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Abstract 

 

Microelectromechanical system (MEMS) resonators emerged a few decades ago, and now 

they have been well developed and commercially utilized as a core part in many radio frequency 

(RF) communication hardware as well as micro-sensing and detections for many different latest 

applications. Since MEMS-based devices are made small thanks to the microfabrication 

technology's improvement, the cost can be drastically reduced when mass-produced on wafer 

batches, and the devices still maintain a decent performance with negligible power consumption.  

This perfectly fits into the requirements of the newest internet-of-thing (IoT) and headset 

applications. Our previous research mainly focuses on designing and fabricating MEMS resonators 

based on piezoelectric thin film while lacking systemic study and understanding the acoustic 

behavior in design variants. This research addresses the mentioned concern and further improves 

many resonators' performance, such as higher qualify factors, lower static capacitance, and higher 

power handling. In the meantime, diamond technology has been reviewed and adopted in this 

research, delivering high-performance MEMS acoustic resonators fabricated on Diamond-on-

Silicon (DOS) wafers. The measured unloaded quality factor is as high as 7,370 near 200 MHz, 

which can be an excellent candidate for sensing and detection purposes. It is the first time thicker 

macrocrystalline diamond films (10-20 µm) are implemented into MEMS acoustic resonators 

design and fabrications. Meanwhile, tether (also known as anchor) designs have been thoroughly 

studied, including various dimensions and quantities. Different-shaped phononic crystals have 

been exploited to improve the resonators’ quality factors and suppress spurious mode at lower 

frequencies.  



www.manaraa.com

x 

 

An innovative post-process technique has been introduced, aiming to create notched air 

gaps in between interdigital transducer (IDT) electrodes of a MEMS resonator. By substituting 

lossy Zinc Oxide (ZnO) by air, the static capacitance can be reduced, leading to a lower 

feedthrough noise level by 10 dB or more while having less impact on insertion loss. By using this 

strategy, the signal-to-noise ratio (SNR) at the resonance can be enhanced, which is favorable for 

sensing and detection capabilities. The capacitance ratio is defined as the ratio of static capacitance 

over the motional capacitance. Due to a smaller static capacitance, the capacitance ratio is lower, 

resulting in a higher electromechanical coupling coefficient. In the meantime, it is observed several 

spurious modes can be effectively suppressed or fully eliminated due to the modified distribution 

of electric field and displacement/strain field in the piezoelectric transducer layer adjacent to IDT 

electrodes thanks to the newly introduced air notches. The mentioned post-fabrication technique 

adds another degree of freedom in vertical coordinate in MEMS resonators design variants. 

Moreover, the SNRs can be further improved by cascading multiple contour-mode resonators so 

that the static capacitance can be canceled. Last but not least, a droplet test has been conducted to 

sense different levels of mass. To make the testing unit portable, a 3-D printed evaluation board 

has been carried out to avoid the need for probing. 



www.manaraa.com

 

1 

 

 

 

 

 

 

Chapter 1: Introduction 

 

1.1 Overview 

Micro-electrical-mechanical systems (MEMS) electronic devices, benefited from the 

rapidly developed micromachining technologies, have been studied and massively commercialized 

in the last recent decades. For instance, MEMS resonators, as the fundamental elements of filters 

and oscillators, are commonly replacing the traditional bulky off-chip quartz resonators for the fact 

they are delivering a decently competitive performance, but with a much smaller size and lower 

cost per unit. Radio frequency micro-electro-mechanical systems (RF MEMS), benefited from 

rapid-growing micromachining technologies, have been massively studied and successfully 

commercialized in recent decades.  

With its rapid development, RF MEMS technology is now becoming a viable solution to 

batch-produce high-performance RF passive components, such as tunable filters, switches, 

capacitors, varactor, inductors, and high-quality factor (Q) resonators for the next generation of 

wireless communication systems. Although MEMS devices offer multiple unique advantages, 

there are still some technical difficulties to dig into. For example, its power handling issue can be 

a significant concern in the next-generation 5G wireless communication systems because of its 

high complexity and multi-duty at higher frequency bands. Also, it is anticipated that the parasitic 

effects at higher frequencies could significantly impact future transceivers. In addition to the 

wireless applications, it is also widely convinced that MEMS resonators are substantially capable 

of various sensing platforms and purposes. The main reason is that MEMS resonators exhibit 
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incredibly high sensitivity due to their miniaturized volume and mass by several orders compared 

to the traditional quartz crystal counterparts. Also, its small size and negligible power consumption 

make MEMS technology perfectly suitable for implantable bio-chemical sensing [1][3][4], gas 

identifications [2], wearable IoT applications. Nowadays, there are plenty of commercially 

available MEMS-resonator-based sensing and detection systems that have been successfully 

deployed across a range of industries with a wide variety of applications, including medical 

diagnosis and monitoring [3][4], food science [5], and oil analysis [6].  

1.2 Review of MEMS-based Sensor 

One of the commonly sensing and detecting methodologies is achieved by measuring the 

signal change due to a weight change when the transducer's equilibrium state is altered. The raw 

data can often be a frequency shift, for instance, and by post-processed with read-out circuits and 

other electronics, which are often integrated with CMOS, then the captured data can be analyzed 

and interpreted using analytical techniques. The MEMS portion can be a bimorph cantilever, as 

shown in figure 1 below. 

 

Figure 1.1  Structure of a traditional piezoelectric microcantilever and its typical application as 

bio-chemical sensors. Courtesy of Lu et al. [4]. See permissions in Appendix A. 
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The limitations of MEMS cantilever do appear to be significant when the high resonance 

frequencies and mass resolutions are demanded for specific applications. In fact, more types of 

resonators can be deployed for sensing and detection. Here the table below demonstrates a 

summary of different resonator mechanisms in comparisons of frequency, sensitivity, and 

resolution.  As to sensors’ performance, the sensitivity is usually referred to as the constant 

proportionality between output and input for a linear transducer, whereas the resolution is defined 

as the smallest quantity of change that can be captured. 

Table 1.1 A Summary of State-of-the-art Mass Sensing Technologies [7]-[13]. 

Device Resonant 

Frequency (MHz) 

Localized Mass 

Sensitivity (kHz pg-1) 

Mass 

Resolution (fg) 

QCM [7,8] 5 
 

100 

FBAR [9] ~2300 
 

9 

SAW [10] 200 0.0009 3000 

MEMS Microcantilever [11] ~0.350 0.878 
 

NEMS Nanocantilever [12] 13 5100 0.039 

Capacitive Disk [13] 132 31.5 0.130 

 

Although MEMS-resonator-based sensors exhibit outstanding performance under many 

scenarios, they also face difficulties in resolution and sensitivity in the specific testing environment. 

For example, it is more challenging to maintain the quality factor and signal-to-noise ratio (SNR) 

needed for a particular limited of detection when the MEMS devices have to be operated in a 

humid or liquid environment, as compared to operation under ambient conditions [14][15]. That 

is because the insertion loss and damping loss are significant increased in the liquid. To address 

this issue, the most straightforward way is simply to make MEMS resonators with sufficiently high 
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quality factors and SNR so that the damping loss can still be compensated in the liquid environment. 

In the later chapters, a number of innovative design techniques will be discussed to improve qualify 

factors and signal-to-noise ratios of piezoelectric MEMS resonators.  

1.3 Current State-of-the-art MEMS Acoustic Resonators 

Benefited from the rapid development of micromachining technologies, micromachined 

acoustic resonators and acoustic Radio Frequency (RF) filters have been successfully studied and 

massively commercialize with the explosive growth of “smart” cellular devices, which are widely 

able to support 4G or Long Term Evolution (LTE), or nowadays 5G communications that aim to 

handle faster data rates with the ability to serve more users in an extremely crowded spectrum are 

deemed critical. In the wireless communication system, timing and filtering, relying on oscillators 

and RF/IF filters are the most essential elements that determine the overall performance of today’s 

highly integrated wireless RF front-end receiver systems. Because of micromachined resonators 

featuring higher bandwidth, much smaller size, and lower cost, micro-acoustic filters and 

oscillators are gradually replacing the bulk off-chip quartz resonators and became one of the key 

enabling devices of modern RF and microwave electronics spanning many different industry fields.  

