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Abstract

:

Surface acoustic wave (SAW) devices based on multi-layer structures have been widely used in filters and sensors. The electromechanical coupling factor (K2), which reflects energy-conversion efficiency, directly determines the bandwidth of the filter and the sensitivity of sensor. In this work, a new configuration of dual-mode (quasi-Rayleigh and quasi-Sezawa) SAW devices on a ZnO/SiC layered structure exhibiting significantly enhanced K2 was studied using the finite element method (FEM), which features in the partial etching of the piezoelectric film between the adjacent interdigitated electrodes (IDTs). The influences of piezoelectric film thickness, etching ratio, top electrodes, bottom electrodes, and the metallization ratio on the K2 were systematically investigated. The optimum K2 for the quasi-Rayleigh mode and quasi-Sezawa mode can exceed 12% and 8%, respectively, which increases by nearly 12 times and 2 times that of the conventional ZnO/SiC structure. Such significantly promoted K2 is of great benefit for better comprehensive performance of SAW devices. More specifically, a quasi-Rayleigh mode with relatively low acoustic velocity (Vp) can be applied into the miniaturization of SAW devices, while a quasi-Sezawa mode exhibiting a Vp value higher than 5000 m/s is suitable for fabricating SAW devices requiring high frequency and large bandwidth. This novel structure has proposed a viable route for fabricating SAW devices with excellent overall performance.
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1. Introduction


With the rapid development of smart terminals and human information society [1,2,3,4,5], surface acoustic wave (SAW) devices are comprehensively applied in Radio Frequency (RF) filters, sensors, and microfluidics due to their miniature size, low cost, and steady performance [6,7,8]. For the sake of SAW devices with more practical value, researchers continue to explore innovative structures and materials. Furthermore, compared to SAW devices mainly made of bulk piezoelectric substrates, multi-layer substrate has attracted extensive attention due to its high acoustic velocity and suitable piezoelectricity, which combines the merits of the piezoelectric layer, high velocity substrate, and other functional layers [9,10,11].



In SAW devices, ZnO and AlN are widely used as piezoelectric film materials, while non-piezoelectric substrates with high acoustic velocity include Si, sapphire (Al2O3), SiC, diamond, and so on [12]. Among these combinations of piezoelectric films and substrates, ZnO/SiC structure devices have attracted the attention of researchers because ZnO possesses good piezoelectricity and moderate velocity while SiC exhibits a high velocity (~12,500 m/s), low propagation loss, and high thermal conductivity (~490 W·m−1·K−1), which is necessary for the fabrication of high performance devices. Moreover, the lattice mismatch between SiC (a = 3.073 Å, c = 15.120 Å) [13] and ZnO (a = 3.249 Å, c = 5.206 Å) [14] piezoelectric films is as small as 5%, which simplifies device preparation [15]. Our previous work reported a SAW filter that shows high SAW velocity with a working frequency as high as 6.8 GHz [16]. Nevertheless, acoustic waves propagating from a conventional ZnO/SiC layered structure suffer from low K2. As the calculated results show, the K2 value of the Rayleigh mode is less than 0.8%, and that of the Sezawa mode is no more than 3.2%.



The explosive growth of data transmission volume proposes a higher filter requirement, especially wideband filters. For SAW sensor applications, more sensitive sensors have traditionally been targeted. Since K2 is a decisive factor in the filter bandwidth and sensor sensitivity, pursuing a higher K2 is necessary for the needs of wideband filters and high sensitivity sensors. In order to meet the increasing demands of wideband filters in mobile communication, pursuing a higher K2 is necessary. In recent years, many studies have been committed to improving the K2 in multi-layer substrate SAW devices. First, enhancing the piezoelectric response of the piezoelectric film can cause an increase in the K2 of the SAW resonators. Doping is a widely used approach for improving piezoelectric response. Many kinds of elements such as Sc [17], Ti [18], Y [19], and Ta [20] have been studied as dopants for AlN. It is reported that doping Fe [21], Cr, and V [22] can also improve the piezoelectric coefficient of ZnO. However, doping sometimes leads to a low quality factor and decreased acoustic velocity [23]. In addition, developing a new configuration of multi-layer substrate is another promising way to obtain higher K2 [23]. Over the past few years, many imaginative structures have been proven to achieve good performance, including embedding the top electrodes under SiO2 [10,24], burying the top electrodes into the grooves on the piezoelectric film [25], optimizing the transducer topology [26], and so on. Recently, a new configuration of hybrid SAW/bulk acoustic wave (BAW) structure has been reported that also shows an enhanced K2 [27]. Since ZnO/SiC structure is a potential structure for building high performance devices, promoting a simpler and more effective way to enhance the K2 of this structure is necessary.



