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Abstract— This paper presents the design and finite element 3-D analysis of a CMOS compatible thin film bulk wave resonators (FBARs) consisting zinc oxide (ZnO) with top and bottom electrodes of aluminum (Al). FBARs can be realized by CMOS compatible bulk micromachining process followed by deposition of piezoelectric layer sandwiched by two electrodes. This 3-D analysis has been carried out using finite element method (FEM) based CoventorWare™ tool. In our analysis we have investigated the series and parallel resonances and harmonic response with extraction of equivalent circuit element. The proposed FBAR has been studied for S-band operation. 
Index Terms— CMOS process, Bulk micro machining, RF MEMS, piezoelectric, bulk acoustic wave resonator
I.  INTRODUCTION
Rapid growth of the wireless communication systems in the range 100MHz to 6 GHz has increased the demand of device components with small size, low cost and high performance.  This frequency range covers both the licensed and unlicenced bands [1] and finds most suitable applications in medium and short range, terrestrial radio communication in typical urban environment. In developing and developed countries a suitable frequency bands completely occupied by TV broadcasting, mobile phone system cordless phones, Bluetooth, WiMAX, WLAN as well as industrial governmental and military applications [1]. In order to avoid interference between all these applications higher selectivity RF filters are very essential and critical. The selectivity of RF filters defines how much safety margin between adjacent bands will be required.  In terms of market size and unit sales the RF filters for mobile phone account for 80% of the total market. All mobile phones need RF filters to protect the sensitivity of receiver from interference by signals transmitted from other users and noise generated from various RF sources. 
The typical minimum received signal strength at which a phone must still operate can be 120dB lower (a factor of 1012 in power) than the strength of interfering signals. No affordable preamplifier would have sufficient dynamic range and linearity to deal with such a situation. Highly selective RF filters between antenna and preamplifier make sure that only signals from the correct receive band will be amplified. For such features RF filters require higher Q factor than on-chip LC tanks, small size, and cost effective. Indeed these properties are essential to make any high performance filters of the lattice or ladder topology.

The thin-film bulk acoustic wave resonator (FBAR) is a one of the most suitable devices for such applications and becoming popular in RFICs and MMICs for integration with conventional CMOS or GaAs technologies due to its compatible fabrication process. When compared to their counterpart devices (like SAW, BAW etc,) FBAR resonators have high Q-factor, relatively power frequency drift with temperature, a better power handling with good roll-off characteristic compared to other conventional RF filters [2]. Furthermore FBAR exhibit GHz resonance frequency as compared to crystal, which is restricted to only few hundreds of MHz. Nowadays, FBAR is widely used in high frequency oscillators, filter and duplexers.
Primarily, FBAR consists of a thin-film piezoelectric layer which is sandwiched between top and bottom electrodes and is the heart of the device. The AlN and ZnO are commonly used piezoelectric materials while the PZT is very rarely used [3]. Both materials have advantages over to each other. ZnO has strong electromechanical coupling coefficient as compared to AlN. There are two popular structures are commonly used which include solidly mounted resonator and air-gap-type [3,5]. 
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                   II. PRINCIPLE OF OPERATION

When an alternating voltage is applied to the electrodes the piezoelectric film expands and contracts due to which mechanical waves or acoustic waves are generated. The induced longitudinal acoustic wave into the device travels along the electric field and gets reflected at the electrode/air interfaces and could induce resonance condition. This induced resonances occur when an integer multiple of half of an acoustic wavelengths confined within the piezoelectric resonator thickness t, at frequencies f which can be given as 
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where, v is the longitudinal acoustic velocity, N an integer multiplier which represents the mode of resonator. A cross section view of bulk micro machined FBAR is shown in Fig. 1(b).       
There are two resonances, one is the series resonance and the other is known as parallel resonance. The series resonance occurs when the polarization vector of thin film is in-phase with the applied electric field and when the polarization vector is out of phase with applied electric field the parallel resonance condition occurs. In parallel resonance the FBAR exhibits high electrical impedance while at series resonance the electrical impedance is minimum. Beyond all these frequencies the FBAR behaves like a capacitor as there is a dielectric in between two electrodes.  
           III.BASIC FABRICATION PROCESS STEPS  
A high resistivity boron doped p-type silicon wafer with crystal orientation of <100> is generally chosen for device fabrication in case of wet etching micromachining. The basic fabrication process steps for FBAR are described below with flow diagram as shown in Fig. 2.
a) First the Si3N4 deposition of thickness 0.3 um is done for membrane by low-pressure chemical vapor deposition (LPCVD).