Speaking of micro-resonators, there are two main categories dividing them into 

piezoelectric resonators and capacitive resonators, based on the transduction mechanisms or types 

of waves launched. Figure 1.5 demonstrates an example of capacitively transduced MEMS 

resonators studied by Wang et al. [16] back in 2004. The particular presented radial-contour mode 

MEMS disk resonator features resonant frequencies up to 1.51 GHz supported by the uniquely 

developed self-aligned fabrication technique [16]. This frequency was the first time a MEMS 

resonator is reported in the gigahertz regime back then. In the meantime, the reported quality 

factors are also exaptational high, with Q’s of 11,555 in vacuum and 10,100 in the air [16]. Other 
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consecutive work exploited extension vibrated wine-glass mode disk resonator operating at 74 

MHz extremely high Qs of 98,000 in vacuum and 8,600 in the air [17].  

 

Figure 1.2  (a) SEM micrograph of the stem self-aligned, radial-contour-mode disk resonator; (b) 

frequency characteristics for a 1.51 GHz, radial-contour mode, disk resonator measured in both 

vacuum and air. Courtesy of Wang et al. [16] [17]. See permissions in Appendix A. 

 

Unlike the capacitive resonators’ needing external larger drive voltage, piezoelectric 

resonators can generate different acoustic waves simply by having opposite electrical potentials at 

different locations of electrodes that contact the piezoelectric material. Recently researches show 

that piezoelectric micro-resonators can now achieve high quality factors almost on par with the 

best of the capacitive counterparts while, in the meantime, offering a much greater 

electromechanical coupling coefficient (k2
t). Meanwhile, capacitive resonators are prone to 

experience very high insertion loss (>80 dB) and large motional impedance (> 1 MΩ) [16][17], 

which also make them nearly impossible to be used in RF communication electronics, which 

mostly match to 50-ohm system. In this dissertation, all the work and results are concentrated on 

thin-film piezoelectric MEMS acoustic resonators.    

It is worthy to clarify that the current-state-of-art micro-acoustic technology has not been 

equal to MEMS acoustic technology yet due to the overall electronics’ size still in the millimeter 



www.manaraa.com

 

6 

 

range. For example, commercial RF filters or duplexers are still in a dimension of several 

millimeters. However, their fabrications are heavily dependent on the generosity of 

micromachining technology.   

1.3.1 Surface Acoustic Wave Resonators 

Surface acoustic wave resonators are generally operated by launching acoustic waves 

propagating on the surface of a material with the piezoelectric effect, converting energy back and 

forth between the electrical and mechanical realms. To fully understand the piezoelectric effect, 

more discussion will be served in the later chapters. Nowadays, most commercialized SAW micro-

resonators utilize lithium niobite (LiNbO3) or lithium tantalite (LiTaO3) as the functional layer 

where the piezoelectric effect occurs.  

 

Figure 1.3  (a) Schematic view of a typical SAW resonator; (b) top-down view of metal electrodes. 

 

As demonstrated in Figure 1.3, by sinusoidally varying the voltage, interdigital transducer 

(IDT) metal electrodes are used to launch or receive acoustic waves on the surface of the 

piezoelectric substrate. The generated surface acoustic waves are reflected by employing grating 

fingers at both sides of IDTs to confine the energy leakage. The resonant frequency of a one-port 

SAW resonator is determined by the ratio of the acoustic velocity of the generated wave over the 

distance between the center of adjacent interdigit transducers, which is usually referred to as the 

pitch size. These pitch sizes are commonly designed near to ½ wavelength of the generated 
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acoustic wave. There are other quantities also specified in wavelengths, such as aperture (W), 

transducer length (LT), and grating length (LG). These design parameters can broadly define the 

insertion loss and sharpness of the resonance peak.  As seen in the above figure, it is evident that 

SAW resonators' fabrication and potential mask steps can be relatively simplified because they 

theoretically only require one pattern IDT layers on the existing piezoelectric substrate layer.  

SAW technology delivers a decent performance in RF filtering applications within the past 

decades. A vast majority of research surrounding surface acoustic waves has been done in the 19th 

and 20th centuries. Since then, SAW technology has played a significant role in the RF filtering 

market until bulk acoustic wave (BAW) technology is revealed and taken from high-performance 

filtering applications. Even now, SAW resonators and filters are still clearly the first choice for 

many companies in low-band RF applications because of the solid performance at a lower cost. 

The biggest drawback of SAW resonators is their lack of ability to achieve higher 

frequencies above 2.5 GHz while still maintaining good quality factors. This is intrinsically limited 

by slow the acoustic velocity merely on the surface, and the loss mechanism becomes dominated 

and more challenging to control when operation frequencies are higher. Another constraint for 

SAW to high-frequency ranges is that the designed resonance frequency can only be done by 

reducing the electrode width and height, which are heavily committed to the lithography 

equipment capability. The use of a more sophisticated lithography system such as ArF one (laser 

wavelength: 193 nm) enables much narrower electrodes. However, narrower and thinner 

electrodes result in a significant increase in the ohmic resistance, which causes substantial 

performance deterioration [18]. Most recent years, there is another breakthrough technology called 

“incredible high-performance SAW” (I.H.P SAW) developed and reported by Murata Inc. [19], 

which truly excels in the 3-5 GHz range for SAWs.  Such technology corporates a new multi-
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layered structure (LiNbO3 or LiTaO3 / SiO2 / AlN / Si) substrate, as shown in Figure 1.3(a), which 

aims to significantly improve the energy confinement capability at higher frequencies by creating 

acoustic mismatch at vicinities of different layers. In this way, undesired propagation loss can be 

effectively reduced, and therefore the quality factor can be drastically improved. As seen in Figure 

1.3 (b), the measured quality factors show 6000 at 0.9 GHz to 1900 at 3.5 GHz, which are over 

three times higher than those of conventional 42YX-LT SAW resonators [19].   

 

Figure 1.4  (a) Basic cross-section structure view of I.H.P.SAW; (b) calculated surface 

concentration ratio of SAW energy. Courtesy of Takai et al. [19]. See permission in Appendix A. 
 

Despite the fact that this newly innovated I.H.P SAW address persisting problems that 

conventional SAW experience, considering the extremely complex bonding procedures and the 

high cost if massively produced, it would be hardly viable high-frequency applications in the RF 

filter market.   

1.3.2 Bulk Acoustic Wave Resonators  

 Bulk acoustic wave (BAW) resonators employ acoustic waves propagating through the 

whole bulk of a certain material. The most typical mode utilized is the thickness-shear mode. 

Unlike SAW’s need for very fine patterned inter-digital transducer electrodes, a basic thin-film 

BAW resonator can be built by simply having a piezoelectric thin film sandwiched by two metal 

electrodes. These two electrodes on the top and bottom of the piezoelectric layer generate and 
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detect acoustic waves as a differential electrical potential applied. The resonance frequency is 

primarily determined by the thickness of the piezoelectric layer and the selection of the electrode’s 

material.  

In today’s market, film bulk acoustic resonator (FBAR) and solidly mounted resonator 

(SMR) are the two main proven BAW device configurations adopted widely. The key difference 

is the technologies to confine the acoustic energy. Figure 1.4 (a) and (b) illustrated the cross-

sectional schematic views of FBAR and SMR, respectively. It is known that acoustic waves can 

barely travel through the air because the acoustic velocity of air is nearly zero. FBARs take 

advantage of the truth by creating air cavities underneath the bottom electrode, so acoustic energy 

can be very efficiently reflected at the electrode/air interface at both sides of the piezoelectric layer 

due to acoustic mismatches, therefore forming a high-Q resonator.  

