which influences
the out-of-band rejection. Figure 5.15 shows the comparison of the transmission response of the
conventional ladder-type filter with N = 6, the proposed modified filter with the transmission

zeros at 910 and 990 MHz, and an optimized configuration in terms of the allocation of the new

transmission zeros.

0 , ,
l —— Conventional
—=— Modified
» + » Modified Optimum
-20

Transmission Response S,, (dB)

| -

850 900 950 1000 1050
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)
)

Figure 5.15: Comparison between the conventional ladder-type filter with N = 6 (solid line), the non-
optimized modified (dashed line) and the modified optimized filter (dotted line).

Introducing the new pair of transmission zeros causes an OoB rejection improvement of
about 7 dB, whereas the allocation of the original transmission zeros is not modified, and the
filter bandpass is not significantly affected. As mentioned above, the allocation of the new pair
of transmission zeros affects the OoB rejection. Here, there is a trade-off since as the distance
between the original and new transmission zeros is increased, the minimum rejection between

the two zeros is decreased but the OoB rejection is increased. There is therefore an optimum
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Figure 5.16: Comparison between the modified ladder-type filter with N = 6 (solid line), N = 5 (dashed
line) and N = 4 (dotted line).

allocation of the new transmission zeros, and this occurs when the OoB rejection is the same as
the minimum rejection between the new and original transmission zeros. In our case, the optimum
situation occurs when the new transmission zeros are placed at f); = 901 MHz (L, = 20.5 nH)
and f);; = 1008 MHz (L, = 2.9 nH). In this case, the OoB rejection improvement as regards the
conventional ladder-type filter is about 15 dB, as shown in Figure 5.15. These results suggest
that it is possible to continue to fulfil the required rejection specification shown in Table 5.1

with a lower order.

Using the optimum configuration, if the last shunt resonator is eliminated, then the lossless
transmission response shown in Figure 5.16 is obtained being N = 5. Compared to the trans-
mission response with six resonators, it can be seen that neither the allocation of the original
and new transmission zeros nor the filter bandpass is substantially modified. However, since the
filter order is decreased, then the rejection -both OoB and between zeros- is also decreased but
continues to fulfill the rejection specification shown in Table 5.1. It is important to point out that
this transmission response is more asymmetrical due to the fact the number of series resonators
is greater than shunt resonators. Naturally, as series resonators affect to the upper transmission
zeros then the rejection in this band is higher than the rejection in the low band. Finally, for a
N = 4 order filter, then the rejection between zeros does not fulfil the specifications in 4 dB as

shown in Figure 5.16.

As seen above, by modifying the conventional ladder-type filter structure it is possible to
increase the OoB rejection, which entails a possible reduction in number of resonators in order to

fulfil the required specifications. However, this is achieved by introducing a pair of reactive ele-
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Figure 5.17: Comparison between the modified ladder-type filter with N = 6 and ¢ = 1000 considering
an inductor with infinite quality factor (solid line) and @ = 20 (dashed line)

ments - inductors in this case - with a quality factor that is much lower than the BAW resonator
quality factor [126].A priori, these new elements should therefore considerably increase the filter
insertion loss. Using the optimum configuration with six resonators, the lossless transmission
response of which is shown both in Figure 5.15 and Figure 5.16, various simulations have been
performed taking losses into account in the form of a finite value for the quality factor Q. In
Figure 5.17 the transmission response, only taking the losses for BAW resonators (Q = 1000
[85]) into account, is compared to the transmission response, considering account the losses both
for resonators and inductors (Q = 20 [126]). This figure shows that the low quality factor of
the reactive elements only significantly affects the bandwidth of the new pair of transmission
zeros, since this is increased. The reason why the high losses of a reactive element only affect the
bandwidth of the corresponding new transmission zero and not the filter insertion loss is because
this only modifies one of the previously defined resonance frequencies, as shown in Table 5.7. In
the configurations studied - a reactive element in series with a shunt resonator or in shunt with
a series resonator - the high losses of the reactive element only reduce the quality factor of either
the resonance frequency of the modified shunt resonator or the anti-resonance frequency of the
modified series resonator, and these frequencies are directly related to the allocation of the new
transmission zeros. Finally, it is possible to add more than one pair of new transmission zeros,
or to modify more than just one series resonator and one shunt resonator, without increasing

the filter insertion loss significantly.
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5.4 Chapter Summary

Ladder-type filters are one of the most straightforward topologies that can be implemented due
to their simplicity. The common topology is composed of consecutive series and shunt resonators.
This type of filter presents a very high selectivity due to the presence of a pair of transmission

zeros or notches, but also has a poor out-of-band rejection.

This chapter has considered the design procedure for designing ladder-type filters. The spec-
ifications of these filters are the allocation of the transmission zeros, the bandwidth B,,., defined
as the frequency distance in which the electric impedance of series and shunt resonators is equal,
and the out-of-band rejection. Taking these considerations into account, the closed-form expres-
sions for the design of this filter are revealed. However, the effect of the electrodes is not taken
into account in an initial approach. The proposed design procedure is therefore modified slightly

in order to incorporate these effects.

As discussed above, one of the limitations of ladder-type filters is their poor out-of-band
rejection. In order to overcome this limitation, in this chapter, we propose modifying the BAW
resonators in terms of the allocation of the resonant frequencies using reactive elements. The four
possible configurations using inductances and capacitors have been discussed. To achieve this, the
input electrical impedance is obtained by considering the value of the external reactive element.
We thus obtain a closed-form expression that relates the new allocation of the resonance or
antiresonance frequency, depending on the configuration, with the value of the included reactive

element.

Finally, we have used the modified BAW resonators in a ladder-type filter topology. Having
both types of resonators in the topology - modified and non-modified - means that the filter
response presents a new pair of transmission zeros which leads to a better out-of-band rejection.
The order of the filter can therefore be decreased for a certain out-of-band rejection specification.

Note that increasing the order of the filter entails more insertion losses.



126 5.4. Chapter Summary




CHAPTER 6

Dual-Band Filter Based on Bulk Acoustic Wave
Resonators

The growth of wireless communications applications in the recent past requires the design of
more efficient equipment and devices, but multi-frequency receivers are also required, as is the
case with positioning systems. In order to reduce the size of this equipment, the various devices
which are contained inside this equipment must also have a dual-band behaviour. Since devices
based on BAW resonators are becoming consolidated in these applications, filters based on BAW
resonators exhibiting a dual-band response are therefore required. It must be also taken into
account that the dual-band filter can also be incorporated in systems with different bandpass
filters, with the corresponding size reduction and improvement in performance, since no external

elements are needed for the connection between single-band filters.