b) The backside cavity is created to avoid acoustic losses in substrate using bulk MEMS micro-machining techniques. To create a backside cavity in the wafer, generally KOH solution, TMAH and deep reactive ion etching (DRIE) is used for bulk micromachining.

c) The bottom electrode is formed on silicon nitride membrane by Sputtered of Al. 

d) The piezoelectric layer is grown over the bottom electrode by sputtering of ZnO thin film with RF sputtering using ceramic target with purity 99.99%.

e) The top electrode to sandwich the piezoelectric layer with bottom electrode is again is formed by sputtering of Al. 
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IV. DESIGN APPROACH AND FEM ANALYSIS 
For the design of FBAR, ZnO has been chosen as a piezoelectric material of a specific thickness which can be calculated from eq(1). As the acoustic velocity in the longitudinal direction for ZnO is 6076 m/s therefore for the resonance frequency fs = 2.48 GHz, the thickness of ZnO for fundamental mode is obtained as 1.24 µm. In the  design the area of top and bottom electrodes have been chosen as  2500 µm2 and 6400 µm2 respectively to sand-witch the piezoelectric layer of area 4225 µm2.
The CoventorWare™ software tool based on Finite Element Method (FEM) has been used to simulate the designed structure. This tool is an industry standard tool for designing and simulating MEMS structures. It has three modules, i.e., the Architect, Designer and Analyzer. The architect is used to design and simulate the MEMS based device starting from system level. Designer is used to create a device layout and 3-D meshed model considering a specific fabrication process steps used by available foundry vendor of choice. Analyzer module is used to simulate the mechanical, electrical behavior of devices choosing material physics properties. 
Using Analyzer module the DC analysis has been carried out to extract the value of C0 using MemMech solver setting top electrode potential as 1V.The MemMech solver is used to study the electromechanical behavior of piezoelectric layer in FBAR. Further the modal analysis is performed to determine the first breathing vibration mode of the series resonant and the parallel resonant of the FBARs. The breathing mode occurs when the top and bottom surfaces of the piezoelectric layer move in opposite directions in the longitudinal direction.
To calculate the series resonance frequency, a piezoelectric modal analysis was run with closed circuit conditions, where both the electrodes are kept grounded. The fundamental breathing mode for series resonance is shown in Fig. 3.
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Next, to obtain the parallel resonce frequency of FBAR,  the modal analysis was cariied out for with open circuit conditions. The fundamental mode obtained for parallel resonance is shown in Fig. 4.  Using these two resonances we can extract the equivalent circuit model of FBAR which can further be used in HF circuit simulator to design a specific circuit.      
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Further, the resonance displacement and charge magnitude of piezoelectric layer is obtained by modal harmonic analysis for the frequency range from 1.95 GHz to 2.1 GHz. Figure 5 shows the displacement of ZnO piezoelectric layer with frequency in different directions. Phase response of ZnO layer deflection in different direction is shown in Fig. 6.

Charge accumulation on top electrode plate and charge phase of both electrodes with frequency are shown in Fig. 7. Taking into account the information of charge magnitude and charge phase, we calculated the input impedance of FBAR, which is shown in Fig. 8.
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Figure 6. Phase response of vibrating  ZnO layer in different directions 
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Figure 7. Charge magnitude on top face and charge phase on top and bottom face of piezoelectric film
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Figure 8. Input impedance magnitude
V. EQUIVALENT CIRCUIT MODEL