 

Figure 1.5  Cross-sectional schematic views of the two types of bulk acoustic wave (BAW) 

resonators with two different types of acoustic isolation methods. (a) Film bulk acoustic resonator 

(FBAR) sits on top of the air cavity; (b) solidly mounted resonator (SMR) employs Bragg’s 

reflector. 
 

Similar to FBAR, SMR also benefits from the acoustic mismatch to trap acoustic energy 

inside the device layers. Instead of the air cavity architecture underneath the bottom electrodes, 

SMR exploits a Bragg reflector stack composed of multi-layered materials with high/low acoustic 

impedance at about quarter-wavelength thick, as seen in Figure 1.4 (b). With this approach, 
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acoustic energy down-toward can be adequately reflected at the boundary of each pair of high/low-

impedance Bragg reflectors.   

 Compared to SAW, BAW technology does not require advanced lithography equipment to 

support its high-frequency range applications. The operation frequencies can be controlled by 

adjusting the piezoelectric material’s thickness. The thinner the piezoelectric layer, the higher 

frequencies are. That is why BAW is the favorable choice for high-frequency high-performance 

RF filtering applications. Furthermore, BAW technology also has other advantages over SAW, 

including better power-handling capability, insertion loss, and temperature performance. Although 

BAW has superior performance over SAW at high frequencies, a large amount of trimmings work 

is necessary to achieve the right frequency and k2
t from the piezoelectric layer done via chemical-

mechanical-polishing (CMP). Hence, BAW is far more complicated as to the mask steps or 

fabrication complexity.  

To face the new challenges in the next-generation 5G era, so far, BAW technology should 

be the best candidate unless other revolutionary improvements are made. For example, new 

piezoelectric material, new acoustic modes should be further investigated and researched.  

1.3.3 Contour Mode Resonators 

Contour mode resonator (CMR), also known as Lamb wave resonator (LWR), is a newly 

emerging class of piezoelectric resonators brought by Piazza et al. back in 2006 [20].  The typical 

acoustic waves associating such type of resonator are usually referred to as lamb wave, which can 

be simply understood as a type of surface acoustic wave that also has x- (lateral) and z-direction 

(vertical) displacement in that the propagating substrate is so thin, such as thin-film ZnO or thin-

film AlN.  
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Figure 1.6  Schematic illustration of a two-port contour mode resonator. 

 

As to the geometry, as demonstrated in Figure 1.5, conventional CMRs can be seen as a 

combination of SAW and BAW resonators, consisting of IDT metal electrodes on the top of the 

piezoelectric thin film, which sits on the bottom electrodes. Unlike SAW resonators’ needing a 

quite number of gratings to reflect acoustic energy, the resonator body is suspended in the air and 

well defined in x- and y- directions through dry etching. Therefore, the CMRs are surrounded in 

all directions by air, which is a natural reflector.  

The resonance frequency is usually determined by the lateral dimensions defined by 

lithography that is similar to SAW, rather than the thickness of the piezoelectric transducer layer, 

but the acoustic velocity of generated lamb wave can be a lot faster than the surface Raleigh waves 

and achievable operation frequency can be higher than a conventional SAW resonator. In addition 

to that,  CMRs can not only enable multi-frequency outputs based on the inter-digit-transducer 

(IDT) with strategically designed pitch size in a fashion like SAW devices but also able to achieve 

higher frequencies up to 10 GHz by miniaturization of the suspended resonator body similar to an 

FBAR device [20]. This makes it also an excellent candidate for tunable RF electronics, which 

may be the next-generation mobile commination integrations trend. 
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1.4 Drawbacks of the Current State-of-the-art Resonator Technologies and Issues  

 As mentioned earlier, the MEMS resonators based on capacitive transductions have been 

thoroughly studied. This type of resonator can generally feature extremely high Qs and achievable 

operation frequencies, thus still making them stand out in frequency-Q product regards. However, 

the complexity of fabrications and extremely high insertion loss are the main issues that keep the 

capacitively-transduced MEMS resonators off the list of potential applications because their 

motional impedances are too high to be implemented into a 50-ohm system. SAW and BAW are 

the two successfully commercialized micro-acoustic technologies in today’s RF filtering 

applications. Each of them has pros and cons. The main issues existing in SAW resonators are 

their struggle to perform once the operation frequencies go above 2.5 GHz, recalling that the 

resonance frequency depends on the thickness and photolithographic variations in IDT and grating 

metal. 

Additionally, SAW resonators' quality factors are typically between 300 to 500, which can 

cause problems reflected in slow roll-off rate and worse insertion loss at the edges of passbands. 

Also, because of the IDT electrode arrangement, SAW resonators are more sensitive to the rise of 

operating power and temperature if no compensation techniques are applied. BAW technology is 

now considered a high-performance solution that addresses many concerns that SAWs have, but 

yet to be perfect. As discussed earlier, the resonance frequency of a BAW resonator is dependent 

on the thickness of the piezoelectric layer and metal electrodes. If the layers are reduced, a higher-

frequency resonator is always possible, but there is a threshold when the piezoelectric thin film is 

too to provide enough attributes.  Also, because the piezoelectric thin films are formed by 

sputtering depositions, it is more challenging to attain as good k2
t as SAWs may get from the 
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single-crystal piezoelectric substrates. Hence, the achievable bandwidth is usually less than for 

BAW.  

 Previous research on CMR primarily concentrated on round-shaped resonators within the 

own group, utilizing wine-glass mode and radial-contour mode. While the insertion loss of such 

type is typically above 40 dB, and the capacitive feedthrough levels are close to the ambient noise 

floor. As to the rectangular-shaped CMR, we have adopted macrocrystalline diamond thin film 

underneath the bottom electrodes to enhance Q's performance aspects, temperature linearity, but 

in lack of systematic study in a few other concerns, such as k2
t, power handling, capacitive 

feedthrough control.  

1.5 Dissertation Organization 

 This dissertation is organized into six chapters. The first chapter summarizes the current-

state-of-the-art micro-acoustic resonator technologies and their applications, followed by the 

drawbacks and limitations of the previous research. This dissertation's motivation is to address 

those concerns and improve performance through different design and fabrication techniques.  

 Chapter 2 starts with the fundamentals of piezoelectricity as the background for material 

characterization. Zinc Oxide (ZnO) is chosen as the piezoelectric material to be studied and to be 

used as the piezoelectric layer for the presented MEMS resonators. Material characterization 

results are concluded to compare different sputtering conditions. In Chapter 3, fundamental 

parameters of MEMS resonators and their equivalent models are discussed, which were in specific 

investigated using Butterworth-Van Dyke (BVD) circuit models. Chapter 4 present the sources of 

design variations from the Finite Element Method (FEM) simulations. Chapter 5 reviews the 

detailed fabrication processes for piezoelectrically-transduced ZnO MEMS contour-mode 

resonators, which are built on four-inch Silicon wafers and diamond-coated Silicon wafers, 
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respectfully. Measurement results are presented, and a series of comparisons are discussed in terms 

of various performance parameters, such as Q, temperature dependency, power handling, and so 

forth. Chapter 6 discusses different approaches to improve the SNR ratio, followed by the droplet 

test. Finally, Chapter 7 concludes the insights and achievements of this work while also listing the 

viable directions for potential research to carry on. 

1.6 Contributions 

This dissertation work embraces a successful demonstration of a systematic study of 

piezoelectrically-transduced ZnO-on-diamond MEMS resonators. By employing the diamond thin 

film as the primary structural material of released resonators, the proposed MEMS resonators' 

power-handling capability will be dramatically improved with potentially top-notch performance. 