As an example of the expected developed multi-standard applications, in 2006 the European
project MOBILIS! was launched. One of the objectives of the project was to try to develop and
implement a multi-standard transmitter architecture based on digital RF signal generation, use
of BAW filters and BAW duplexers for the DCS/UMTS applications.

In this chapter, we present a configuration based on the conventional ladder-type filter, which
is called the double-ladder type filter. It achieves a dual-band transmission response in which
each bandpass is allocated to the desired frequencies. Initially, there are no restrictions on the
frequency separation between transmission bands; however, as discussed below, high frequency
separation could lead to degradation of the filter’s performance. The procedure for designing
dual-band filters based on BAW resonators using the double ladder topology will therefore be
extensively discussed in this chapter. The design strategy is based on the strategy discussed for

conventional ladder-type filters.

Lwww.ist-mobilis.org
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6.1 Introduction

The rapid development of wireless communication equipment at microwave frequencies require
the design and production of high quality miniature devices with efficient use of more and more
frequency channels. Multi-bandpass components (antennas, amplifiers and filters) have been

developed to reduce the volume and weight of these devices [127, 128, 129].

It is well-known that technology based on bulk acoustic wave (BAW) resonators has recently
emerged as the advantageous alternative for filter designs based on both surface acoustic wave
(SAW) resonators and ceramic resonators, due to its capacity for integration in a standard mi-
croelectronics process and miniaturization, its high quality factor, and its higher power-handling
capability [67, 88]. However, most of the known BAW configurations present a single band re-
sponse [67, 88]. In [130], a dual band filter is presented in which the BAW resonators comprise
two piezoelectric layers with an opposite orientation. However, in this case, the design of the
piezoelectric layers are dependent on each other because they exert a mass loading effect on each
other.

A double-ladder topology is proposed to obtain a dual-band response using BAW resonators
based on the conventional ladder-type topology. The general configuration proposed for the
double-ladder configuration consists of m-single stages as shown in Figure 6.1, where all the
m-stages are identical. It can be seen that this configuration is very similar to the ladder-type
configuration, but in this case, two BAW resonators are placed in the series path, and two BAW
resonators are placed in the shunt path at each stage. A general dual-band response using the
proposed structure is shown in Figure 6.2. The lower band (Band 1) is achieved by the interaction
between one series and one shunt resonator (BAW;; and BAWy,), while the upper band (Band
2) is achieved by the interaction of the remaining pair of BAW resonators (BAWjy, and BAW,,)).
The order N of ladder-type filters is usually determined by the number of single resonators that
make up that structure. In this case, due to the dual behavior of the structure, the order of

the filter will be determined by the number of pairs of series and shunt resonators. The main

BAW, BAW, BAW, BAW,

gl Inml | ol [l | =

Il Bl Il Bl
BAw, LT Baw, BAW, L——T BAw,
| ] | |
3 h
1" Stage m" Stage

Figure 6.1: General configuration for the Double-Ladder dual-band filter using BAW resonators.
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Figure 6.2: Generic dual-band response of a double-ladder filter using BAW resonators.

consideration that must be applied to the design procedure in the double-ladder configuration
is known as the transmission condition: at the center frequencies of each band (fo; and fo2),
the signal is desired to travel between the input and output electrical ports freely, which forces
the resultant impedance of the series path to be zero, that is, to behave as a shortcircuit. This
is achieved by the inductive behavior of the BAW resonator between the resonant frequencies

being cancelled by the capacitive behavior out of these frequencies at each band.

6.2 Working Principle of the Double-Ladder topology

The working principle behind the proposed structure is very similar to the conventional ladder-
type filter one. The lower transmission zeros at each band will be located at the resonance
frequency of the shunt resonators ( fﬁ and ﬂ;), since at these frequencies the signal will find a
direct ground path. The upper transmission zeros in both bands are given by the antiresonance
frequency of series resonators ( fasl and fo2), since the series resonators will behave as an electrical

open-circuit at these frequencies.

The consideration that must be used in the double-ladder topology is the fulfillment of the
transmission condition: at the center frequency of each band (fo1 and fp2), the resultant electrical
impedance of the series resonators must be zero. The electrical behavior of the BAW resonator

between f,. and f, is inductive while out of these frequencies, the electrical behavior is purely
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capacitive. Based on the approach of the electrical impedance of the BAW resonator [85],

1 =1
Z(f)= 2770 <f2 — f3> (6.1)

with Cy = Ae/d,, the transmission condition can be expressed as,

1 <f01 f > + 1 -0

327 fon Gy \ for — i 327Tf01C (6.2)
1 + 1 <f02 f 3 =0

j27rf020(§1 j27Tf02C6q2 f02

where the first and second terms in the equations in (6.2) correspond to the electrical impedance
of the series resonator BAW;g and BAWyg, respectively, at the center frequencies fp1 and foo.

Thus, the ratio between the series static capacitances C@gl and 0692 is given by,

Cgl _ fOl f?"l
Sl e
mo

CSE f02 fr2

It must be taken into account that the transmission condition in (6.3) cannot be accomplished

(6.3)

with freely chosen resonators. This will be dealt with in the design procedure section.

6.3 Design Procedure of the Dual-band Filter

The output parameters of the proposed design procedure are: C’@ql, C’(I)Dl, C’@%, 0(1)32 and fs- and

P since the remaining frequencies are given by the allocation of the transmission zeros as seen
in Flgure 6.2. The filter response will be described by the center frequency of each transmission
band fy;, considering that the transmission zeros are symmetrically spaced around the center
frequency of each band, the allocation of the upper fg and lower sz transmission zeros to each
band, and the out-of-band (OoB) rejection. The subscript @ = 1, 2 refers to each of the frequency

bands.

Taking the considerations above into account, we can define a design procedure that is

summarized as follows:

1. Determine the value of the resonance frequency fr using fU = fS To carry out
this step, the value of the effective electromechanical coupling constant k2 cff1S for the series

BAW related with band 1 must be set. This value is related with the resonant frequencies

4= (7) (7) (%27) &

as,
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Figure 6.3: Flow diagram for obtaining of the resonant frequencies of the series resonators .

There is a freedom degree in setting the value of k‘gf P but two conditions must be fulfilled:
the value of kff 1 must be lower than the maximum achievable value with the materials

used, and the resonant frequencies obtained for this resonator must accomplish,

f;,gl < fo1 < f(;ql (6.5)

to ensure that the series BAW resonator presents an inductive behavior at the center
frequency. A good approach for defining the value of kff 1 consist of relating this value

with the transmission zeros distance as,

2\ (10 (fa- 1
o= (50 () () 6

In this case, the resonance frequency of the series and shunt resonators is equal. Otherwise,
for a different value, both frequencies will be allocated to close positions as shown in Figure
6.4, which also shows the effects on the transmission response for the pass band 1 depending
on the chosen value of kff 1 It can be seen that for a random value, a certain losses appear
in the transmission response. This is due to the fact that for the resonance frequency of
the series resonator f;gl, at which the signal must travel freely along the series path, the
electrical input impedance of the shunt resonators is low, leading to part of the energy
being grounded and resulting in some insertion losses. The value obtained using (6.6) is
kfffl = 3.67 %, while the random value used is k:esf?fl =4.5%.

