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	 Acoustic wave devices are divided into two categories: surface acoustic wave (SAW) and 
bulk acoustic wave (BAW) devices.  To provide modification parameters during manufacturing, 
advanced modeling, simulation, and other computational methods is crucial for maintaining a 
competitive edge through efficient product design.  In this study, an equivalent circuit modification 
based on the Mason model is used for obtaining the actual device measurements.  The effects of 
various film conditions, material properties, and geometrical variations on resonator performance 
are investigated.  Furthermore, the performance of a filter comprising various stages of series and 
parallel resonators is examined.

1.	 Introduction

	 Bulk acoustic wave (BAW) devices have been widely used in wireless communication 
applications such as Bluetooth, mobile phones, global positioning systems, and wireless local area 
networks.  For mass sensor applications, the sensing technology and mechanism of BAW is similar 
to a quartz crystal microbalance (QCM).(1)  Sauerbrey’s formula describes the relationships between 
the mass loading and the oscillation or resonant frequency, giving a view of the sensors dependent 
on the gravimetric method.(2)  BAW resonators comprise a piezoelectric layer interposed between 
two electrodes attached to a substrate.(3)  Three techniques are used to fabricate an acoustic isolation 
zone: surface micromachining, bulk micromachining, and the use of a reflector of alternate high and 
low acoustic impedances.  The dissipation of acoustic energy into the substrate depends on acoustic 
resonant isolation.  A BAW resonator with a cavity-isolated structure is known as a film BAW 
resonator; a solidly mounted resonator (SMR) can be manufactured without micromachining.
	 The resonator device using surface micromachining has occupied nearly the entire BAW device 
market.  Both processes of surface micromachining and backside etching require etching the 
unwanted part, which is a relatively expensive and very complex fabrication process.(4–9)  Moreover, 
the SMR device is attracting attention because of its simple structure that includes a substrate, 
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Bragg reflector, electrode, and piezoelectric layer manufactured through a process that is compatible 
with the IC industry.(10–12)  It has the following advantages: it is manufactured through planar 
processes and possesses a robust structure.  Therefore, an SMR was investigated in this study.
	 Maintaining a competitive edge through efficient product design, modeling, simulation, and 
other computational methods is crucial.(13)  The Mason and Butterworth–Van Dyke (BVD) model 
equivalent circuits are used for determining the material parameters and resonance performance of 
a piezoelectric device.(14)  By controlling each parameter, the effects of piezoelectric film thickness, 
material properties, or even the electrode active area on SMR performance can be investigated.
	 Despite the use of various piezoelectric films in transducer devices, including lead zirconate 
titanate, zinc oxide (ZnO), and aluminum nitride (AlN) thin films, most studies on piezoelectric thin 
films have focused on ZnO and AlN thin films.  This study focused on AlN piezoelectric thin films 
because of their excellent piezoelectric properties including a high acoustic wave velocity of 10400 
m/s.  For the electrodes, several types of material were selected for resonant frequency tuning.  In 
addition, the impedance influences of active area variations were simulated.

2.	 Modeling, Simulation, and Fabrication

2.1	 Design and fabrication of the Mason model equivalent circuit for the SMR device

	 Figure 1 shows the structure of the SMR device, the Mason model, and the BVD model 
equivalent circuit of the SMR device.(15)  The SMR structure comprises a piezoelectric layer 
interposed between two electrodes on a Bragg reflector attached to a substrate.  Various physical 
properties of the device influence the resonant frequency performance.  Therefore, different 
materials, material thicknesses, and resonant area sizes lead to frequency variations.  Material 
parameters such as density, stress constant, and dielectric constant are considered in the Mason 
model.  In this study, the SMR device was designed and simulated using the Mason model.  The 
Bragg reflector was constructed using SiO2 and Mo to form a high–low acoustic impedance layer.  
AlN and Pt/Ti were used as the piezoelectric layer and electrode, respectively.  Therefore, the 

Fig. 1.	 (a) Schematic of an SMR, (b) Mason model, and (c) BVD model equivalent circuit of an SMR device.
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structure of the Pt/Ti/AlN/Pt/Ti/Bragg reflector/Si substrate constituted an SMR device. Moreover, 
an SMR filter was constructed using two upward resonators.  The SMR filter was simulated using 
the BVD model equivalent circuit through RLC, which was composed of parasitic capacitance 
(C0), dynamic capacitance (C1), dynamic inductor (L1), and acoustic wave loss (R1).  The single-
stage ladder-type SMR filter can be constructed using one parallel and two series SMR devices; 
moreover, the influence of various stages of the ladder-type SMR filter was investigated in this 
study

2.2	 Fabrication of the SMR device

	 The low surface roughness of the Bragg reflector is a crucial factor for avoiding wave energy 
dissipation into the substrate.  Moreover, the high c-axis orientation of a crystal is the ideal 
piezoelectric characteristic of an SMR device.(16)  Therefore, a Bragg reflector with low surface 
roughness and AlN thin films with high c-axis orientation were used in our previous study.(17,18)   In 
this study, the SiO2 and Mo thin films were deposited on the Si substrate with the Bragg reflector 
through DC and RF sputtering.  When the Bragg reflector was completed, the bottom electrodes 
were fabricated on the Bragg reflector through DC and RF sputtering combined with the mask lift-
off method.  The AlN piezoelectric thin films were then established on the bottom electrode through 
reactive RF magnetron sputtering.  Finally, a G-S-G-type top electrode was constructed on the AlN 
piezoelectric thin films by the mask lift-off method; the SMR device was then completed.