In addition to that, characterizations of sputtered ZnO piezoelectric thin film transducer have been 

conducted using different combinations of sputtering conditions, such as O2 to Ar gas ratios, 

operation temperature as well as the impacts of post-annealing. Metrology analysis has been done 

to find the optimized deposition recipe to improve electromechanical coupling coefficient and 

dielectric properties.  

To predict design variations, FEM simulations have been done to explore a parametric 

study on a number of design parameters, such as IDT finger-to-gap, aperture, and so forth. Later, 

resonators are designed, fabricated, and measured to successfully validated the simulation results’ 

trends. A variation of phonon crystal structures on tethers has included in this work, with changes 

in quantity and shapes in the triangle, cross, and diamond geometry, serving as band gaps to 

suppress spurious modes. To further improve quality factors, many design techniques have been 

exploited. For example, different resonators’ structural body shapes have been examined to 

increase Qs further. 
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An innovative design strategy has been discussed by introducing etched air cavities in the 

piezoelectric thin film between each pair of the IDT electrode fingers for lowering the capacitive 

feedthrough level while improving the signal-to-noise (SNR) by 3-5 dB. The parasitic capacitance 

calculation will be completed to fully support the extraction of the simulated capacitance results 

from FEM analysis. The cascading resonators can further boost SNR by canceling the static 

capacitance. To implement the fabricated device into sensing applications, a water droplet test has 

been performed and showed a promising outcome for the proposed sensing applications in a humid 

environment.  
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Chapter 2: Background of Piezoelectric Effect and Material Characterizations 

 

2.1 Piezoelectric Effect 

The piezoelectric effect was first discovered by French physicists Pierre and Jacques Curie 

in 1880, describing an interchange phenomenon between mechanical and electrical energy. The 

piezoelectric material is generally in crystalline in nature, with a regularly repeating lattice of unit 

cells. They can be found in a generic form of crystals such as quartz or synthetic ceramic via 

chemical vapor deposition (CVD), such as aluminum nitride (AlN) or Lithium Niobate (LiNbO3).  

A simple illustration of the piezoelectric effect can be explained in Figure 2.1.  

 

 

Figure 2.1  Illustration of piezoelectric effect in a crystal lattice. (a) Centers of symmetry of both 

positive and negative ions coincide in an unstressed crystal with balanced net charge; (b) in a 

compressed crystal, the centers of symmetry of charges move apart, leading to a rise to the net 

charge on the electrodes; (c) in a stretched crystal, the centers of symmetry of charges move apart, 

leading to a surge to net charge and polarized electrodes.  
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As shown in Figure 2.1 (a), when no external mechanical force is applied to a crystal lattice, 

a molecule with three negative ions and three positive ions is electrically neutral. The center of 

symmetry of both of the two ions coincide [21]. No electric charge effect is generated in this 

unstressed state, resulting in no electrical potential difference across the top and bottom side of 

electrodes. However, in Figure 2.1 (b) and (c), when mechanically deformed along particular axes 

due to an external force, the unit cells become polarized as the centers of symmetry of the charges 

move apart. At this compressed or stretched state, unit cells’ net charges are no longer balanced, 

and an electrical potential can be found across the two electrodes. 

Conversely, the application of an electric field along specific orientations can also cause 

the lattice to deform in response. Relating the piezoelectric effect to acoustic technology, if an 

alternating voltage is applied to the piezoelectric material, certain mechanical vibrations (acoustic 

waves) can be formed based on the applied voltage frequency. The resonance occurs when such a 

piezoelectric response reaches its maximum when the alternating voltage frequency matches the 

natural frequency of vibration of the material. 

2.2 Mathematical Explanations of Piezoelectric Effect 

As discussed in the last section, when a piezoelectric material is mechanically compressed 

or stretched, it becomes electrically polarized, producing a fixed electric charge on the material’s 

surface. If electrodes are attached to the material’s surfaces, the generated electric charge can be 

collected and used [22]. The mathematical presentation of the piezoelectric effect is based on the 

linear theory of piezoelectricity, with the equations of linear elasticity are coupled to the charge 

equation of electrostatics through the piezoelectric constants of the material [23], which are vector 

quantities, just like other anisotropic physical properties (e.g., permittivity, elasticity, and 

piezoelectric constant) are tensor quantities. The following equations that describe the 



www.manaraa.com

 

18 

 

piezoelectric effect presented by the interaction between electrical and mechanical domain where 

mechanical stress (T), mechanical strain (S), an electrical field I, and electrical displacement (D) 

are given as:  

where Sp is the mechanical strain in the p direction, spq
E is elastic compliance under constant 

electric field, Tq is mechanical stress in the q direction, dkp is piezoelectric constant, Ek is the 

electric field in the k direction, εik
T is dielectric constant tensor under constant stress, and Di is 

electric displacement in the I direction. The two subscript index defines the axis of the electrical 

excitation the mechanical actuation orientation, respectively. It is observed the amount of charge 

generated is directly proportional to the amount of external mechanical stress applied onto the 

piezoelectric material. 

 Four more alternate forms are listed below for a more detailed explanation to extend the 

piezoelectric effect concept in terms of stress, charge, and voltage. 

 The stress-charge form is expressed as: 

 

 

 The strain-charge form is expressed as: 

 

 

 The strain-voltage form is expressed as: 

 

 

𝑆𝑃 = 𝑠𝑝𝑞
𝐸 𝑇𝑞 + 𝑑𝑝𝑘𝐸𝑘 (2.1) 

𝐷𝑖 = 𝑑𝑖𝑞𝑇𝑞 + 𝜀𝑖𝑘
𝑇 𝐸𝑘 (2.2) 

𝑇6×1 = 𝑐6×6
𝐸 ∙ 𝑆6×1 + 𝑒6×3 ∙ 𝐸3×1 

𝐷3×1 = 𝑒3×6 ∙ 𝑆6×1 + 𝜀3×3
𝑆 ∙ 𝐸3×1 

(2.3) 

𝑆6×1 = 𝑠6×6
𝐸 ∙ 𝑇6×1 + 𝑑6×3 ∙ 𝐸3×1 

𝐷3×1 = 𝑑3×6 ∙ 𝑇6×1 + 𝜀3×3
𝑇 ∙ 𝐸3×1 

(2.4) 

𝑆6×1 = 𝑠6×6
𝐷 ∙ 𝑇6×1 + 𝑔6×3 ∙ 𝐷3×1 

𝐸3×1 = −𝑔3×6 ∙ 𝑇6×1 + 𝛽3×3
𝑇 ∙ 𝐷3×1 

      (2.5) 
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 The stress-voltage form is expressed as: 

 

 

where c is the stiffness matrix and e is the piezoelectric constant matrix. Β is the inverse matrix of 

permittivity, and d, g, and h are the alternate forms of piezoelectric constants. 

 Another fundamental property of piezoelectric material frequently mentioned in MEMS 

technology is called electromechanical couple coefficient k2
t, defined as the ability of a material 

to interconvert electrical and mechanical energy [23], expressed as: 

 It is noted that both the converted energy and the input energy in the above equation can 

be mechanical or electrical.  A higher k2
t stands for a more substantial piezoelectric effect. From 

an engineering perspective, the electromechanical coupling coefficient is one of the most critical 

parameters. A lot of characterization work has been invested in getting a higher k2
t by means of 

optimizing production conditions. In RF filtering applications, k2
t is proportional to the achievable 

bandwidth of filters, and a resonator’s k2
t can be directly measured by looking into the series and 

parallel resonance. A more detailed explanation is covered in the later chapters.  

