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ABSTRACT 
 

MEMS  based Bulk Acoustic Wave  resonators have emerged as an attractive alternative in RF MEMS industry  which 

can offer Q-values close to that for quartz in both vacuum as well as in air and operating frequencies up to the VHF and 

UHF ranges, consume less power, provide temperature stability, have shorter design and production cycle times, and 

can be monolithically integrated and fabricated using low-cost CMOS compatible processes. In addition, MEMS BAW  

resonators are very robust to shock and vibration, and provide an overwhelming size advantage. In this paper , BAW 

resonator theory, structure and equivalent BVD model ,piezo  material choice for BAW resonator production, modeling 

using COMSOL Multiphysics software ,performance parameters of BAW devices are reviewed corresponding to their 

importance for RF-filters in mobile phone applications. The most important performance parameters - such as resonator 

bandwidth and Q-values - critically depend on the quality of the piezolayer and other relevant layers in the acoustic 

stack is also listed. Challenges in manufacturing and developing  BAW resonators are also briefly discussed. 
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1.INTRODUCTION 
 

Bulk Acoustic Wave (BAW) piezoelectric resonator is a device that has the potential for meeting the needs 

of modern wireless communication equipments [ 1]. RF systems between 1 and 10 GHz can be targeted with 

such devices, which provides a high Qfactor .Qfactor offered by BAW are greater than that for on-chip LC 

tanks. In addition to the high QFactor BAW resonators also provide  low volume,  low cost, and a reasonable 

coupling coefficient. These properties are all essential when portability is required, since they contribute to a 

reduced power consumption  and a greater compactness. Such resonators can be used to create passive high 

performance filters of the lattice or ladder topology, or as resonant elements associated with an Integrated 

Circuit (IC) to provide specific electronic functions, such as Voltage Controlled Oscillators (VCO) or Low 

Noise Amplifiers (LNA) [ 2]. When compared to the Surface Acoustic Wave (SAW) devices, BAW 

resonators exhibit a lower frequency drift with temperature,  better power handling, and their technology can 

be made compatible with standard IC technology.BAW resonators can be widely used for  one-chip radio 

concept in communication systems. 

Regarding power handling, BAW devices show excellent performance because linearity is not an issue, no 

small features that would be prone to failures due to electromigration exist and self-heating can be well 

controlled. This is in particular true for solidly mounted BAW resonators on Si substrates because there is a 

very short heat path down to the substrate and the heat sink. BAWs do not require vacuum encapsulation 

because the vibration amplitudes are extremely small and no squeeze film damping occurs since no tiny air 

gaps are present [3]. 

 

In this paper, the basic concept and technology behind BAW resonators, its structure and equivalent model, 

material choice for BAW resonators are discussed in Section2.Modeling of BAW resonators using COMSOL 
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Multiphysics software is shown in Section3 .The important BAW resonator performance  parameters are 

enumerated in Section4.Section 5 deals with the design challenges and issues faced by BAW resonators . 

 

2.BAW TECHNOLOGY 

A piezoelectric resonator in which a vertical acoustic standing wave is generated within the piezolayer itself 

is called Bulk Acoustic Wave (BAW) resonator or Film Bulk Acoustic Resonator (FBAR). In BAW 

resonators the resonance frequency is determined by the thickness of the piezolayer, and also by the thickness 

of electrodes and additional layers in which mechanical energy is stored [4]. In order to avoid acoustic 

leakage, BAW resonators are either suspended on micromachined membranes (Membrane type FBAR ) or 

solidly mounted on acoustic reflectors  (Surface Mount Resonators). As the piezolayer has a relative dielectric 

constant ranging from about 10 (ZnO or AlN) up to few hundred (PZT), the electric impedance level of BAW 

devices can meet the standards in RF systems easily [5].  