2. Determine the resonance frequency frs2 using fz% = f§2 and the frequency rela-

tion in the transmission condition in (6.3). Once this frequency is obtained, the value
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Figure 6.4: Effects of the chosen value of k‘ff 71 on the transmission response

of sz fog can be calculated using (6.4). This value is also subject to the same limitations

as the previous case.

At this point, the series resonators are fully characterized in terms of resonant frequencies
and the effective electromechanical coupling constant needed. In order to clarify the design
procedure, the flow diagram required for obtaining these parameters is shown in Figure
6.3. For the shunt resonators, the design procedure does not require as many restrictions.
The only one which must be ensured is the allocation of the resonance frequency f, to the

position of the lower transmission zeros at both bands. The design procedure is therefore:

. Set the values for antiresonance frequency of the shunt resonators ffi. The only

restriction on setting these values is the resulting value for the kgffi p» Which must be
obtainable with the used materials as above. In this case, for the sake of simplicity these

values can be set to the same values as the values of f(fl

. Determine the static capacitances Cgi/ P of each resonator. In this case, it can be

assumed that C’gl = C’éjl = Cpy and C’ﬁg = Cé; = Cpz. As seen in [76], one of the conditions
for finding the static capacitance that the filter must accomplish is the image impedance
matching condition. This condition is accomplished at a single frequency and is defined

as,

1
(/0 S ——— 6.7
00 (27 foZo)? (6.7)

where Zy = 50 2 is the impedance of the source and load. Note that as discussed extensively
in the previous chapter, the asymmetry in the structure means that Z;; # Z;2, and some
mismatch losses must therefore be assumed. On the other hand, if there are two different

frequencies with a separation, the condition will not be accomplished at both frequencies
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at the same time. In this case, there are three different ways of obtaining the values of Cy;
and CQQZ

-Applying the image impedance matching condition to the central frequency of the lower
band fy; to obtain Cpp, and find Cpy using the capacitance relation in (6.3). In this case,

some mismatch losses will appear in the upper band.

-Applying the image impedance matching condition to the central frequency of the upper
band fp2 to obtain Cpa, and find Cp; using the capacitance relation in (6.3). In this case,

some mismatch losses will appear in the lower band.

-Calculating the capacitance Cp; at the frequency between both center frequencies (fo1 +
fo2)/2 in order to minimize the mismatch losses in both bands, then using the ratio in
(63) to find 002.

In order to validate the assumptions above, a filter response has been designed at the cen-
tral frequencies fop; = 1.5 GHz and fyp2 = 3 GHz, which entails a big frequency separation
between bands. The static capacitance for the series resonators has been calculated using
the three possibilities and the order of the filter has been set to N = 4 since, as discussed
in the conventional ladder-type filter, the higher the order, the higher the insertion losses.
The results in Figure 6.5 confirm that the optimum way of calculating the value of the
static capacitances is the one with frequency at the center frequency between transmission
bands. With the other possibilities, the final result has very few mismatch losses in one of
the bands, in which the image impedance condition is applied, and higher mismatch losses
in the other one. As seen in Figure 6.5, this is 1 dB in the matched band, and 4 dB in the
other band.

5. Determine the OoB rejection. As it occurs with the conventional ladder-topology,
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the out-of-band rejection will be determined by the order of the filter [76]. The relation
between the order N and the OoB rejection is shown in Figure 6.6 when Cy; = C] = Cpy
and CF, = CL, = Cpa. Otherwise, the OoB rejection might be calculated for each case.

6.4 Application of the Dual-Band BAW Filter to the GNSS Sys-
tem

One of the most straightforward applications in which the dual-band BAW filter can be included
is the RF receiver for global navigation satellite systems (GNSS) signals. This system usually
contains the general positioning system (GPS), which is operated by the United States; the
global orbiting navigation satellite systems (GLONASS), which is operated by the Russian
Federation and the projected Galileo system which is going to be built by the European Union.
The common feature in all these systems is their multi-frequency nature. The receivers are
currently designed to work using one single band for a specific system. However, it has been
shown that using various bands to obtain the information minimizes the position errors due to
the ionosphere [131]. However, receivers have also been developed which work with a single band
of two different systems as in [132], in which a GPS/Galileo receiver is discussed. The center
frequency of the different multi-standard applications in the GNSS, the required bandwidth and
the availability of the service are shown in Table 6.1. Note the presence of interferer signals
which are listed in Table 6.2 as well as the frequency range and the power associated with each

one [133].
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Table 6.1: GNSS signals [133].

Signal Center Frequency [MHz| | Bandwidth [MHz] Service
GPS L1 1575.420 20.46 Open
GPS L2 1227.600 20.46 Open
GPS L5 1176.450 24 Open
Gal L1 1575.420 4 Open
Gal E1IL1E2 1575.420 32 Open
Gal Eba 1176.450 20.46 Open
Gal E5b 1207.140 20.46 Open/Encrypted
Gal E6 1278.750 10.23 Encrypted
Gal E6 1207.140 40 Encrypted
Gal E5ab 1191.795 51.15 Open/Encrypted
GLO L1 1603.41 12.27/20.92 Open
GLO L2 1247.09 9.77/18.52 Open
Table 6.2: Interferer signals [133].
Signal Frequency Range [MHz| | Power
Satellite communication 1 1544.5 Medium
Satellite communication 2 2200-2300 Medium
UHF TV 500-860 Strong
CT2/+ cordless phones 864-948 Weak
DAB 1452-1492 Strong
GSM cell-phones 824-960/1710-1990 Medium
TDMA, IS-54 cell-phones 854-894/1850-1990 Medium
CDMA, IS-95 cell-phones 824-894/1850-1990 Medium
DECT phones 1880-1900 Weak
PHS phones 1895-1918 Weak
PDC cell-phones 810-956,/1429-1501 Medium
UMTS/WCDMA phones 1900-2170 Medium
Bluetooth 2402-2495 Weak
WLAN (IEEE802.11b) 2410-2483 Medium
UWB 1000-3000 Weak
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Table 6.3: Obtained values with the design procedure for resonators associated to Band 1 and Band 2

for the GPS L1/L5 application.