2.3 Piezoelectric Material Selections 

As mentioned in the previous sections, piezoelectric material can be generally categorized 

into piezoelectric crystals (piezo-crystals) and piezoelectric ceramics (piezo-ceramics). Piezo-

crystals are the material in which the piezoelectric effect naturally occur, such as quartz, topaz, or 

even cane sugar. While in the most recent year, a few polymers have been studied and developed 

as a new emerging piezoelectric material that exhibits non-toxic and biocompatible properties that 

traditional piezo-ceramics do not hold. Typical examples of polymers are Polyvinylidene Fluoride 

𝑇6×1 = 𝑐6×6
𝐷 ∙ 𝑆6×1 − ℎ6×3 ∙ 𝐷3×1 

𝐸3×1 = −ℎ3×6 ∙ 𝑆6×1 − 𝛽3×3
𝑆 ∙ 𝐷3×1 

(2.6) 

𝑘𝑡
2 =

Converted Energy 

Input Energy
 (2.7) 
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(PVDF) and Polyvinylidene Chloride (PVDC). These polymers are exceptional for bio-electronics, 

but their piezoelectric effect is too low to be used in many other applications.   

Among these piezo-crystals, quartz is the most well-known and the first piezoelectric 

material used in various electronic devices. For example, in the past half-century, quart crystal has 

widely cooperated in the microwave and RF oscillator and filter applications due to its excellent 

mechanical robustness, superbly high frequency-Q product, chemically stability, and low thermal 

coefficient expansion. However, by today’s standard in RF mobile electronics, quartz crystal no 

longer has the advantages mainly because of its bulky size and small electromechanical couple 

coefficients, which tremendously limits the bandwidth. Compared to quartz, LiNbO3 and LiTaO3 

also important piezo-crystals providing a much stronger piezoelectric effect and tunability of 

orientation cuts. Today, these two piezo-crystals are primarily commercialized in SAW filters and 

duplexers and extensively used for optical purposes. 

Piezo-ceramics are now the mainstream piezoelectric material widely used in RF acoustic 

electronics and many MEMS applications. Typical examples of piezo-ceramics are aluminum 

nitride (AlN), zinc oxide (ZnO), barium titanate (BaTiO3), and lead-zirconate-titanate (PZT). 

Among these piezo-ceramics, both BaTiO3 and PZT exhibit excellent piezoelectric strain 

coefficients (d31 or d33), which are one order of magnitude higher than those of AlN and ZnO. 

However, they also have their core weaknesses. For example, the thermal expansion coefficient of 

BaTiO3 is so high that it makes its supported devices very unstable to the temperature change. 

Similarly, the high dielectric loss at high frequencies and the incompatibility to CMON 

technologies limit the use of PZT to low-frequency MEMS device applications such as MEMS 

microphones, micro-piezo printer heads. 
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The remaining two piezo-ceramics: AlN and ZnO, offer well-balanced attributes satisfying 

electronics designers and researchers, such as CMOS compatibility, sufficient piezoelectric, and 

RF performance. More importantly, AlN and ZnO thin films can be deposited and characterized 

supported by the sputtering technology. If comparing AlN and ZnO, AlN has a few advantages 

over the other. For instance, its acoustic velocity and temperature coefficient of frequency is much 

better than that of ZnO. Meanwhile, AlN’s deposition process makes it more favorable since its 

operating temperature is lower and does not contain contaminating elements such as zinc, which 

can be harmful to other semiconductor devices. Table 2.1 summarizes the properties of these 

materials mentioned above. 

Table 2.1 Properties of the Most Commonly Used Piezoelectric Materials [24-29]. 

Material Properties Symbol Unit AIN PZT ZnO     

Elastic Modulus E Gpa 330 53 123 

Density ρ kg /m3
 3260 7600 5676 

Acoustic Velocity υ m/s 10400 3300 4655 

Poisson Ratio σ  0.24 0.25-0.31 0.18-0.36 

Piezoelectric Strain 
Coefficient 

d31 pC /N -2 -123 -5 

Piezoelectric Strain 
Coefficient 

d33 pC /N 5 289 12.4 

Piezoelectric Strain 
Coefficient 

d15 pC /N 3.6 495 -8.3 

Relative Permittivity Ԑr  8-10 400-1900 9-11 

Thermal Expansion 
(300K) 

αL 10-6/°C 4.15 2 2.92 

Thermal Conductivity k W/mk 280 1.9 60 

TCF τf ppm/°C -25 NA -60 
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As compared to ZnO, AlN holds a higher Young’s modulus, a higher acoustic velocity, a 

higher thermal conductivity, and a low temperature coefficient of frequency (TCF), which made 

AlN a highly attractive piezoelectric transducer material. AlN films have been deposited with 

appropriate coupling coefficients, but it was not until the late 1990s that high-volume production-

worthy AlN deposition techniques started to be offered by foundries, mostly thanks to the 

emerging film bulk acoustic wave (FBAR) technologies. 

2.4 Zinc Oxide Characterizations 

Although the physical vapor deposition process has been brought into the world over a 

century ago, the term “physical vapor deposition (PVD)” actually was first mentioned and 

engineered in the 1960s. At that time, the evolution of vacuum coating processes started to flourish, 

carrying out through the development of well-known technologies, such as sputtering, vacuum, 

plasma technology, magnetic fields, gas chemistry, thermal evaporation, bows, and power sources 

control [31]. PVD is one of the thin-film deposition process techniques that can coat the target 

material on a substrate atom by atom. The deposition rate varies from material to material, with 

the thin-film thicknesses as thin as some atomic layers to films with several microns. The property 

of the deposited material can be primarily affected by the setup of the process and the substrate's 

conditions. Sputtering is the most critical PVD process that the deposition process is made in a 

vacuum, gaseous, plasma, or electrolytic environment.  

As mentioned in the previous sections, despite AlN is the trending piezoelectric material 

that has many advantages over others in MEMS acoustic applications, thin-film ZnO is chosen to 

be the piezoelectric layer for the MEMS resonators in this dissertation because of the other facility 

limitations such as Deep Reactive Ion Etch tools not supporting chlorine gas system, which is 
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required for AlN dry etch. Moreover, AlN’s lithography may sometimes cause problems as AlN 

becomes vulnerable to some tetramethylammonium-hydroxide-based developers.  

The thin-film deposition techniques of ZnO have been investigated and developed since 

the 1970s, with a wide variety of approaches not limited to RF or DC sputtering [30][31], ion 

plating, and chemical vapor deposition (CVD) [32][33]. So far, uttering is a physical vapor 

deposition (PVD) method for depositing thin films with piezoelectric properties. So far, three 

sputtering techniques are commonly used in the industry, such as foundries, including RF diode 

sputtering, RF magnetron sputtering, and pulsed DC magnetron sputtering [34]. In this 

dissertation, ZnO thin films are processed through RF magnetron sputter using AJA Orion 5 

sputtering tool in Figure 2.2.  

 
 

Figure 2.2  Photograph of the PVD sputtering equipment: AJA Orion 5. 
 

The optimization of the RF sputtered c-axis-aligned ZnO piezoelectric thin film was 

investigated with an improved transverse piezoelectric coefficient (d31) that is deemed to be 

critical, especially in terms of the insertion loss and motional impedance, for the presented contour-
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mode piezoelectric resonators because the mechanical vibrations employ in-plane displacements 

through an orthogonally applied electric field in the piezoelectric thin-film layer.  

To ensure a low-level of gaseous contamination in the sputtering process, the base pressure 

of the vacuum chamber has to be kept at a lower level as possible. For the ZnO deposition process 

specifically, the base pressure is opted to maintain around the middle range 10-7 torr. Also, target 

pre-conditioning is required to make sure purity. The preliminary results indicate a strong 

correlation between improved c-axis oriented crystalline properties and the RF magnetron 

sputtering process conditions, including roughness and composition of the seed layer underneath, 

deposition/annealing temperature, single gun versus dual gun sputtering process, and so forth.  