In this work, we simulated a novel structure with partially etched piezoelectric thin film between adjacent top interdigitated electrodes in the interdigitated electrodes (IDTs)/ZnO/SiC multi-layer configuration in order to increase the K2 of the SAW devices. Dual modes of the etching structure were both investigated systematically. The displacements of the two modes along the y direction (uy) were close to zero, while their longitudinal (uz) and vertical shear components (ux) were dominant. The displacement characteristics of the first mode and second mode are similar to those of the Rayleigh mode and Sezawa mode, respectively, checked and analyzed by the displacement field distribution [28,29]. Thus, the two modes are called quasi-Rayleigh and quasi-Sezawa mode, respectively, due to their propagation features [10,16], and both of them possess significantly enhanced K2 compared to the classical modes of the unetched structure. Our results propose a promising way to achieve the miniaturization of SAW devices in low frequency bands using the quasi-Rayleigh mode, and in high frequency and wideband SAW devices using quasi-Sezawa mode as well as high sensitivity sensors utilizing high K2.




2. Materials and Methods


The schematic of conventional IDTs/ZnO/SiC configuration and our proposed structure are depicted in Figure 1a,b. Compared to the traditional multi-layer structure in SAW devices, piezoelectric thin film between the adjacent top interdigitated electrodes is partially removed in this work, as depicted in Figure 1b. The commercial finite element method (FEM) software COMSOL Multiphysics was used to obtain the SAW characteristics of the proposed structure. A three-dimensional model that uses a periodic component of the practical resonator’s structure was established The width of the model was one wavelength, and the wavelength λ was fixed at 2 μm. The thicknesses of the total ZnO piezoelectric film and the etching depth were h and d, respectively. The etching ratio d/h was used to express the proportion of the etched part to the whole piezoelectric film. The electrode’s width was represented by w, and the retained ZnO pillars’ width was consistent with the electrode. The model’s size at the y-axis was set as 0.25λ. The periodic boundary condition was applied in both the x- and y- direction to assume infinite length. The PML was fixed at the bottom of SiC substrate to eliminate the reflection of acoustic waves at the bottom boundary. The material constants of ZnO and SiC were obtained from Ref. [16]. The influences of Al, Cu, Pt, Mo, W, and Au as electrode materials were also investigated, and their properties were from COMSOL database.



All parts except the two electrodes were included in the electrostatics. One electrode was set as the terminal electrical condition with voltage +1 V, and the other one was ground. The |Y(S)| spectra were derived through the frequency domain calculation.



The effective phase velocity (Vp) of the resonator is estimated through the formula [24]:


   V p  = λ    f r  +  f a   2   



(1)







The effective electromechanical coupling coefficient K2 is calculated by [11,30]:


   K 2  =   π  f r    2  f a    / tan (   π  f r    2  f a    )  



(2)




where fr and fa are the resonant frequency and anti-resonant frequency corresponding to the local maximum and local minimum in the |Y(S)| spectra, respectively.



Figure 2 shows a typical input admittance curve and phase curve of the partially etched ZnO/SiC configuration when the ZnO piezoelectric film normalized thickness h is 0.6λ and the etching ratio d/h is 0.7. There are two resonant modes in the admittance spectrum, and the center frequency of each mode is 1.12 GHz and 2.77 GHz. The insets depict the simulated mode shape diagrams of the above two modes at their resonant frequencies. It was found that both of their propagation characteristics are similar to those of the Rayleigh and Sezawa modes of the conventional structure. As observed from the deformation shape, different from conventional SAW structure, the SAW propagation is not obvious in this structure. This is because when the piezoelectric films are etched to the pillars, each pillar works as a BAW resonator. The vibration of the BAW in the z direction dominates the resonance, and only a small part of acoustic energy is transformed into a SAW. Similar results have been reported by Zhang et al. [31] and Pashchenko et al. [27]. In order to distinguish the conventional structure modes , it is better to call the first order mode quasi-Rayleigh and the second order mode quasi-Sezawa mode [31].




