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Fundamental principle of the resonance method used for determining 

electromechanical coupling. Resonance measurement is a standard method recommended 

by the IEEE standard to determine the properties of a piezoelectric material (see page 49, in 

IEEE Standard on Piezoelectricity, ANSI/IEEE Standard 176-1987, New York: IEEE, Inc., 

1987.). The electrical properties of a piezoelectric vibrator are dependent on the elastic, 

piezoelectric, and dielectric constants of the vibrator materials. Thus, values for these 

constants can be obtained from resonator measurements on a suitably shaped and oriented 

specimen, provided that the theory for the mode of motion of that specimen is known. The 

measurements basically consist of determining the electrical impedance of the resonator as a 

function of frequency. In principle it is necessary to measure the resonance and antiresonance 

frequencies (approximately fs and fp, respectively), the capacitance, and the dissipation factor 

well removed from the resonance range to obtain the information required for finding the 

material constants. The relative difference in the frequencies fs and fp depends on both the 

material coupling factor and the resonator geometry. For this reason a quantity called the 

effective coupling factor has been used as a convenient measure of this difference: 

𝑘𝑒𝑓𝑓2 = (𝑓𝑝2 − 𝑓𝑠2)/𝑓𝑝2  (S1) 

We borrow the concept in our experiment to qualitatively evaluate the 

electromechanical coupling, the piezoelectric response, and thus the polarization state of the 

diaphragm. If the specimen does not exhibit resonance peak in the impedance spectrum, we 

can say that the specimen does not possess piezoelectricity. Usually, in an ideal piezoelectric 

ceramic specimen, there is a 180° phase change in the vicinity of resonance and 

antiresonance frequencies. However, generally, a thin film resonator does not exhibit a 

complete 180° phase change due to the constraint from the substrate. Therefore, the phase 

change in the vicinity of resonance and antiresonance frequencies appears as a resonance 

peak in the phase-frequency spectrum. The phase difference starts to increase at fs and returns 
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to in-phase after fp. During the impedance measurement, the phase change in the vicinity of 

the resonance frequency is more pronounced compared with the two characteristic resonance 

frequencies fs and fp in the impedance-frequency spectrum. Because of this, utilizing the 

resonance peak in phase-frequency spectrum to qualitatively evaluate the electromechanical 

coupling and polarization state of the diaphragm become an advisable choice. In fact, our 

work has proved the efficiency of this method. However, it is necessary to measure the 

characteristic frequencies fs and fp if we want to quantitatively calculate the electromechanical 

coupling coefficient.  

 
 

Figure S1. XRD pattern of the multilayer structure tested on top surface of the fabricated 

diaphragm. The information includes the crystalline structure of PZT, top and bottom Pt 

electrodes and the PECVD Si3N4 layer. We can clearly see that the crystalline microstructure 

of the PZT layer is randomly oriented polycrystalline tetragonal phase (lattice constant: 

a=4.038 Å, c=4.140 Å). 
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Figure S2. Test setup to characterize the P-V hysteresis loop and the piezoelectric response at 

different air pressures. A small pressure chamber was opened in a stainless steel block. The 

silicon chip with a PZT/Si diaphragm was placed on top of the chamber and sealed with 

paraffin. The chamber was connected to a syringe. The pressure inside the chamber was 

controlled by a syringe pump. The piezoelectric response was tested with an aixACCT TF 

analyzer.  

 

 