 

2.1 Structure and BVD Equivalent Circuit Model 

BAW  is a device consisting of a piezoelectric material sandwiched between two electrodes and 

acoustically de-coupled from the surrounding medium as shown in Fig.2.1.1(a) and 2.1.1(b) 

  

Fig.2.1.1(a) Structure of a BAW Resonator             Fig.2.1.1(b) Representation of a BAW Resonator            

Butterworth‐Van Dyke (BVD) model  shown in Fig.2.1.2 (a).is the equivalent circuit  of the BAW 

resonator [6]. BVD is a lumped element model, which is valid near resonance frequencies of 

one‐dimensional mode. These models are based on the parameter constants of piezo electric material and the 

designed resonator. The Modified Butterworth‐Van‐Dyke (MBVD) model shown in Fig.2.1.2 (b). provides 

more realistic representation of FBARs and acoustic resonators. The MBVD accounts for dielectric and ohmic 

losses in the piezoelectric material and the transmission line by using resistances Ro and Rs to the BVD 

circuit [7]. In MBVD equivalent model, the thickness of electrode and piezolayer are considered as whole 

piezoelectric structure, which is used to simulate the resonator behaviors. 

  
Fig.2.1.2(a) BVD Equivalent Circuit                    Fig.2.1.2(b)MBVD Equivalent Circuit     
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2.2 Piezo Material Choice for BAW Resonators 
 

The main part  of a BAW resonator is the piezoelectric thin film, which is usually AlN, ZnO, or less 

frequently PZT.  

For the performance of BAW devices there are several material parameters which must be considered: AlN 

is most often preferred for BAW resonators and filters owing to its excellent chemical, electrical, and 

mechanical properties, especially if the integration above IC is envisioned. Some polycrystalline AlN films 

exhibit high quality piezoelectric properties and can be used for the transduction of both bulk and surface 

acoustic waves. Since FBARs or SMRs are thickness mode resonators, AlN should be oriented along the 

[001] axis as well as possible. Indeed, the spontaneous polarization of AlN, and thus the maximum 

piezoelectric effect, is parallel to that direction [8]. Moreover, the internal stress should be kept at a 

sufficiently low level to avoid  any device failure, and the film should be smooth and dense to limit acoustic 

losses. AlN are better than PZT and ZnO with respect to the high frequency range applications. As the 

piezoelectric layer determines the resonance frequency, its temperature coefficient  also affect the thermal 

drift of the resonator. AlN has a considerable lower temperature coefficient than ZnO. The electromechanical 

and piezoelectric properties, and the CMOS compatibility, have made AlN the preferred material for FBAR 

implementation. A high thermal conductivity of the piezoelectric layer can enhance the power handling 

capability of a filter, and high chemical stability is also important to the reliability of the device in a humid 

environment. In these aspects, AlN shows excellent performance. The main limitation of AlN as  compared to 

other piezoelectric films, such as the well-known ZnO, AlN shows a slightly lower piezoelectric coupling. 

Considering the piezoelectric coupling coefficient which determines the degree of energy transition 

between electrical and mechanical domain, PZT is definitely better  than the other two materials. A 

piezoelectric layer with too low coupling is difficult to be made to the RF filter with the required bandwidth.  

For dielectric constant
, 
AlN and ZnO are similar with εr  

 
around 10 This value is much smaller than that of 

the PZT which have εr
 
up to 400. From acoustic performance considerations a dielectric constant of 100 would 

be ideal at 1GHz. 

 

2.3. Advantages and Applications 
 

The advantage of acoustic wave filters over electromagnetic filters is generally recognized as their small 

size resulting from the approximately five orders of magnitude reduction in the acoustic wave velocity. Bulk 

acoustic wave resonators have such unique advantages since they are at least an order of magnitude smaller 

than dielectric resonators or lumped elements, and possess much lower insertion loss than Surface Acoustic 

Wave devices [9] . 

For traditional electroacoustic resonator technologies in the microwave region, only the bulk single 

crystalline piezoelectric materials can be used. However the choice of these materials is rather limited and 

they are not compatible with the existing IC technology. Furthermore, in order to increase the operating 

frequency, the only way is to decrease the dimension of the bulk materials while its acoustic wave velocity is 

determined uniquely by the material properties, which will result in the enormous increase of the fabrication 

cost. In recent years, the MEMS and film deposition technologies have been introduced to the BAW resonator 

area, which extend the application fields of electromechanical BAW devices to GHz frequency range. Instead 

of attenuating the crystal plates to micrometer thicknesses, the piezoelectric thin films can be grown onto the 

specific substrate to meet the thickness requirement in resonator fabrication. Since various piezoelectric films 

can be deposited on a lot of substrates and the highly developed thin film technologies can grow piezoelectric 