Parameter Band 1 Band 2
Co 2.31 pF 2.35 pF
fa 1195.7 MHz | 1591.8 MHz
fr 1157.3 MHz | 1558.6 MHz

6.4.1 Dual-band filter for the GPS system

The first design is for the GPS L1 and L5 bands simultaneously. As described in Table 6.1, the
chosen central frequencies and Bandwidths are fp; = 1176.45 MHz and fp2 = 1575.42 MHz,
and By = 24 MHz and B, = 20.46 MHz. Taking into account the required bandwidth, the
allocation of the transmission zeros has been set to fli = 1157.3 MHz, f§; = 1195.7 MHz,
f0L2 = 1559.1 MHz and f(% = 1591.8 MHz. In this case, we have chosen the order of the filter
to be N = 4 which entails and OoB higher than 25 dB. The static capacitances and resonant

frequencies obtained using the design procedure are shown in Table 6.3. Note that series and

shunt resonators has been designed to be equal and that is why there is no distinction between

them in the summary.
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Figure 6.7: Simulated lossless transmission response for the GPS L1 and L5 frequency bands and the

Satellite communications 1 interferer signal.

As it was done with the conventional ladder-type filter, from the resonant frequencies and

the static capacitances, the thickness of the electrode and piezoelectric layer, as well as the
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Table 6.4: Dimensions of the BAW resonators for the GPS L1-L5 Dual Band Filter.

BAW;g BAW;p BAW,g BAW,p
Metal Electrode [pm] 0.63 0.63 0.59 0.59
Piezoelectric layer [pm] 1.82 1.82 0.99 0.98
Area [pm x pm] 216.5x216.5 | 216.5x216.5 | 160.9x160.9 | 160.9x160.9
k2 ¢ [%] 7.67 7.67 5.04 4.97

Table 6.5: Modification of the dimensions of the BAW resonators for the GPS L1-L5 Dual Band Filter.

BAW;g BAW,p BAWyg BAW,p
Metal Electrode [pm] 0.59 0.59 0.59 0.59
Piezoelectric layer [pm] 1.90 1.90 0.99 0.99
Area [pm x pm] 216.5x216.5 | 216.5x216.5 | 160.9x160.9 | 160.9x160.9

required area are needed. In order to obtain these results, the equations (5.8,5.9) developed in

the previous chapter must be used.

The values obtained for the resonators of the structure as well as the effective electromechan-
ical coupling constant obtained are found in Table 6.4. The materials used are Aluminum for
the electrodes and ZnO for the piezoelectric layer. The transmission response is shown in Figure
6.7. The two transmission bands where the transmission zeros are allocated to the expected
frequencies are clearly shown. The simulation has been carried out considering lossless BAW
resonators. At the same time, the interferer signal coming from the satellite communications 1

at f = 1544.5 MHz is shown, where as can be seen, the rejection for this signal is 30 dB.

Some modifications can be made to the dimensions obtained for the designed filter in Table
6.4, for the sake of greater simplicity in the fabrication process. It can be seen that the thick-
ness of the electrodes is very similar for the two pairs of resonators. The value of the effective
electromechanical coupling constant for BAWsg and BAWsp is almost the same, with the dif-
ference being a slight variation in the thickness of the piezoelectric layer. The designed filter has
therefore been modified in order to use the same electrode thickness. To do so, the thickness has
been equaled to the one referred to in band 2. Since the electrode to piezoelectric thickness ratio
in this case is lower, a slight variation strongly affects than variations over the electrode for the
pair of resonators associated with band 1. On the other hand, the thickness of the piezoelectric
layer in the resonators associated to band 2 has also been equaled. The resulting dimensions are
shown in Table 6.5. The variation in the thickness of the electrodes entails a slight shift in the

allocation of one of the transmission zeros in band 1 since the metal electrode to piezoelectric
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Figure 6.8: Detail of both transmission bands for the original (dashed line) and modified (solid line)
dual-band filter for GPS L1 L5.

thickness ratio has also been slightly modified. As it is expected, the band 2 remains as its

original situation. The detail of both transmission bands are seen in Figure 6.8.

6.4.2 Dual-band filter for the Galileo System

The frequency distance between both bands of the designed filter for GPS L1 - L5 is 400 MHz.
For this distance, the behavior of the filter for the frequencies between both bands can be
easily obtained since at these frequencies, all the resonators making up the structure present a
capacitive behavior. In order to check the proper behavior of the proposed structure when both

transmission bands are allocated close together, a dual band filter for Galileo Eba and E5b has
been designed.

The central frequencies of each bands are fop; = 1176.450 MHz and fo2 = 1207.140 MHz,
as shown in Table 6.1, which entails a frequency distance of only 30 MHz. For this design, the
transmission zeros have been allocated at fOLl = 1166.3 MHz, fé{ = 1187.7 MHz, fOL2 = 1197.3
MHz and f{, = 1217.8 MHz. As in the previous design, the materials used are Aluminum for
the electrodes and ZnO for the piezoelectric layer. The resulting output parameters from the
design procedure are summarized in Table 6.6. In this case, also the series and shunt resonators

associated to each band has been designed to be equal.

As it was done in the GPS L1/L5 application, with the static capacitance and the resonant
frequencies, applying the equations (5.8,5.9) in the previous chapter, the physic dimensions of
the BAW resonators can be extracted which are summarized in Table 6.7. As it occurred in the
previous design, the value of kfffl = k‘gcfl, but kfff2 #* kgcfz. This is due to the fact that the

capacitance ratio C5 /Cy, is not exactly one. The transmission response for the designed filter
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Table 6.6: Obtained values with the design procedure for resonators associated to Band 1 and Band 2
for the Galileo E5a/E5b application.

Parameter Band 1 Band 2
Co 2.67 pF 2.69 pF
fa 1186.7 MHz | 1217.4 MHz
fr 1166.2 MHz | 1196.7 MHz

Table 6.7: Dimensions of the BAW resonators for the Galileo E5a - E5b dual band filter.

BAW;g BAW;p BAW,g BAW,p
Metal Electrode [pm] 0.83 0.83 0.82 0.82
Piezoelectric layer [pm)] 1.16 1.16 1.11 1.11
Area [pum x pm] 185.2x185.2 | 185.2x185.2 | 182.4x182.4 | 181.9x181.9
k2, (%) 418 418 411 4.08

can be seen in Figure 6.9, where both bands are clearly distinguished with the corresponding

transmission zeros allocated at the expected frequencies.

As in the case above, some modifications in the geometry of the composing resonators can
be made in order to simplify the fabrication process further. In this case, unlike in the design
above, the thickness of the piezoelectric layers of the resonators associated with band 1 and 2 are
very similar, since the transmission bands are allocated to very close frequencies. In this case,
the frequency shift of the transmission band can be assumed by the thickness of the electrode.
The modification consists of forcing all the piezoelectric layers to have the same thickness. Of
course, the thickness of the electrodes will have to be modified in order to correct this deviation.