To design a FBAR based filter or oscillator circuit, it is essential to have a suitable equivalent circuit model, which can further be used in RF circuit simulators like IE3D and ADS software. There are two frequently used models existing in literature i.e., Mason equivalent circuit model and Butterworth-Van-Dyke (BVD). The Mason equivalent circuit model is valid for one-dimensional multilayered resonators and transducers [6]. The circuit parameters involved in Masons model are distributed in nature rather than the lumped which is time consuming to analyze a FBAR structure. While, Butterworth-Van-Dyke (BVD) equivalent circuit model is based on lumped circuit elements and is only valid near resonance frequencies of one-dimensional mode. In our study we have considered the Butterworth-Van-Dyke equivalent circuit model of FBAR due to its lumped nature which is shown in Fig. 9. In the equivalent circuit model the vibrating mass of the piezoelectric layer is represented by the motional inductance, Lm. The elasticity of the piezoelectric material is represented as a motional capacitance, Cm, and the mechanical losses are represented by an equivalent motional resistance, Rm. The top and bottom electrodes on both sides of the piezoelectric material form a stack capacitance C0.
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Figure 9. Butterworth-VanDyke circuit of FBAR
The series resonance also physically represents the resonance frequency of the mechanical part of the BVD circuit model; i.e, it represents the resonant frequency of the series circuit where Lm and Cm are in series. It is also known as mechanical resonance.
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The parallel resonace also mathamatically represents the resonace frequency of the entire BVD circuit, assuming there are no inherent losses; i.e., it represents the resonant frequency of a circuit where Lm and Cm are in series in one branch, and that branch is parallel with C0.

                     
[image: image17.wmf]C

C

C

C

L

m

m

m

p

+

=

0

0

1

w

                         (3)
After getting ωs and ωp value from simulation, we can find out the value of Lm and Cm from equations (2) and (3).
VI. RESULTS AND DISCUSSIONS

To estimate the C0 for the model shown in Fig. 9, the DC analysis has been carried out using MemMech solver. To calculate the C0,,we first calculated the charges on each of the opposite on electrodes on piezoelectric layer which was found to be  0.212 pC. From the extracted charge on the electrode we can simply obtain the capacitance as C0 = Q/V = 0.212 pF. 
The series and parallel resonances obtained from simulation has been shown in Fig. 3 and Fig. 4. The fundamental breathing mode for series resonace (fs) and parallel resonace (fp) were found found at 1.9501 GHz and 2.0241 GHz respectively. It is found that the simulated results do not match completely with analytical calculation as the analytical expression does not take into account mass of electrodes and  assumes the peizo layer width as infinite. Figs. 5 and 6 show the maximum deflection and phase reponse of ZnO layer in  different dirctions respectively. The variation of magnitude on top electrode and corresponding phase of the induced charge with frequency are shown in Fig. 7. We can see from the Fig. 7 that at resonance frequency the charge magnitude is maximum.The input impedance of FBAR is shown in Fig.8 considering the complex charge response as in Fig. 7.   
VII. CONCLUSION
The FBAR MEMS resonators are being very attractive and popular due to its simplicity, cost effectiveness, high frequency operation and high Q-Factor, small size. They can further be integrated monolithically as well as hybrid ICs in RF and microwave range using CMOS as well as GaAs technology. Further research in the area would lead to a new class of application in modern wireless communication which can revolutionize the CMOS-MEMS Integration.    

In this paper presented the design, simulation and fabrication steps used for RF MEMS based FBAR for oscillator, filter and duplexers in wireless communication systems. The simulation has been carried out using CoventorWare™ tool and has been designed and analyzed for the resonant and anti-resonant frequencies 1.95GHz and 2.01GHz (S band applications). It has been seen from the simulation results that the resonance frequency of resonator depends on thickness of piezoelectric layer and dimension of top electrode and its mass. In the device fabrication the backside cavity formation is very crucial step and micro-machining should be chosen very carefully.  
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Figure 5. Deflection of vibrating ZnO layer with frequency in different directions








Figure 1.  (a) A typical FBAR structure (b) Cross section view of FBAR using backside cavity





Figure 2. Fabrication process flow of the FBAR








Figure 3. First breathing mode for series resonance





Figure 4. First breathing mode for parallel resonance
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