ZnO piezoelectric thin film can be characterized via a nondestructive and quantitative 

approach by leveraging the XRD rocking curves, which reveal broadening of the diffraction peaks. 

By this technique, multiple spots over an entire wafer with deposited ZnO film can be measured 

to study the properties such as the coupling coefficient and spatial variation (uniformity). For this, 

typically, full wave-half maximum (FWHM) values are used. Three factors that can cause an 

increment of the FWHM of a rocking curve are strains, including limited layer thickness and 

mosaicity (misorientation of crystallites). The degree of crystal orientation alignment plays a 

dominant role. Highly oriented ZnO thin film with (002) orientation shows a strong correlation 

with the FWHM of its x-ray diffraction scan rendered as its rocking curve. As ZnO film thickness 

increases, the XRD rocking curve’s width reduces, and its (002) peak increases, thus leading to a 

lower rocking curve FWHM value for thicker ZnO films. It was found in the preliminary results 

that the rocking curve FWHM width of the (002) peak gets smaller from run to run, and the 

intensity of the (002) peak gets more substantial, which indicates the ZnO c-axis orientation 

improves with thickness. 
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Figure 2.3 presents the XRD 2-theta rocking curve spectra for ZnO thin films deposited at 

USF by RF magnetron sputtering on silicon wafers with a thickness of 80 nm (blue) and 250nm 

(red), respectively. Both samples were deposited under an ambient of 50% O2 and 50% Ar with a 

substrate temperature of 300 °C and RF power of 80W. These samples were also annealed by rapid 

thermal processing (RTP) at 600 °C for 10 minutes. As the ZnO thin film gets thicker, the (0 0 2) 

becomes noticeably more potent. Although the XRD (002) peak intensity gets stronger, the full 

width at half maximum (FWHM) value was not significantly impacted by the thickness increment. 

 

Figure 2.3  Measured 2-theta (2-Ɵ) XRD rocking curves of ZnO thin films of two different 

thicknesses showing drastically different (002) peak amplitude and consistent half maximum 

(FWHM) value. 
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2.4.1 Gas Ratio (Ar:O2) 

During the perform PVD sputtering process, Argon and oxygen were the two gases 

involved. Theoretically, only Argon is needed for the ZnO deposition since the ZnO target was 

used for non-reactive sputtering. However, researchers report that it is beneficial to add oxygen 

gas to promote the material property by compensating for the potential depletion of oxygen 

elements. This is referred to as an “oxygen-rich” environment. When the ionized gases hit the ZnO 

target, the zinc and oxygen atoms are dissociated from the target and recombined on the sample 

substrate. Still, there is the situation that irregular combo when a zinc atom fails to combine with 

an oxygen atom to form ZnO layer, leaving an excessive amount of Zinc atom grown on the 

substrate. As a result, the dielectric properties and the piezoelectric effect may be abnormal.  

 

 
Figure 2.4  2-theta rocking curves for sampled deposited under varied gas ratios. One specimen is 

prepared at 300 °C while all the rest samples were deposited at room temperature. 
 



www.manaraa.com

 

27 

 

As seen in Figure 2.4 above, XRD spectra measurements have been performed for ZnO 

thin films deposited on silicon wafers under a gradually varied O2 percentage. The O2 and Ar gas 

ratio were adjusted while the rocking curves for samples deposited under 50% (blue), 33% (green), 

16.7% (grey), and 0% (brown) O2 gas ratio in an O2 and Ar gas environment were evaluated. For 

consistency, most of the ZnO thin film samples were deposited at room temperature by the RF 

magnetron sputtering for 1 hour at 80W, except for the one specimen (red) prepared at 300 °C. As 

the O2 percentage decreases, there is a significant change in (0 0 2) peak intensity, as shown by 

the 2-theta rocking curves in Fig. 6. In particular, the (0 0 2) peak intensities are almost the same 

for the 50% (blue) and 33% (green) specimens. At 16.7% O2 gas ratio, the (0 0 2) peak intensity 

exhibits a relatively small improvement, while the (0 0 2) peak intensity improves a lot as 

compared to that of the 0% O2 sample. When the O2 to Ar gas ratio decreases, the sputtering rate 

increases, and the thickness of the ZnO thin film directly impacts the (0 0 2) peak intensity. For 

comparison, two ZnO samples were deposited with the 50% O2 to Ar gas ratio, one at room 

temperature (blue) and another at 300ᵒC (red). In this case, the (0 0 2) peak intensity improves 

significantly as an indicator of better-aligned c-axis columnar grains and slight thickness 

increment. 

2.4.2 Influences of Process Temperatures and Post-annealings 

Figure 2.5 shows the XRD 2-theta rocking curves for ZnO samples sputter deposited on 

silicon wafers before and after annealed by RTP at 600 °C for 10 minutes deposited under different 

process (substrate) temperatures. All four samples were deposited with a 50% O2-to-Ar gas ratio 

for 1 hour at 80W of RF power. The thin film samples can be separated into two groups. In the 

first group, two ZnO films were both deposited with a process temperature of 300 °C (red and 

green), one before RTP (green) and another after RTP (red). The intensity of (0 0 2) peak increases 
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due to the RTP annealing. Two samples were prepared in the second group with the substrate kept 

at room temperature, one before RTP (grey) and another after RTP (blue). The RTP annealed 

samples (red and blue) show significant improvement, which can be ascribed to releasing residual 

stress and improved crystal orientation alignment between the deposited columnar grains.  

 
Figure 2.5  Measured 2-theta rocking curves for samples deposited at room temperature and 300 

°C before and after RTP annealing. 

 
2.4.3 Other Characterization Results 

The previous characterization approaches using the XRD to indirectly predict the 

crystalline orientations of the sputtered ZnO thin films. However, there is still no straight evidence 

on how the different process conditions influence piezoelectric performance, evaluated by reading 

the k2t.  To address this concern, in this section, ZnO thin films are RF sputter deposited on the 

bottom electrodes using a different gas ratio to investigate the impacts of the process conditions 

on the electromechanical coupling coefficient (k2t), sheet resistance, and deposition rate. In order 
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to measure the k2t, ZnO thin film samples are pattern in a sandwich-like configuration (bottom 

electrode/ZnO/top electrode) to realize the simplest film bulk acoustic resonator (FBAR) device. 

Then the frequency response of the thickness mode for each sample is measured by a network 

analyzer to calculate kt² with a previously written program based on a reference datasheet of 

FBAR. Meanwhile, the sheet resistances are measured with a four-point probe, and the deposition 

rates are optically calculated with an ellipsometry tool from Filmetrics. 

Table 2.2 ZnO Characteristics under Different Sputtering Conditions with the Bulk Acoustic 

Configurations (FBAR). 

 

As shown in Table 2.2, the k²t factors for these samples were characterized that ranges 

from below 1% to 5-6% by increasing the oxygen to argon gas ratio, which hypothetically resulted 

in better c-axis oriented and more densely packed grains. However, the ZnO thin film deposition 

rate decreases from 112 nm/hr to 82 nm/hr due to the increasing oxygen (flow) concentration. 

According to the literature, with the increment of the oxygen content, the number of Ar ions 

decreases in the sputtering ambient, therefore lowering the sputter deposition rate. Also, oxygen 

chemisorbs on the target and forms a surface layer of adsorbed oxygen. This layer inhibits the 

Bottom 

Electrode 

ZnO 

Thickness 

Sputter 

Condition  

Top 

Electrode 

k2t Deposition 

Rate 

(nm/hr) 

Sheet 

Resistance 

(Ω/sq) 

30nm Cr + 

500nm Pt 

500 nm 

ZnO 

80W 300C 

Ar:12 O2:0 

30nm Cr + 

170nm Pt 

<1

% 

112 189k 

30nm Cr + 

500nm Pt 

500 nm 

ZnO 

80W 300C 

Ar:10 O2:2 

30nm Cr + 

170nm Pt 

2-

3% 

86 187k 

30nm Cr + 

500nm Pt 

500 nm 

ZnO 

80W 300C 

Ar:8 O2:4 

30nm Cr + 

170nm Pt 

3-

4% 

84 170k 

20nm Ti + 

150nm Pt 

500 nm 

ZnO 

80W 300C 

Ar:6 O2:6 

30nm Cr + 

170 nm Ru 

5-

6% 

82 160k 
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sputtering of the atoms. It was also observed that the sheet resistance of deposited ZnO thin film 

decreases as more oxygen comes into play during an RF sputtering process. 