3.	 Results and Discussion

3.1	 Simulation and fabrication of the SMR device

	 In this study, the SMR device was designed and simulated using the Mason model.  The Bragg 
reflector was constructed using SiO2 and Mo to form a high–low acoustic impedance layer.  First, 
AlN and Pt/Ti were used as the piezoelectric layer and electrode, respectively.  Therefore, the 
structure of the Pt/Ti/AlN/Pt/Ti/Bragg reflector/Si substrate constituted an SMR device. For the 
SMR device, the thicknesses of the piezoelectric thin films and qualities of the top electrodes 
have been recognized as the major controlling parameters.(19–22)  Therefore, the initial simulation 
parameters of piezoelectric thin films and top electrodes were calculated for a resonant frequency 
of 2503 MHz; the resonant frequency of the SMR device is shown in Fig. 2(a).  The SMR device 

Fig. 2.	 Resonant frequencies of (a) simulated SMR device and (b) fabricated SMR device.
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was fabricated according to the simulation parameters such as the thicknesses of piezoelectric thin 
films and top electrodes; the resonant frequency of the SMR device can be obtained at 2497 MHz, 
as shown in Fig. 2(b).

3.2	 Various top electrode materials and thicknesses

	 According to relevant literature, the mass density of a top electrode causes frequency response 
variation in the SMR device.(23)  Therefore, various top electrode materials and different thicknesses 
were investigated using the Mason model.  First, Pt, W, Ag, Mo, and Al were adopted as the top 
electrodes of the SMR device for examining the influence of resonant frequency.  The simulation 
results for the same thickness (100 nm) of various top electrodes are shown in Fig. 3(a); the 
resonant frequencies of Pt, W, Ag, Mo, and Al were 2545, 2688, 2901, 2984, and 3426 MHz, 
respectively, and their corresponding mass densities were 21500, 19100, 10600, 10200, and 2700 
kg/m3; therefore, the larger mass density of the material reduces the resonant frequency.  
	 Second, the top electrodes with various thicknesses were investigated to obtain the designed 
resonant frequency.  General electrode materials such as Pt, Mo, and Al, have been widely used in 
semiconductor industries.  Therefore, various thicknesses of Pt, Mo, and Al were used in the Mason 
model.  Figure 3(b) shows that the increased thicknesses of the top electrodes reduce the resonant 
frequency because of the mass loading effect.  The resonant frequency of the SMR can be designed 
and controlled by the selection of top electrode materials and their thicknesses.  The simulation and 
fabrication results for various thicknesses of the Pt top electrodes are shown in Figs. 4(a) and 4(b).  
The increased thicknesses of the Pt thin films reduce the resonant frequency; the fabrication results 
conform to the simulation results.
	 The SMR filter comprises at least two resonators.  Single-stage ladder-type SMR filters were 
simulated and fabricated in this study.  The simulation and fabrication results in Fig. 5 show the 
3 dB bandwidths of 82 and 84 MHz and insertion losses of −0.1385 and −14.67 dB, respectively.  
The poor outside passband of the fabricated single-stage SMR filter is prompted by the electrical 
loss of the bottom electrode and the electrode’s interconnection.  Moreover, a large deviation of the 
passband characteristic of the SMR filter is also clearly observed.  This deviation is attributable to 
the poor quality of the AlN thin films.(24)

Fig. 3.	 (Color online) (a) Frequency responses of the resonator for various types of material and (b) frequency 
variations for different electrode thicknesses.
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Fig. 4.	 (Color online) Frequency responses of the resonator for various Pt electrode thicknesses: (a) simulation 
results and (b) fabrication results.

(a) (b)

Fig. 6.	 3 dB bandwidth of the ladder-type SMR 
filter influenced by the connection stages.

Fig. 5.	 (Color online) Insertion loss (S21) of the 
single-stage ladder-type SMR filter.

	 The performance of the SMR filters can be controlled through the association of resonators in 
series and parallel; therefore, various stages of the SMR filter were simulated.  Figure 6 shows that 
the bandwidth increases as the number of stages increases and presents a linear trend; however, 
the higher number of stages increases the manufacturing cost and device area.  Therefore, the 
manufacturing expense must be considered.

4.	 Conclusions

	 In summary, the SMR device structure comprises a piezoelectric layer interposed between 
two electrodes on a Bragg reflector attached to a substrate.  The influence of mass loading on 
the resonant frequency of the simulated and fabricated SMR devices was examined.  Various top 
electrode materials were adopted for examining the influence of resonant frequency; the result 
indicated that the larger mass density of the material reduces the resonant frequency.  Moreover, 
the increased thicknesses of the top electrodes reduce the resonant frequency of the SMR because 
of the mass loading effect.  The resonant frequency of the SMR can be designed and controlled 
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through the selection of top electrode materials and their thicknesses.  Moreover, the results of the 
fabricated top electrodes with various thicknesses were compared with the simulation results.  The 
results revealed that the increased material thickness increases the mass loading on the simulated 
and fabricated SMR devices, reducing the resonant frequency.
	 Single-stage ladder-type SMR filters comprising one parallel and two series resonators were 
simulated and fabricated.  Within a reasonable manufacturing cost, increasing the stages of a ladder-
type SMR filter produces a linear trend with respect to the bandwidth increment.
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