3. Results


3.1. Etching Ratio and Piezoelectric Film Thickness


We first analyzed the propagation characteristics when the etching ratio and ZnO film thickness change. The variation of Vp and K2 in both modes as functions of ZnO thickness in different etching ratio conditions when the top Al electrode thickness t1 = 0.05λ was studied and shown in Figure 3. All of the results presented in Figure 3, Figure 4 and Figure 5 were simulated when the metallization ratio 2w/λ was equal to 0.5. The d/h = 0 represents the condition of the conventional structure. It can be seen in Figure 3a that regardless of the etching ratio d/h, the Vp value of the quasi-Rayleigh mode decreases monotonically as the ZnO thickness h increases. This is due to the fact that SiC exhibits a much larger velocity compared tothat of ZnO. When the ZnO film is totally etched into pillars on the substrate, the Vp value declined to a minimum value compared to other etching ratios at the same ZnO normalized thickness. As for the K2, as Figure 3b shows, when the etching ratio is beyond 50%, the K2 value sees an obvious increment and peaks at d/h = 1. When the etching ratio is below 50%, the K2 value improved weakly or was even worse than that of the conventional structure. Since the higher etching ratio and larger ZnO thickness both contribute to the growth of K2, the maximum K2 value is 12.90%, as the d/h = 1 and h/λ = 2 in Figure 3b. However, during these conditions, the Vp is extremely low, only 662.2 m/s. As Figure 3c,d shows, with the increase of ZnO thickness, the velocity continues to decrease, while the K2 of the quasi-Sezawa mode reaches the maximum value in the beginning and then decreases for each branch. The maximum K2 value of the quasi-Sezawa mode is 8.52%, appearing at d/h = 0.5 and h/λ = 1.



It can be seen from Figure 3 that the combinations of different etching ratios and ZnO thicknesses bring a rich diversity of Vp and K2, providing a variety of design possibilities. However, considering that the overall small aspect ratio w/d in the actual preparation causes the etching process to be complicated and may even cause the structure to collapse, the trade-off between the desired performance and fabrication difficulty must be taken into consideration. Moderate parameters d/h = 1 and h/λ = 0.5 were chosen for the further optimization of quasi-Rayleigh mode in which a high K2 value of 8.16% and Vp of 2309.8 m/s were obtained. Meanwhile, d/h = 0.7 and h/λ = 0.6 were chosen for the further optimization of quasi-Sezawa mode, in which the values of Vp and K2 reach about 5532.0 m/s and 6.40% respectively.




3.2. Top Electrodes


Next, we investigated how the material type and thickness of the top electrodes influenced the properties of the quasi-Rayleigh mode. As Figure 4 shows, with the growth of top electrode thickness, the Vp value decreases while the K2 value increases monotonically for most electrode materials. The K2 curve of Au as a function of top electrode thickness first exhibits an increasing trend and then a decreasing trend. When the height of the electrode is fixed, K2 increases with increasing electrode thickness, which is accompanied by the reduction of Vp. As shown in Figure 4, top Pt electrodes exhibit the strongest loading effect. They lower the Vp the most sharply and enhance the K2 the most significantly as their thicknesses increase. When the thickness of the Pt electrode t1 reaches 0.12λ, its K2 is rather constant at around 10.60% with increasing electrode thickness. As for Pt, Au and W and Cu and Mo, their Vp and K2 curves are also very close. This is owing to the fact that the mass loading effect of different electrode materials is in full proportion to their densities [32]. Cu possesses superior electrical conductivity and low cost, while maintaining a high K2 simultaneously. The utilization of Cu electrodes is often reported in wideband SAW filters [8,30] and TCSAWs [33,34]. Thus, it was chosen for the subsequent optimization of quasi-Rayleigh. Since the top Cu electrode thickness t1/λ is 0.07, the Vp is 2021.1 m/s and the K2 is 9.32%.



Figure 5 shows the change of the Vp and K2 of the quasi-Sezawa mode with the normalized top electrode thickness when the etching ratio is d/h = 0.7 and the ZnO thickness is h/λ = 0.6. For most electrode materials, similar with Figure 4a, the Vp decreases monotonically with the increase of electrode thickness. As for the K2, an increasing trend can be seen at first, followed by a decreasing trend, as shown in Figure 5b. Nevertheless, the Vp and K2 dispersion curves of Au both exhibit an abnormal fluctuation as the functions of the top electrode thickness. Meanwhile, when Au is utilized as the top electrode material, its Vp and K2 change more dramatically with the top electrode thickness compared to other electrode materials. The maximum K2 appears at different electrode thicknesses for individual electrodes, but each K2max value is about 6.80% similar. Among them, when the top electrode material is Al, the Vp decreases slowly as its thickness increases. Simultaneously, K2 varies in a small range but keeps a relatively high value with changes in thickness to the top Al electrode. As the top Al electrode thickness t1/λ is 0.11, the Vp is 5407.3 m/s and the K2 is 6.78%, which is quite an exciting value compared to the conventional ZnO/SiC structure using Al electrodes. In the previous structure, the K2 of the Sezawa wave is only ~3.6% when the Vp is of the same value as the optimized configuration, indicating that partially etching the structure is an effective way to enhance the K2 of the ZnO/SiC substrate and a promising solution for the fabrication of SAW devices using high frequencies and wide bands.