The resulting dimensions are shown in Table 6.8.

Figure 6.10 shows the comparison in the transmission response with the original resonators

obtained using the design procedure, and using modified resonators in order to simplify the

Table 6.8: Modification of the dimensions of the BAW resonators for the Galileo E5a - E5b dual band
filter.

BAW, 5 BAW, p BAWas BAW,p
Metal Electrode [pm] 0.83 0.83 0.80 0.80
Piezoelectric layer [um] 1.16 1.16 1.16 1.16
Area [pm x pm] 185.2x185.2 | 185.2x185.2 | 182.4x182.4 | 181.9x181.9
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Figure 6.9: Simulated lossless transmission response for the Galileo E5a and E5b frequency bands.

fabrications process. It can be seen that since the piezoelectric thickness has been equaled to the
one belonging to the resonators associated with band 1, the slight difference occurs in band 2.
In this case, the rectification in the electrode thickness entails a small modification in the value
of the effective electromechanical coupling constant, and thus in the frequency distance between
the transmission zeros. However, the agreement between both responses can be assumed to be

accurate enough.

With respect the in-band losses, it is seen that these are higher than the GPS L1/L5 applica-
tion. By one hand, the matching impedance condition is better accomplished since both bands
are closer. However, on the other hand, as the bands are closer, at the center of each band, the

behavior of the resonators is not as expected, that is, pure inductive or capacitive depending on
the band.

6.5 Topology Validation Using Measured BAW Resonators

In order to validate the proposed topology, different measured resonators have been electrically
connected using the electrical simulator Agilent ADS. The measured resonators present resonant
frequencies f,,1=1.877 MHz and f,1=1.931 GHz for the pair of resonators associated with the
lower band, and f,9=1.962 MHz and f,2=2.017 GHz for the pair of resonators associated with
the upper band, forming a double-ladder with order N = 2. In this case, BAW,=BAW}, and
BAW,,=BAW3,, and the capacitance ratio is approximately Cp;/Cop2 =~ 1.

The transmission response and the return loss of the filter are shown in Figure 6.11. The
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transmission response clearly shows both transmission bands, with the transmission zeros placed
at the expected frequencies. The lower band has a ripple in the bandpass, which is due to the
presence of spurious modes in its electrical behavior. Unlike the pair of resonators associated
with the upper band, these resonators are not optimized to avoid or minimize the presence of
these spurious modes. The OoB rejection is about 10 dB, which is the expected value considering
Figure 6.6 and taking into account the capacitance ratio. Note also, that the rejection between

transmission bands is even higher, in this case higher than 20 dB.

6.6 Chapter Summary

This chapter presents the double-ladder type filter. With this topology, a dual band transmission
response can be achieved, in which each of the transmission bands can be allocated at the desired
frequencies. Using the design procedure for the conventional ladder-type BAW filter, we discus

a design procedure for the double-ladder filter.

The single cell of the proposed topology is composed of two series and two shunt resonators,
where one of the series and shunt resonators are associated with one of the transmission bands,
while the remaining pair of resonators is associated with the second transmission band. In order
to achieve the desired response, the transmission condition must be fulfiled. This means that at
the center frequencies of each of the transmission bands, the resulting impedance of the series
branch must be 0 2. Using the capacitive behavior of the BAW resonator outside the resonant
frequencies and inductive behavior between resonant frequencies, this condition can therefore

be easily accomplished.
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On the other hand, the dual nature of the structure limits the fulfillment of the image
impedance matching condition. As it was also developed in the previous chapter, this condition
is only fulfilled at a single frequency. The unfulfillment of such condition entails mismatch losses
in the transmission bandpass. Thus, there is a trade-off in which is the frequency where the
image impedance condition must be applied. It seems that the optimum solution is to apply
such condition in the equidistant frequency from both transmission bandpass. Therefore, as the
frequency distance between the transmission bandpass is higher, the mismatch effects will be
stronger. On the other hand, when both transmission bands are closely allocated, the behavior
of the BAW resonators is not the expected, that is, pure capacitive or inductive, giving rise to

a higher ripple in the bandpass.

With regards the proposed design procedure, two different issues must be pointed out
related with the effective electromechanical coupling constant. The value of the sz 7 has been
traditionally set to the maximum achievable value which results in a decrease of the insertion
losses. However, in this case, we have considered this parameter as a design parameter which
gives the required degree of freedom to achieve the desired responses. The fact of reducing the
value of kgf ¥ does not imply that the quality factor of the resonator will be degraded. However,
the insertion losses will be increased since the resistance of the series resonance is inversely

proportional to sz 7 and the resistance of the parallel resonance is proportional to kgf 7 [27].
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Finally, the proposed design procedure has been applied to the GPS and Galileo applications.
In GPS L1-L5, the frequency distance between transmission bandpass is around 400 MHz, while
in the Galileo E5a-E5b, the distance is around 20 MHz, which allows studying the proposed

topology as a function on the frequency distance between transmission bands.
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CHAPTER 7

Conclusions and Future Work

As discussed at length in the introduction to this work, BAW technology seems to be the key
to overcoming the limitations presented by other technologies that are mainly related with their
size and ability to integrate devices based on these technologies. The driving forces behind the
development of the BAW technology can be summarized as size reduction, high performance

and integration.

In recent years, much of the effort in this area has focused on the control and improvement of
the various processes for manufacturing acoustic devices. However, there is still much work yet
to be done in the study of BAW resonators, as well as their application to microwave devices.
The conclusions of the work proposed in this thesis can be summarized in the following points

for each chapter:

1. In chapter 2, analysis of the propagation of the acoustic wave through a piezoelectric layer
shows certain analogies with the electromagnetic plane that are very useful for understand-
ing the physical phenomena underlying the working principle of BAW resonators. Several
one-dimensional models have also been proposed in order to characterize the electrical
behavior of these resonators. However, the three-dimensional nature of a BAW resonator
makes the various one-dimensional models insufficiently accurate for full electrical charac-

terization. This is due to the fact that lateral effects cannot be predicted by these models.

2. In order to overcome the limitations of the one-dimensional models, the one-dimensional
study of the BAW resonator is expanded to the three-dimensional case in chapter 3. In
order to obtain the full electrical characterization, the strategy for carrying out the three-
dimensional simulation was introduced. The results were compared with various studies

using laser interferometry in the characterization of such resonators, in which the agree-
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ment was very good. The degradation of the electrical performance of BAW resonators -
basically the quality factor of the BAW resonator - is mainly due to the presence of lateral
standing waves. At the same time, this also leads to a strong ripple in the bandpass filter

response.