2.4.4 Conclusions of ZnO Characterizations 

The thicknesses of ZnO thin film samples have a significant influence on the peak intensity 

of XRD scanned results since the x-ray beam will penetrate through the thin film at a certain depth. 

Moreover, the process temperature during sputtering ZnO also makes a sensational impact on the 

crystalline orientation and density of ZnO thin film, which can be reflected by measured XRD 

spectra. It is desirable to have ZnO sputtered under 300 °C with an “oxygen-rich” environment (6 

sccm of Argon gas and 6 sccm of Oxygen gas) because the inclusion of oxygen will improve the 

electromechanical coupling coefficient of ZnO. Finally, an RTP post-annealing will boost the ZnO 

thin films' quality by relaxation of internal stress and densifying the c-axis aligned columnar grains. 
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Chapter 3: Fundamental Parameters and Cirucit Models of Piezoelectric Resonators  

 

3.1 Fundamental Parameters of Resonators 

3.1.1 Resonance Frequencies 

“Center frequencies” and “operation frequencies” are commonly mentioned in electronics 

devices, and a lot of people use these terms to identify the device’s specs, but it is not accurate 

enough when it is down to the resonator level. In fact, there are typically two resonance frequencies 

of a resonator, namely the “series resonance frequency, fs and the “parallel resonance frequency, 

fp, and sometimes they are also simply named as the “resonance frequency” and the “anti-

resonance frequency,” respectively. In this dissertation, to be clear, fs and fp are used.  

 
 

Figure 3.1  A demonstration of frequency response and fundamental parameters of a resonator. 
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Both the series resonance and the parallel resonance are vitally important performance 

parameters, which each of them contributes different specifications and purposes. As seen in 

Figure 3.1, the series resonance occurs when the impedance’s magnitude reaches the minimum or 

the admittance’ magnitude reaches the maximum. At this point, the resonator behaves almost like 

a perfect short circuit: 

fs = f(Zmin,, or Ymax).                                                 (3.1) 

In contrast, the parallel resonance occurs when the impedance’ magnitude reaches the 

maximum, or the admittance’ magnitude reaches the minimum. At this point, the resonator 

behaves almost like a perfect open circuit: 

fs = f(Zmax,, or Ymin).                                                 (3.2) 

Typically, the admittance of a resonator is many orders of magnitude higher at the series resonance 

frequency than at the parallel frequency.  

3.1.2 The Electromechanical Coupling Coefficient, k2t 

As discussed in the previous chapters, the k2t of a piezoelectric material stands for efficient 

energy conversion between the mechanically and electrically. Each of the piezoelectrical material 

exhibits its own value, which can be flatulated based on the deposition techniques and conditions. 

For a resonator, the k2t can represent the energy conversion efficiency at a device level. The 

resonator's coupling coefficient (k2t) is a vitally important filter design because a higher k2t enables 

a wider achievable bandwidth of filters. By looking into the frequency response of a resonator, the 

k2t can be evaluated by calculating the distance between the series resonance and the parallel 

resonance peaks: 
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3.1.3 The Quality Factor, Q 

The quality factor measures how well a resonator is able to sustain the energy within the 

device, defined as the ratio of the energy stored divided by the energy dissipated per cycle. The 

energy dissipation can be caused by several loss mechanisms, such as air damping loss, Akhiezer 

loss, tether loss, diffraction, dielectric loss, and so forth. In the frequency response of a resonator, 

a higher Q is represented as a sharper resonator peak. It is also noted that both the series resonance 

and the parallel resonance have their own Q, but more attention is paid to the former because the 

impedance is much smaller than the other one. A high Q is usually reflected in filter and oscillator 

designs as fast roll-off rate, lower phase noise, and better frequency stability. 

The ways to measure the Q have been well discussed [35][36], and there are a lot of 

different methods with the results agreed to a small range. For example, the quality factor can be 

measured by checking the “3-dB” bandwidth: 

Such a method may be problematic when two more peaks are closely squeezed together, and the 

Q can be measure only at the resonance. Considering the fact that the quality factor is frequency-

dependent, the above method is only practical if Q(f) is demanded. To address this issue, one of 

the methods the frequency-dependent Q (boded-Q) is to calculate the reflection delay: 

𝑘𝑡
2 =  

𝜋2

4

𝑓𝑝 − 𝑓𝑠

𝑓𝑝
 

 

(3.3) 

𝑄 =  
∆𝑓3𝑑𝐵

𝑓𝑠
 

 

(3.4) 

𝑄(𝑓) = 2𝜋𝑓 ∙ 𝜏(𝑓) ∙
𝑚𝑎𝑔(𝑆11)

1 − 𝑚𝑎𝑔(𝑆11)2
 

 

(3.5) 
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where both the magnitude of S11 and the delay, τ(f), as a function of frequency, can be directly 

read off a Vector Network Analyzer.  

3.1.4 Figure of Merit  

Depending on the applications, the figure of merit (FOM) of a resonator can be defined 

differently. For example, the FOM of a resonator for the oscillator design is defined as the product 

of the series resonance frequency and the Q, expressed as: 

and the FOM of a resonator for the filter design is the product of electromechanical coupling 

coefficient and the series resonance Q, expressed as: 

because k2t is directly propositional to the relative bandwidth of a filter. 

3.2 Electrical Circuit Representation of a Piezoelectric MEMS Resonator 

The basic principle of operation of a resonator can be translated into a spring-mass-damper 

model, as shown in Figure 3.2 (a), which by its name, consists of a spring, a mass, and a damper. 

This mechanical model is universal to any resonating devices containing energy conversions, such 

as a simple L-C circuit and EM waveguide cavities. As to a piezoelectric MEMS resonator in 

particular, despite the model describing the resonator's mechanical behavior, the equivalent 

electrical model is more advanced because it includes the resonator’s mechanical and electrical 

behavior domain.  

Figure 3.2 (b) illustrates the electrical circuit model of a typical piezoelectric MEMS 

resonator. To initiate the vibration, a small input electrical current must be applied to a resonator's 

electrodes, where the input current is converted into a mechanical force by the piezoelectric effect. 

This force causes the resonator to vibrate and to generate an electrical signal at the output. An 

𝐹𝑂𝑀(𝑜𝑠𝑐𝑖𝑙𝑙𝑎𝑡𝑜𝑟) =  𝑓𝑠 ∙ 𝑄(𝑓𝑠), 
 

(3.6) 

𝐹𝑂𝑀(𝑓𝑖𝑙𝑡𝑒𝑟) =  𝑘2𝑡 ∙ 𝑄(𝑓𝑠), 
 

(3.7) 
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inductor, capacitor, and resistor in the electrical domain correspond to the inertia, compliance, and 

damping in a mechanical system, respectively. The transformer represents the energy conversion 

between the electrical and mechanical domains, which occurs due to the piezoelectric effect.  

 

Figure 3.2  (a) The spring-mass system of a resonator; (b) the equivalent electrical model of a 

piezoelectric resonator. 

 

Table 3.1 Mapping between Electrical and Mechanical Variable Used in Figure 3.2. 