3.3. Metallization Ratio


The influence of the metallization ratio on the resonator is also studied. Compared to the above-mentioned factors such as ZnO normalized thickness and top electrode material and thickness, the metallization ratio 2w/λ has a relatively small effect on the velocity, but it significantly impacts the K2 of both modes. For better optimization, quasi-Rayleigh mode and quasi-Sezawa mode were simulated under different conditions. Quasi-Rayleigh mode was simulated when changing the metallization ratio to ZnO normalized thickness h/λ = 0.5, etching ratio d/h = 1, and top Cu electrode normalized thickness t1/λ = 0.07. As shown in Figure 6a, Vp and K2 of quasi-Rayleigh both exhibit a relatively sharp declining trend at first and then increase slightly. As such, a smaller top electrode width as well as the ZnO pillar width is beneficial to improving the K2 of the quasi-Rayleigh. When the metallization ratio was 0.2, K2 reached 11.56% which accompanied a Vp value of 2102.8 m/s. Quasi-Sezawa mode was simulated when changing metallization ratio to ZnO normalized thickness h/λ = 0.6, etching ratio d/h = 0.7, and top Al electrode normalized thickness t1/λ = 0.11. Figure 6b depicts that the Vp and K2 of the quasi-Sezawa mode initially increase and then decline monotonically with an increasing metallization ratio in contrast to the quasi-Rayleigh. K2 achieved a maximum value of 8.17% when the metallization ratio was 0.75, simultaneously, the Vp value was 5276.0 m/s.




3.4. Bottom Electrodes


In a traditional multi-layer structure, an additional bottom electrode with floating potential often helps improve the K2 of the resonator [35,36,37]. For the proposed structure in this study, introducing a bottom electrode with floating potential formed a structure called hybrid quasi-SAW/BAW configuration [31], illustrated by Figure 7a. For simplicity, the two modes in the new structure with the bottom electrode are named as quasi-Rayleigh and quasi-Sezawa mode. For further study on the impacts of the thickness and material of the bottom electrode, different conditions were considered for each mode, and these specific situations were consistent with those of the previous section, as the metallization ratio of the two modes was still 0.5. Figure 7b shows that the Vp value goes down with the growth of the bottom electrode thickness for both modes. This is due to the fact that the acoustic velocity of the bottom metal electrode is much lower than SiC, and the high acoustic velocity of the substrate cannot be better taken advantage of when surface acoustic waves propagate. The acoustic velocity of the hybrid quasi-SAW/BAW structure must be lower than that of the same structure without a bottom electrode. Figure 7c depicts the K2 of the quasi-Rayleigh mode, which decreases monotonically with growing bottom electrode thickness, while the K2 of the quasi-Sezawa mode exhibits the contrary trend. Compared to the same etched structure without a bottom electrode, K2 of the hybrid quasi-SAW/BAW configuration does not always increase. For the quasi-Rayleigh mode, bottom Cu electrode exhibits a better behavior than Al, and the maximum K2 value of 11.82% can be achieved when the thickness is negligible. At the same time, the Vp of the quasi-Rayleigh mode is 1975.8 m/s, which indicates adding a bottom electrode is a feasible choice to further increase the K2 of the quasi-Rayleigh mode. For the quasi-Sezawa mode, a bottom Al electrode can achieve higher K2 than Cu, and the K2 value can be boosted to 9.26% when the normalized thickness of the bottom Al electrode is 0.1, however, at the same time, the value of Vp decreases to 4754.8 m/s. Compared to the structure without a bottom electrode, the trade-off between the Vp and K2 of the quasi-Sezawa mode should be taken into consideration. A specific choice of bottom electrode material and thickness can significantly improve the K2 by 36.6%, though at the cost of sacrificing Vp of 12.1% compared to the case when the top Al electrode thickness t1/λ = 0.11, the etching ratio d/h = 0.7 and ZnO thickness h/λ = 0.6 based on the partially etched ZnO/SiC structure without a bottom electrode.