. Chapter 4 tries to answer the question arising from chapter 3: how can the electrical per-

formance of the BAW resonator be improved? There are basically two different techniques
that focus on this issue: the apodization solution and the thickened edge load solution. The
former consists of designing the top electrode in such a way that non-parallel edges are
found. In this case, the standing paths present in the structure are larger, which makes the
lateral standing waves more attenuated. However, more standing paths are present, and
therefore more lateral standing waves. Furthermore, since lateral modes are still present,
the quality factor of the BAW resonator is still degraded because part of the energy of
the fundamental mode leaks to the lateral standing waves. The thickened edge solution
consists of the inclusion of a border region in the top electrode. By doing so, boundary
conditions are created in which lateral modes cannot propagate through the structure. In
this case, the quality factor of the BAW resonator obtained is much better than when

using the apodization technique.

An equivalent electrical circuit has been developed using one-dimensional models in order
to model side effects using this solution. When the border is included, the structure can be
understood as two independent BAW resonators since the mechanical boundary conditions
are different in the active and thickened edge region. In this case, a new resonant mode
appears due to the thickened edge load. The frequency allocation of this mode can be
controlled by means of the height of this region. On the other hand, due to the presence
of this mode, the total amount of energy of the fundamental mode is reduced since part of
the energy leaks to the thickened edge mode, with the corresponding degradation of the

effective electromechanical coupling constant.

. After studying the BAW resonators in terms of their electrical behavior and optimization,

but also from the mechanical point of view, the ladder-type filters were introduced in
Chapter 5. The design procedure for this type of filter was discussed, considering infinites-
imal electrodes first, and then including the mass loading effects in the design procedure.
Ladder-type filters are characterized by a high selectivity due to the presence of a pair of
transmission zeros, but also by a poor out-of-band rejection due to the natural capacitor
divider. This chapter shows how the OoB rejection can be improved by including reactive
elements in the ladder-type topology. The presence of reactive elements can modify the
resonant frequencies of the BAW resonators. Doing this, if the ladder-type topology is
formed by modified and non-modified BAW resonators, two pairs of transmission zeros

will be present in the transmission response with the improvement of the OoB rejection.
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With this solution, and depending on the application, the order of the filter could even be

decreased.

5. Most of the known filter topologies based on BAW resonators only present one transmission
band. There are some works containing a dual band filter is found, but the resulting
performance is very poor or the bands cannot be allocated to the desired frequencies. In this
work, we have developed a double-ladder topology which enables a dual-band transmission
response in which each of the bands can be allocated to the desired frequencies. The only
limitation of this topology is that the image impedance condition can be only fulfiled at a
single frequency. As a result, for very widely spaced transmission bands, some mismatch
losses may occur in the form of insertion losses in the bandpass. This can be minimized

by applying this condition in the center frequency between transmission bands.

Future Work

This work includes a great deal of theoretical content in the description of the electrical perfor-
mance of the BAW resonator, and also in its application to microwave filters. The most pressing
task for the immediate future is therefore to manufacture BAW resonators in order validate all
the results provided in this work; and to manufacture ladder-type and double ladder-type filters
for a given specification. Note that manufacturing acoustic devices entails a complex process in
which the design must be determined by the fabrication process requirements in terms of layer
thickness limitation, the mechanism for confining the acoustic wave, the design of the access

lines and so on.

Fabrication is a further step needed in the research on the FBAR field to validate all the

results shown in this work. However, the research can also focus on the following points:

1. Most of the equivalent circuits proposed for the various acoustic structures are given from
the electrical point of view. However, in more complex structures such the coupled res-
onator filter, electrical models, despite being accurate, do not provide all the information

needed for comprehensive knowledge of the working principles of these structures.

Acoustic resonators have been also explained from the mechanical point of view by means
of the spring-mass model, in which the mechanical properties of the resonator can be
directly related with the frequency response. Mechanical models can also be developed in
order to model more complex structures, as with coupled resonator filters. The coupling
mechanisms must be investigated in depth in this kind of structure, and mechanical models
could be a very useful tool for obtaining more information about the working operation

underlying these structures.



148

2. As microwave applications are constantly increasing, the demand for microwave filters
with more sophisticated responses is evident. As with the asymmetrical coupled resonator
filter [105], various filter architectures must be developed in order to fulfil the requirements
mentioned above. Although most work has focused on bandpass filters, bandstop filters

are also required.

3. In the most modern communication systems, wireless applications are added as stand-alone
features in which the integration only occurs at software level. However, future systems
are expected to have optimized flexible digital signal processors and reconfigurable RF
system-in-package (SiP) radios that can be used for various wireless applications. This
scenario requires advanced SiP technologies in order to reduce the size and the cost of the
final device, as well as the performance. Passive components usually account for more than
80% of the total amount of components in a microwave system. Therefore, as seen in the
recent works published in this field, the integration and package is one of the issues were

the future lines should be put on.

As in the introduction, areas for future work can be summarized as having three strong
driving forces: high performance, minimum size and low cost. These driving forces sparked off
research in acoustic devices, and these are the driving forces which the most of the scientific

community specialising in this field is working on.



APPENDIX A

Transcendental Equations for the Resonance and
Antiresonance Condition

As it was briefly discussed in Chapter 2, the BAW resonator can be also understood as the
stepped impedance resonator (SIR), of course, without taking into account the piezoelectric
effect. This is because the observed symmetry of the BAW resonator in the thickness dimension

when the thickness and material of top and bottom electrodes are the same.

In this appendix, the fundamental equations for the resonance and antiresonance conditions
will be obtained by means of the analysis of the SIR in the electromagnetic plane. Taking this
consideration into account, an horizontal symmetry plane can be observed in the BAW structure
at z = d,/2. For the sake of simplicity, the mechanical load at top and bottom electrodes will be

air. The piezoelectric material is ZnO and the metal electrodes are considered to be Aluminum.

A.1 Antiresonance frequency condition

The antiresonance frequency is given when the total thickness of the structure corresponds to the
half acoustic wavelength. At this point, taking into account the electrical boundary conditions
at the top and bottom surfaces of the structure, is straightforward to state that the fields along
the structure are symmetric, leading to the resonator to behave as an open circuit at the center

of the structure. This situation is represented in the Figure A.1(a).