films with high uniformity and controlled properties on the substrates, the new film BAW devices have more 

advantages than the traditional devices. It should be pointed out that by far the greatest potential of fabrication 

and performance of the BAW resonator is that it opens the very promising possibility of integrating the 
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traditionally incompatible IC and electroacoustic technologies. This in turn will bring about a number of 

substantial benefits such as significant decrease in the fabrication cost of the final device, easier and simpler 

device design as well as increased sensitivity, reduced insertion loss, low power consumption, small device 

size, reduced material use, less electromagnetic contamination, etc. Another very significant benefit of this 

integration would be the mass fabrication of highly sensitive, low cost integrated chemical and biological 

sensors and electronic tags that can be used as environmental controller and monitor. Agilent Technologies is 

the first company to start mass production of discrete FBAR devices.  

When compared to Surface Acoustic Wave devices, BAW resonators exhibit a lower frequency drift with 

temperature, a better power handling, and their technology can be made compatible with standard IC 

technology, hence moving a step closer to the one-chip radio concept [10]. 

Bulk Acoustic Wave (BAW) resonators can be used as narrow band filters in radio-frequency applications. 

Their chief advantage compared with traditional ceramic electromagnetic resonators is that they can be made 

smaller in size because they can be designed to have an acoustic wavelength smaller than the electromagnetic 

wavelength. In addition to the desired bulk acoustic mode, the resonator structure may have many spurious 

modes with very narrow spacing. The design goal is usually to maximize the quality of the main component 

and to reduce the effect of spurious modes. 

 

3.COMSOL Modeling 

FBAR devices using ZnO piezoelectric with thicknesses ranging from tenths of micrometres to several 

micrometres resonate in the frequency bands of cell phones and other wireless applications is modeled using 

COMSOL Multiphysics software as shown in Fig.3.1.(a). 

The lowest layer of the resonator is Silicon. On top of that, there is an Aluminum layer that operates as the 

ground electrode. Above the Aluminum layer is the active piezoelectric layer made of Zinc Oxide (ZnO). The 

topmost layer of the resonator is an Aluminum electrode. The material properties used in this model are 

obtained from the MEMS Module material library. A large part of the Silicon layer is etched away from the 

lower end of the central region of the resonator structure. This effectively reduces the thickness of the active 

central region thereby making the device a thin-film composite BAW resonator. The thickness of the silicon 

layer at the central region is 7 μm. Both Aluminum layers are 0.2 μm thick, and the piezoelectric layer is 9.5 

μm thick. The width of the rectangular top electrode is 500 μm. The thin silicon area is roughly 1.7 mm wide. 

This example is modeled in 2D, using the plane strain assumption where the out-of-plane thickness is 

specified to be 1.7 mm. Fig.3.1(b) shows the Perfectly Matched Layer (PML) domains used on the two sides 

to  increase the length of the resonator and simulates the effect of propagation and absorption of elastic waves 

in the adjoining regions which are not resolved in the true geometric scale.  

   

     

Fig.3.1(a)  Thin film Bulk Acoustic Resonator         Fig.3.1(b) Thin film BAW resonator with PML 
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4 KEY PERFORMANCE PARAMETERS 

4.1 Effective Coupling 𝒌𝒆𝒇𝒇
𝟐   

𝒌𝒆𝒇𝒇
𝟐  is an important parameter for the design of BAW components. The ‗effective coupling‘ 𝒌𝒆𝒇𝒇

𝟐     is 

defined as  𝒌𝒆𝒇𝒇
𝟐 =   

𝟏

𝟒
 𝝅𝟐

𝒇𝒑−𝒇𝒔

𝒇𝒑
    where fs and fp are the series and parallel resonance frequencies, respectively. 

They stand for the resonance and anti-resonance frequencies and from here on the serial and parallel 

resonances are used synonymously with resonance and antiresonance, respectively. 

 

4.2 QFactor 

A second important performance parameter is the quality factor of the resonator.  

Q = 2π
Estored

E lost
 where Estored is the stored energy and Elost is the dissipated energy.  

As resonators may have some series resistance depending on the piezo material and  some shunt conductivity, 

either the series or the parallel resonance will show the larger Q-value. An acoustic Q-value Qa which is 

equivalent to the maximum of those two values are defined. It is simple to distinguish between acoustic losses 

and electric losses because in a frequency sweep electric losses can be seen even far away from the acoustic 

resonance frequency where acoustic losses no longer play a role in electrical measurements [11]. 