4. Discussion


This work proposed a new configuration for SAW devices based on the partially etched ZnO/SiC structure. Diverse combinations of piezoelectric layer thickness, etching depth, electrode material, and metallization ratio provide many choices for practical use. We demonstrated the optimization of the proposed structure. As the quasi-Rayleigh mode wave and the quasi-Sezawa mode wave are distanced in the frequency domain and do not interfere with each other, they can be used individually and can exert their respective functions. Primarily, choosing a proper piezoelectric film thickness and etching ratio is the most necessary consideration. For the quasi-Rayleigh mode, higher ZnO thickness and etching depth both contribute to a higher K2, but it is at the expense of a decrease in Vp and the ease of fabrication. For the quasi-Sezawa mode, the K2 value exhibits an increasing trend first and then decreases for each etching ratio, and the maximum value appears at h/λ = 1 and d/h = 0.5. In the subsequent optimization, a K2 that was as large as possible and an appropriate Vp were both taken into consideration. Through modulating the electrode material and its thickness as well as the metallization ratio, the Vp and K2 of quasi-Rayleigh mode finally reached 2102.8 m/s and 11.56%, while measurements of 5276 m/s and 8.17% for the quasi-Sezawa mode can be achieved.



Additionally, adding a bottom electrode between the piezoelectric material and the substrate can form a hybrid quasi-SAW/BAW configuration. Since the acoustic velocity of the metal electrodes is much lower than SiC, the acoustic velocity exhibits a dramatic decrease compared to the partial etching of the structure only. If aiming at fabricating the low-frequency and large-bandwidth devices, adding a bottom electrode is a good choice as the K2 can increase to 11.91%. As for building high-frequency and wideband devices, adding a bottom electrode may be not a good option because although the K2 can reach 9.26% after the optimization, the Vp will be reduced to 4754.8 m/s for the quasi-Sezawa as the bottom Al electrode normalized thickness t2/λ is 0.1. This work offers a method for enhancing the K2 of the conventional layered structure and meets the needs of wideband filters and high sensitivity sensors. This work also provides guidance for experiments.




5. Conclusions


In summary, we proposed a novel configuration which significantly enhanced the K2 of the two modes in ZnO/SiC structure. We used FEM to investigate the selection of ZnO normalized thickness, etching ratio, top electrodes, metallization ratio and bottom electrodes, and concluded that they all have large impacts on the performance of the SAW. The optimum K2 for the quasi-Rayleigh mode can exceed 12%, which increases near 12 times that of the conventional ZnO/SiC structure. Additionally, the K2 of the quasi-Sezawa shows twice the enhancement after optimization. This work has great reference value for more comprehensive research in the performance of ZnO/SiC structure and in realizing the unique characteristics of SAW devices based on modulating the etching ratio. The increased performance promises to meet the requirements of diverse fields, such as the fabrication of high frequency and wideband or remarkably miniaturized SAW filters and highly sensitive sensors.
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Figure 1. The structure schematic of (a) traditional multi-layer structure and (b) IDTs/partially etched ZnO/SiC structure. 






Figure 1. The structure schematic of (a) traditional multi-layer structure and (b) IDTs/partially etched ZnO/SiC structure.



[image: Applsci 11 06383 g001]







[image: Applsci 11 06383 g002 550] 





Figure 2. Typical simulated admittance spectra |Y(S)| of the partially etched ZnO/SiC configuration at h/λ = 0.6 and d/h = 0.7; the insets show the COMSOL-simulated mode shape of each mode. 
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Figure 3. (a,c) Vp and (b,d) K2 of the quasi-Rayleigh mode (a,b) and quasi-Sezawa mode (c,d) as functions of different normalized ZnO thickness h/λ and etching ratio d/h simulated by FEM, when the top Al electrode thickness t1 = 0.05λ. 
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Figure 4. Vp (a) and K2 (b) of quasi-Rayleigh waves as functions of top electrode thickness t1/λ based on the partially etched ZnO/SiC structure when the etching ratio d/h = 1 and ZnO thickness h/λ = 0.5. 
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Figure 5. Vp (a) and K2 (b) of quasi-Sezawa wave as functions of top electrode thickness t1/λ based on the partially etched ZnO/SiC structure when the etching ratio d/h = 0.7 and ZnO thickness h/λ = 0.6. 
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Figure 6. Vp and K2 as functions of metallization ratio 2w/λ of (a) quasi-Rayleigh mode and (b) quasi-Sezawa mode. 
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Figure 7. Vp (b) and K2 (c) of quasi-Rayleigh wave and quasi-Sezawa as functions of bottom electrode material and thickness t2/λ based on the partially etched ZnO/metal/SiC structure (a). 
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