To accomplish the antiresonance condition, the relation between the impedances, looking
into the opposite directions from the interface between the electrode and piezoelectric layer,

must be Zsee=%g,, as it occurs with the stepped impedance resonators [134], which lead us to
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Figure A.1: Symmetry analysis for a BAW resonator.
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have,

Z,
=P = tan, tan 0, (A.1)
Ze
with 6. = kete, 0, = kpd,/2 and k = w/v,. In order to solve the transcendental equation in
(A.1), we will fix the antiresonance frequency, and we will sweep the piezoelectric thickness for
a given value of the electrode thickness. Solving the equation numerically we obtain the solution

shown in Figure A.2.

From the results in Figure A.2 we can see how from a certain value for the thickness of the
piezoelectric layer we obtain negative values for the electrode thickness. In the case of t. = 0, the
thickness of the piezoelectric layer corresponds to the half of acoustic wavelength. If we increase
the thickness of the piezoelectric layer, the results tend to negative values to try to reach the

fixed antiresonance frequency, which is physically not possible.



Appendix A. Transcendental Equations for the Resonance and Antiresonance Condition 151

A.2 Resonance frequency condition

In the case of the resonance frequency, the fields in the structure are antisymmetric, situation
that lead us to set the impedance at the center of the piezoelectric layer as a short circuit.
As previously, the relation between the impedances, looking into the opposite directions from
the interface between the electrode and piezoelectric layer, must be Zs.e=Zg.,. Taking this into
account, and the condition for the resonance frequency from the electrical impedance of a BAW
resonator, that is the input electrical impedance is zero at this frequency, we can obtain the

transcendental equation for the resonance frequency as,

2
Zyp ( L kt) = Ztan 6, (A.2)

tantd, 0,

Using the pair of electrode and piezoelectric thickness which are solution of equation (A.1) for
a given antiresonance frequency, and using equation (A.2), we can obtain the solution for the
resonance frequency. Once the resonance and antiresonance frequencies have been obtained and

using the relation with the electromechanical coupling coefficient,

_ 7T2 fa_fr fr
=5 (44) (3

we could also obtain the curves that relates the achievable effective electromechanical coupling

constant as a function of the ratio between the piezoelectric and the electrode thickness for a

given material.
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APPENDIX B

Automated FBAR Parameter Extraction Based on
the Modified Butterworth-Van Dyke Model

In this appendix, the used automatic FBAR parameter extraction method is going to be dis-
cussed, which is based on the minimum least square method. Specifically, due to the nature of
the problem to be solved, the more suitable method is the Gauss-Newton algorithm, which is
used to minimize the sum of squared function values, due to the nonlinear nature of the data.
In this case, which is minimized is the sum of the squared of the residuals as,

min £(x) = ;;m)? = F@) (@) (B.1)

where F is the residual vector and F7 its transpose. Taking advantage of the Hessian V f(z),
and the Jacobian V?f(z), and doing some mathematical transformations, we can obtain the

Gauss-Newton formula given by,
VF(z)VF(x)Tp = -VF(2)F(z) (B.2)

where p = —f(xg)/f (z) evaluated at the point . Somehow, p can be understood as an

increment, thus, the next solution will be evaluated at xx,1 or equivalently x + p.

Taking advantage of the modified Butterworth-Van Dyke equivalent circuit, the objective is
to find the different parameters of the model that fit the measured response of a BAW resonator.

The general working principle of the used algorithm is:

1. State the initial conditions. In this case the initial conditions are the different parameters

in the model.

2. Compare the measurement with the response of the model. If the error between them is

large enough, to look for the next solution.
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Table B.1: Consecutive steps to obtain the parameters of the modified BVD equivalent circuit.

Step | Parameter | S-parameter fitted | Error function
1 Co Si2 |912(Co)
2 Ly, C, S11 |S11[(Lin; Crm)
3 Cox S 15111(Cox)
4 R St £S11(Rs)
5 Ry, S12 £512(Rp)
6 R, S |S11](Rim)
7 Rgup S 2511 (Rsub)
8 Co S12 1S12/(Co)
9 Csup S11 1511 (Csup)
10 Co S12 £812(Co)
11 L, C, S1o [S12|(Lim, Cin)
12 Cox S11 2511(Cor)

3. For a given error below a specified value, the algorithm will be finished.

The used method is an iterative multistep algorithm, thus, each one of the steps results
in a specific BVD model. On the other hand, the information of the measure is given in the
S-parameter format, that is, |S11|, £511, |S21] and £Ss;. Therefore, a sensitivity study of the

different parameters of the BVD model with respect the S-parameters is needed.

The used algorithm in [115] is a valid approach for free-spurious resonators, however, when
also spurious modes are present in the electrical behavior of the BAW resonator, the conver-
gence to the solution is not achieved. To overcome this, one solution could be to extract the
model in a frequency range limited by the resonant frequencies. This entails that, by one hand,
the convergence of the static capacitance Cy value may present some error since this is better
optimized out of the resonant frequencies. On the other hand, it must be notice that parasitic

elements present a stronger effect at high frequencies.

The solution that we propose can be used also with the presence of spurious modes. First
of all, the main fundamental mode must be identified. To do this, we take advantage on the
magnitude of the reflection and transmission coefficient |S1;| and |Si2|, since at the resonance
frequency f, |S11| tends to its minimum value, while at the antiresonance frequency f, is the

magnitude |S12| what tends to its minimum value.

Taking into account the previous considerations, the order of the different parameters to
be optimized is shown in Table B.1. A different order could result in a non-convergence of the

proposed algorithm. It must to be pointed out that, by one hand, since it is an optimization



Appendix B. Automated FBAR Parameter Extraction Based on the Modified
Butterworth-Van Dyke Model 155

0'11 12 14 16 18 2 22 24 26 28 3 1 12 14 1.6 1.8 2 22 24 26 28 3
Frequency (GHz) Frequency (GHz)
(a) [Sul (b) £51
0.8 1
0.8
0.6
0.4
0.2
0
-0.2
-0.4
-0.6
-0.8
o—_— . o
1 12 14 16 1.8 2 22 24 26 28 3 1 12 14 16 18 2 22 24 26 28 3
Frequency (GHz) Frequency (GHz)
(c) |51zl (d) £512

Figure B.1: Comparison between the measurement (blue solid line), the initial prediction (dotted black
line) and the final response (solid black line) for a measured BAW resonator presenting spurious modes.

algorithm, different solutions to the implementation of the code are possible. On the other hand,
it can be seen that there are some parameters that requires to be optimized in the same iteration
more than one time. This is due to the fact that some of the parasitic elements exert a stronger
influence on them. Finally, in order to run the algorithm, the number of iterations and the error

convergence are required.