 

4.3  Figure of Merit 

For practical applications both a sufficiently high coupling and as large as possible Q-values are essential.  

Figure of Merit (FOM)  has been introduced to investigate the performance of a BAW technology: 

𝑭𝑶𝑴 = 𝒌𝒆𝒇𝒇
𝟐 𝑸𝒂 

4.4  f-Q Product  

An important parameter of MEMS and NEMS resonators for practical applications is the product of the 

frequency and quality factor (f-Q). Low phase noise MEMS oscillators necessitate resonators with high f-Q.  

4.5  Bandwidth 

Set by the effective eletromechanical coupling coefficient 𝒌𝒆𝒇𝒇
𝟐 of BAW Resonator technology 

4.6  Insertion Loss 

Determined by the Figure of Merit (𝒌𝒆𝒇𝒇
𝟐 Q product) for BAW  resonators 

4.7  Temperature Coefficient of Frequency (TCF) 

Depending on the materials used for piezolayers and other layers the resonator shows a slight drift of 

frequency with temperature. In BAW resonators, for most available materials negative TCF is common .Only 

Silicon Dioxide is known to have a positive TCF and when it  is used into the layer stack  temperature 

compensation is possible upto a certain level [12]. 

 

4.8 Parasitic substrate effects.  

The performance is degraded by the capacitive and resistive losses depending on the substrate material used 

for BAW devices. 
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4.9 Power handling capabilities.  

The thermal resistance of a resonator down to substrate is of importance because resonators heat up when 

driven at significant power levels. The resonators could overheat if Q-values are too low and insufficient 

cooling is provided.   

4.10 Spurious modes. 

 The  impedance response of a BAW resonator can be modeled a simple BVD model.  Good resonators 

have a clear and smooth impedance response and any deviation of this behavior indicates the existence of 

strong spurious modes.. Suppression of spurious modes are necessary since these modes can degrade the 

smoothness of the passband significantly, which is not acceptable for certain types of receivers [13].. 

5. DESIGN CHALLENGES IN  BAW DEVICES 

There are numerous challenges and pitfalls in the BAW business, each of which can delay commercial 

success infinitely. 

5.1 Quality of Piezolayer and Related Coupling Coefficient  

While designing and implementing BAW resonators the most difficult thing to  achieve is  the required quality 

of the piezolayer which is affecting the coupling coefficient. Thin films contain too many misoriented grains 

and  coupling is linked to correct orientation of the grains during layer deposition. It can take a large time for  

optimization of  coupling coefficients to achieve values close to bulk one  or at least sufficient coupling for 

some applications. Good and reliable coupling coefficients are a precondition to be able to study all other 

effects present in BAW devices [14].. Bad coupling usually goes along with bad quality factors. Many severe 

problems will remain hidden as long as Q-values are below a few hundred. 

5.2.Presence of  Spurious Modes  

 Most likely a prototype BAW resonator will show additional resonances which cannot be explained by 

one-dimensional theory. These ‗spurious modes‘ can mess up the smoothness of the passband terribly. In the 

worst case these spurious modes are so strong that extraction of material parameters from electrical 

measurements becomes impossible. 

5.3. Process Limitation for Thickness Accuracy  

The resonance frequency of a BAW is determined by the thickness of the piezolayer and the neighbouring 

layers. The required tolerance for the resonance frequency is around ±0.1% for typical mobile phone filters, 

which translates into a thickness tolerance in the same range for the piezolayer and the electrode layers [15]. 

These extreme thickness tolerances cannot be met by standard tools for semiconductor processes, which 

typically offer 5% accuracy. Even if the run-to-run variations can be optimized to meet a tighter specification, 

there is still a major problem regarding thickness uniformity across the wafer to be solved. 

CONCLUSION 

The theory , structure equivalent model and  piezomaterial selection for BAW Resonators are discussed in 

this paper. The key performance parameters and design challenges are also taken into consideration after 

discussing BAW resonator‘s  advantages and applications. The modeling of BAW Resonators using 

COMSOL Multiphysics software is also elaborated.BAW resonators are a promising technology for future 

low cost, low power miniaturized applications. 
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