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Abstract—The high-tone bulk acoustic resonator (HBAR),  
consisted of a Mo/ZnO/Pt/Ti/Si structure, is fabricated. The 
thickness of Si substrate under HBAR is controlled by a two-
step process of wet- and dry-etching. The resonance frequency 
spacing (∆f) of HBAR is dependent on the etching duration. The 
frequency response of the HBAR is measured using an HP8720 
network analyzer and a CASCADE probe station. The 
estimation of Si residue based on the high-tone resonant 
phenomenon coincides with practical measurements. A 
frequency response with no harmonic resonance, which is an 
extreme case of HBAR without Si residue, is revealed. 
Furthermore, a sensor of high-frequency bulk acoustic wave 
resonator is obtained. 

I. INTRODUCTION 
Recently, the film bulk acoustic resonator (FBAR) filter 

has been widely adopted in modern communication systems. 
The performance of an FBAR device is better than other 
dielectric ceramic and surface acoustic wave (SAW) filters 
due to its inherent advantages such as low insertion loss, high 
power handling capability and small size. On the other hand, 
when the substrate residue is significantly thicker than that of 
the piezoelectric film, the phenomenon of high-tone 
resonances arises and the high-tone bulk acoustic resonator 
(HBAR) forms [1, 2].  

The HBAR has multiple resonant responses with equal 
resonance frequency spacing (∆f), which is determined by the 
ratio of film thickness to substrate residue. Besides, the 
loading effect on the surface of the resonant region will cause 
the resonant frequency shift. Based on the measurement of 
frequency responses, the substrate residue or mass adhesion 
can be estimated precisely [3-5]. 

For sensor applications, a high-Q resonator that provides a 
precise frequency is essential. Once the operating frequency of 
a mass sensor increases to GHz range, the frequency variation 
caused by the micro mass can be detected easily. When the 
resonant frequency of an HBAR exceeds GHz, which is 
hundreds of times higher than that of the quartz crystal 
microbalance (QCM), HBAR device will be a suitable 

candidate for nanotechnology applications [6]. Besides, the 
HBAR sensor has a sturdy structure and can be easily 
integrated into the integrated circuits (IC).  

In general, the schematic diagram of an HBAR, consisting 
of the composite structures of top electrode, piezoelectric layer, 
bottom electrode and membrane, can be presented as Fig. 1. 
Based on the Mason equivalent circuit, the equivalent 
impedance between the top and bottom electrodes is 
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where z1=Z1/Zo and z2=Z2/Zo are equivalent impedances on 
the top and bottom surfaces of the piezoelectric layer 
normalized to the acoustic impedance of piezoelectric layer Zo, 
respectively; C0 is static capacitance between the top and 
bottom electrodes; γp is equal to 2πflp/vp and is the phase delay 
of the piezoelectric layer; lp and vp are the thickness and 
acoustic wave velocity of piezoelectric layer, respectively; kt

2 
is the electromechanical coupling coefficient of the 
piezoelectric layer [7-9]. Based on the data of materials, the 
resonant frequency of various modes can be evaluated and the 
frequency spectra of HBAR can be observed in a specific 
frequency range. In this study, the varied frequency responses 
of HBAR devices caused by substrate residue or additional 
deposited materials will be investigated.  

Figure 1. The schematic diagram of an HBAR resonator.  
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II. EXPERIMENT 

TABLE  I.      DEPOSITION PARAMETERS OF ZNO THIN FILMS 

Substrate Pt/Ti/SiNx/Si 

Substrate temperature R.T. 

Substrate to target 
distance 50 mm 

Target Zn (2 inch dia..) 

Residual pressure 2 ×10-6 Torr 

rf power 80W 

Sputtering pressure 15 mTorr 

Ar gas flow rate 1st step: 1.9 sccm 
2nd step: 3.7 sccm 

O2 gas flow rate 1st step: 5.6 sccm 
2nd step: 3.8 sccm  

Silicon (100) wafers coated with low-stress silicon nitride 
layers, grown by low-pressure chemical vapor deposition 
(LPCVD), were employed as substrates. The low-stress silicon 
nitride layers were utilized as supporting membranes in 
integrated FBAR (or HBAR) devices. Figure 2 presents the 
fabrication processes for the device. The bottom electrode of 
Pt was deposited onto the Ti seeding layer without heating the 
substrate by DC magnetron sputtering. 

The piezoelectric thin film was deposited by reactive radio 
frequency (rf) magnetron sputtering in a two-step process. The 
base pressure of the sputtering system was evacuated to 2×10-6 
Torr using a diffusion pump. The working pressure and rf 
power were 15 mTorr and 80 W, respectively. The ratios of 
gas flow rate (O2 /Ar+O2) for the first and second steps were 
75% and 50%, respectively. Table I presents the detailed 
deposition parameters of the ZnO piezoelectric layer.  

Stress is inherent in the multi-layer structure. Although the 
piezoelectric layer is deposited with a heated substrate holder; 
stress is hard to avoid [10]. Excess stress at the cavity edge 
will lead to failure of the etching stop layer of low-stress 
silicon nitride. In this study, we adopted a two-step etching 
process, which combined the wet etching process with high 
etching rate and the dry etching process with moderate etching 
rate. The wet etching process adopts KOH as the etching 
solution, and the reaction ion etching (RIE) is carried out for 
the second step to remove the residual substrate and reduce 
destructiveness caused by using only KOH process.  