Figure B.1 shows the comparison between the measurement of the BAW resonator with the
initial prediction of the different parameters and the final result. It can be seen that with the
obtained values of the different parameters, the model fits the measurement for the fundamental
mode. At the same time, it can be seen that the spurious resonances are not taken into account for
the optimization algorithm. Also Figure B.2 shows the final result for a measured free-spurious

resonator. The result, as the previous case, agrees perfectly with the measurement.
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Figure B.2: Comparison between the measurement (blue solid line), the initial prediction (dotted black
line) and the final response (solid black line) for a free-spurious measured BAW resonator.



APPENDIX C

ANSYS Routine for the 3D Simulation of a BAW
Resonator

In order to clarify the code, the commands provided by the ANSYS simulator have been written

in upper case.

/clear

/TITLE,Simulation of a conventional BAW resonator

skkkkokkkkkkkkk Variable definition skkskskskskskskskkkkk

Substrate definition:

x_subs=200e-6
y_subs=200e-6
z_subs=0.5e-6

Resonator definition:

x_electro_bot=200e-6
y_electro_bot=200e-6
z_electro_bot=260e-9

x_electro_top=150e-6
y_electro_top=150e-6
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z_electro_top=260e-9

x_piezo=200e-6
y_piezo=200e-6

Z_piezo=1e-6

*kkkkkkkkkkkxk Element type definition skkkkskkskokkokkkk

/PREP7
ET,1,s011d226,1001
ET,2,s011d95
ET,3,s011d95

*okkkkkokkkkkkkk Materials parameters definition kkkkskskskskskskskokk

Aluminum Nitride:

MP,DENS,1,3260

MP,PERX,1,8
MP,PERY,1,8
MP,PERZ,1,10

TB,PIEZ,1
TBDATA,1,0,0,-0.58
TBDATA,4,0,0,-0.58
TBDATA,7,0,0,1.53
TBDATA,10,0,0,0
TBDATA,13,0,-0.48,0
TBDATA,16,-0.48,0,0

TB, ANEL, 1

TBDATA, 1,345e9, 1259, 120e9
TBDATA, 7 ,345e9,120e9
TBDATA, 12,395e9

TBDATA, 16,110e9

TBDATA, 19,118e9

TBDATA, 21,118e9
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DMPRAT, 0.0003

Silicon:

MP,DENS,2,2181.5

MP,EX,2,176.52e9
MP,EY,2,176.52e9
MP,EZ,2,176.52e9

MP,PRXY,2,0.22
MP,PRYZ,2,0.22
MP,PRXZ,2,0.22

MP,GXY,2,72.345e9

MP,GYZ,2,72.345e9
MP,GXZ,2,72.345e9

Molybdenum:
MP,DENS,3,10096
MP,EX,3,232.36e9
MP,EY,3,232.36e9
MP,EZ,3,232.36e9
MP,PRXY,3,0.362
MP,PRYZ,3,0.362
MP,PRXZ,3,0.362
MP,GXY,3,85.30e9
MP,GYZ,3,85.30e9

MP,GXZ,3,85.30e9

*Rkkkkkckkckokkk Building geometry kkkkkkkkkkokkok

BLOCK,0,x_electro_bot/2,0,y_electro_bot/2,0,z_subs
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z0=z_subs+z_electro_bot

BLOCK,O0,x_electro_bot/2,0,y_electro_bot/2,z_subs,z0

layers = 10
*D0,1i,1,layers

BLOCK,0,x_piezo/2,0,y_piezo/2,z0+(i-1)*z_piezo/layers,z0+(i)*z_piezo/layers

*ENDDO

z1=z0+z_piezo

hi=(y_piezo-y_electro_top)/2

h2=(x_piezo-x_electro_top)/2

BLOCK,h2,h2+x_electro_top/2,hl,hl+y_electro_top/2,z1,z1+z_electro_top

VGLUE, all

*okkkokokokkkkkkkk Assign material and element type to the blocks kkkkokokskskskksksk

ALLSEL

VSEL,S,L0C,Z,0,z_subs

VATT,2, ,2,0

ALLSEL

VSEL,S,L0C,Z,z_subs,z0

VATT,3, ,3,0

ALLSEL
VSEL,S,L0C,Z,z_subs+z_electro_bot,z_subs+z_electro_bot+z_piezo
VATT,1, ,1,0

ALLSEL

VSEL,S,L0C,Z,z0+z_piezo,z0+z_piezo+z_electro_top
VATT,3, ,3,0

kokokokokokokokkokkokkk Megh skkskskokskokskokskkskkx
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size=10e-6
ALLSEL
ESIZE,size
VMESH,all

*ofkkkkokkkkxkkk Setting the mechanical boundary conditions kskskskskskskskokokksk

ALLSEL

NSEL,R,LOC,x,x_piezo/2 NSEL,R,LOC,y,y_piezo/2
D,ALL,Ux,0

D,ALL,Uy,0

ALLSEL
NSEL,R,LOC,x,x_piezo/2
D,ALL,Ux,0

ALLSEL
NSEL,R,LOC,y,y_piezo/2
D,ALL,Uy,0

ALLSEL
NSEL,R,LOC,x,0,
D,ALL,Ux,0
D,ALL,Uy,0
D,ALL,Uz,0

ALLSEL
NSEL,R,LOC,y,0,
D,ALL,Ux,0
D,ALL,Uy,0
D,ALL,Uz,0

fkokkkokkkkkkkkkx Setting the electrical boundary conditions skkskskskokkskskokskx

ALLSEL
NSEL,S,L0C,z,z_subs+z_electro_bot
CM,electro_masa_sup, NODE
CP,1,VOLT,ALL
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*GET,electre_masa_sup_number,NODE, ,NUM,MIN

ALLSEL
NSEL,R,LOC,z,z_subs+z_electro_bot+z_piezo
NSEL,R,LOC,x,h2,h2+x_electro_top/2
NSEL,R,LOC,y,h1,hl+y_electro_top/2
CM,electrode_top,node CP,2,VOLT,ALL
*GET,electrode_top_numero,NODE, ,NUM,MIN

ALLSEL
D,electro_masa_sup,VOLT,0.0
D,electrode_top,VOLT,1.0

*kkkkkkckkokokkok Harmonic Analysis kkkskskskkkkkkkok

/SOLU

ANTYPE ,HARMONIC
HARFRQ,1100E6, 1250E6
NSUB, 151
OUTRES,ALL,ALL

KBC,1

SOLVE

FINISH

*okkkkokkokkokkokkk Postprocessing kkkkkkkkkkokkk

/P0OST26

RFORCE, 2,electrode_top_number,CHRG
FILLDATA,192, , , ,0,0,
FILLDATA,193, , , ,1,0,
FILLDATA,194, , , ,-1,0,
FILLDATA,195, , , ,1,1,
FILLDATA,195, , , ,1,1,

VARNAM, 195,NSET
PROD, 199,2,194 ADD,3,199,,,CHARGE
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