The HBAR is formed as the structure of Mo/ZnO/Pt/Ti/Si. 
The frequency spacing (∆f ) of HBAR is defined as 
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where vp is the acoustic velocity of the ZnO. The lp and lsb are 
thicknesses of the ZnO and Si residues, respectively. [6] As 
derived from Eq. (2), ∆f is quite small prior to substrate 

etching, and increases with the decreased Si residues. 
Therefore, the frequency spectrums of the devices with 
various etching times are obtained. Notably, RIE dry etching  
is carried out for the final stage of manufacturing. Table II 
presents the RIE parameters.  

The preferred orientation and crystal properties of the ZnO 
film were evaluated by X-ray diffraction (XRD) using a 
SHIMADZU XRD-6000 with CuKα radiation. The cross 
sections of grain structure of the ZnO films were observed by 
scanning electric microscopy (SEM) (Philips XL40 FESEM). 
The HP8720 network analyzer and CASCADE probe station 
(RHM-06/V + GSG 150) were utilized to measure the 
frequency responses of the HBAR devices.  

TABLE  II.     PARAMETERS OF RIE DRY ETCHING PROCESS. 

Gas flow  RF power
(W) 

Work 
pressure 
(mTorr) 

Temperature 
(℃) 

DC 
bias 
(V) 

SF6 
(sccm)

O2 
(sccm)

50 100 R. T. 30 50 10 

 

Figure 2.The fabrication processes of an HBAR device. 
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III. RESULTS AND DISCUSSION  
The bottom electrode with low surface roughness, high 

conductivity, and good adhesion to substrate was obtained in 
this study. The ZnO film with (002) preferred orientation and 
smooth surface were also obtained using the two-step 
deposition process. Figure 3 shows the XRD pattern and 
cross-sectional image of ZnO/Pt/Ti/SiNx/Si structure, which 
reveals the strong ZnO(002) preferred orientation and texture.  

Generally, Si etched by wet etching using 30 wt% KOH 
solution at 100 ℃ is quick and cost effective; however, wet 
etching is very destructive. The dry etching using RIE is 
expected to be moderate and obviously time consuming. The 
etching rates for wet and dry etching are 253 μm/h and 90   
μm/h, respectively (Fig. 4). The distinguishable features of 
the two methods are contradictory, and hence, two-step 
etching process for cavity fabrication is optimal. 

 

Figure 3. XRD pattern and SEM cross-section of ZnO films deposited on 
Pt/Ti/SiNx/Si. 

 

Figure 4. Etching rate of Si by KOH wet-etching and RIE dry-etching . 

The Si residue can be calculated using Eq. (2). Figure 5 
shows cavities images with and without Si residue. The 
bottom electrode is obvious after dry etching. The Si residue 
can be controlled accurately by dry etching duration. 

Figure 6 presents the frequency responses with and 
without Si residue. The center frequency and coupling 
coefficients are 2208.4375 MHz and 6.7%, respectively, for 
the FBAR without Si residue. 

The impedances of Z1 and Z2 can be described as 
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where Ze1, Ze2 and Zsb are acoustic impedances of the top 
electrode, bottom electrode and substrate, respectively, and γe1, 
γe2 and γsb are phase delays of the top electrode, bottom 
electrode and substrate, respectively. 

The variations of silicon substrate residue will change the 
phase delay of the substrate. As derived from Eq. 4, the 
γsb=2πflsb/vsb varies with the substrate residue, lsb. Reduction of 
the substrate residue will reduce the number of variations of 
phases in the resonate zone. Therefore, Δf will increase as the 
silicon substrate residue decreases. The single resonant mode 
of HBAR and FBAR is obtained as no silicon substrate 
residues exists (Fig. 6). 

 

 

Figure 5. Cavity images of FBAR, (a) with and (b) without Si residue. 
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Figure 6. Frequency spectrum of FBAR, (a) with and (b) without Si residue. 

 

Figure 7. Frequency spectrum of FBAR, (a) with and (b) without mass 
loading. 

The resonant frequency is reduced when excess mass is 
added to the resonant zone of the FBAR. The vector network 
analyzer (VNA) places strict limitations on frequency range 
measurements. The default aperture is the total frequency span 
divided by the number of points. Therefore, the VNA provides 
the best resolution for a given bandwidth with the highest 
number of points selected. The resonant frequency is 
decreased from 2208.4375 MHz to 2167.1875 MHz due to the 
Ti deposited on the resonant zone (Fig. 7). 

IV. CONCLUSION  
The problem of fracture in fabricating an HBAR device is 

solved using a two-step etching process, by which, a near 
100% yield can be obtained. The residue inside the cavity is 
removed by dry etching, and the singular resonant frequency 
response of FBAR is performed. The shift of resonant 
frequency of 41.25 MHz is associated with 240 nm deposition 
of Ti. Therefore, the phenomenon of resonant frequency 
variation can be applied as a mass sensor. 
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