 

Mechanical Variable Electrical Analogue 

Force, F Voltage, V 

Velocity, �̇� Current, I 

Displacement, X Charge, q 

Mass, m Inductance, LM 

Compliance, 1/k Capacitance, CM 

Damping, ζ Resistance, RM 

 

Table 3.1 explains the analogy parameters' relationship between the mechanical and 

electrical domain in the two mentioned models. In Figure 3.2 (b), an electrical voltage (U) at the 
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input terminal is converted to a force (F) through a transduction factor ηin and a velocity (�̇�) at 

other output terminal is transduced to a current (I) through a transduction factor ηout. 

 

If adding a harmonic motion at angular frequency ω0= 2πf0, and ignoring any phase 

information, Equation (3.8) and Equation (3.9) can be written as: 

 

where X becomes the displacement. At the series resonance frequency, the imaginary part of the 

impedance is canceled by the reactive components LM and CM, resulting in the resonator's 

impedance is purely resistive. Therefore, the motional resistance RM of the resonator is given as:  

 

Similarly, in the mass-spring-damping model, the motional resistance can be extracted by 

dividing the damping factor by the transduction factor, expressed as: 

The remaining two other components LM and CM  used for energy storage, can also be  

obtained: 

𝐹(𝑡) = 𝜂𝑖𝑛𝑈(𝑡) (3.8) 

𝐼(𝑡) = 𝜂𝑜𝑢𝑡�̇�(𝑡) (3.9) 

𝐹 = 𝜂𝑖𝑛𝑈 (3.10) 

𝐼 = 𝜂𝑜𝑢𝑡𝜔0𝑋 (3.11) 

𝑅𝑀 =
𝑈

𝐼
=

𝐹

𝜂𝑖𝑛𝜂𝑜𝑢𝑡𝜔0𝑋
 (3.12) 

𝑅𝑀 =
𝜁

𝜂𝑖𝑛𝜂𝑜𝑢𝑡
 (3.13) 

𝐿𝑀 =
𝑚

𝜂𝑖𝑛𝜂𝑜𝑢𝑡
 (3.14) 

𝐶𝑀 =
𝑘

𝜂𝑖𝑛𝜂𝑜𝑢𝑡
 (3.15) 
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3.3 Butterworth-Van Dyke (BVD) Circuit Model 

The Butterworth-Van Dyke (BVD) model is a classic circuit model commonly used 

originally for quartz crystal filter designers. The model provides a simplified circuit equivalent 

model reviewed in the last section and the transcendental functions that completely characterize 

any resonators used as filter elements. It is very versatile for parameter extraction and design 

studies in various resonators with different transduction mechanisms. Currently, the BVD model 

is still the best method to model the frequency response of piezoelectrically transduced acoustic 

resonators[37][38]. Engineers rely on the BVD model in almost all filter designs based on FBARs 

and SAW resonators with long transducer length.  

 

Figure 3.3  Scheme of Butterworth-Van Dyke (BVD) circuit model. 

 

 As depicted in Figure 3.3, the Butterworth-Van Dyke (BVD) model is a five-element 

circuit model that consists of a mechanical branch including a motional inductance (Lm), a motional 

capacitance (Cm) and, a motional resistance (Rm) connected in series which corresponding to the 

mass, compliance, and dimpling in the mechanical domain of the resonator. There are also two 

branches containing a static capacitance (C0) and a static conductance (G0) in parallel with the 

motional arm. For piezoelectric acoustic resonators, the motional terms Cm and Lm represent the 

acoustic energy storage, and the static capacitance C0 describes the static capacitance formed by 



www.manaraa.com

 

38 

 

the capacitance between the interdigit-transducer (IDT) electrodes and the capacitance between 

the top and bottom electrodes. The motional resistance Rm and the static conductance Go reflect 

the energy loss mechanisms and therefore determine the quality factor and, hence, series resonance 

and the parallel resonance. The series resonance frequency occurs when the reactance of Lm cancels 

out the reactance of Cm, resulting in: 

whereas the parallel resonance frequency (fs) occurs when the susceptance of the motional arm (Lm 

and Cm) cancels out the susceptance of the static capacitance C0, with fs expressed as: 

The impedance (Z) in the BVD equivalent circuit model is expressed as: 

Recalled that the quality factors are primarily set by the motional resistance and the static 

conductance, the Qs and the Qp are expressed in: 

and  

where ωs and ωp are the angular series resonance frequency and the angular parallel resonance 

frequency, respectively.  

𝑓𝑠 =
𝜔𝑠

2𝜋
=

1

2𝜋

1

√𝐿𝑚𝐶𝑚

     (3.16) 

𝑓𝑝 =
𝜔𝑝

2𝜋
=

1

2𝜋

1

√
𝐿𝑚𝐶𝑚𝐶0

𝐶𝑚 + 𝐶0

 
    (3.17) 

𝑍(𝑠) =
𝑠2 + (

𝑅𝑚

𝐿𝑚
) 𝑠 + 𝜔𝑠

2

1 + 𝑠𝑅𝑚𝐶0 +
𝐶0

𝐶𝑚
+ 𝑠2𝐿𝑚𝐶0

     (3.18) 

𝑄𝑠 =
𝜔𝑠𝐿𝑚

𝑅𝑚
=

1

𝜔𝑠𝐶𝑚𝑅𝑚
     (3.19) 

𝑄𝑝 =
𝐺0

𝜔𝑝𝐶𝑚
     (3.20) 
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The electromechanical coupling coefficient (k2t) can also be calculated from the BVD 

circuit model by measuring the distance between the series resonance and the parallel resonance, 

expressed as: 

By employing the mechanical energy (UM) and electrical energy (UE) of the resonator body, 

k2t can be expressed [37] as: 

If the capacitance ratio r is defined as in: 

the electromechanical coupling coefficient k2t can directly be related to r, expressed as [38]: 

As seen in Equation 3.38, the k2t is inversely proportional to the capacitance ratio, so it is more 

favorable to lower the static capacitance when designing resonators. In the later chapters, the 

capacitance ratio will be optimized using an innovative post-process technique by introducing the 

air cavities in between the IDT finger electrodes.  

With the implementation of the BVD circuit, the piezoelectric resonators can be more 

accurately design and tuned by manipulating the values of the five elements in the model. More 

importantly, the frequency response of the individual resonator can be well controlled by adjusting 

the parameters during the resonator designs. It is crucially important for filter design because the 

𝑘2𝑡 =
𝜔𝑝

2 − 𝜔𝑠
2

𝜔𝑝
2

     (3.21) 

𝑘2𝑡 =
𝑈𝑀

𝑈𝐸 + 𝑈𝑀
=

1
2

𝐶𝑚𝑉2

1
2 𝐶0𝑉2 +

1
2 𝐶𝑚𝑉2

=
𝐶𝑚

𝐶0 + 𝐶𝑚
≈

𝐶𝑚

𝐶0
     (3.22) 

𝑟 =
𝐶0

𝐶𝑚
     (3.23) 

𝑘2𝑡 = (
𝜋2

8
) ∙ (

1

𝑟
) ∙ (1 −

1

𝑟
)     (3.24) 
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typical ladder filter topology consists of multiple pairs of series and shunt resonators with the right 

amount of frequency offset.  

Beyond understanding the resonance frequencies, it is also necessary to know how the 

resonator behaves at other frequencies. In Figure 3.4,  the estimated BVD circuit models are 

presented at series resonance and parallel frequencies and when the frequency is far off the 

resonance.  

 
Figure 3.4  Estimated Butterworth-Van Dyke (BVD) circuit models at different frequency ranges. 

 

It can be easily observed in Figure 3.4 (a) and (d), when far off the resonance frequencies, 

the resonator basically looks like a capacitor. In Figure 3.4 (c), when the resonator is at the series 

resonance frequency, the reactive part of the motional inductor and the motional capacitance is 

near zero, so the current can only go through the motional mechanical branch. The impedance at 

this time is primarily determined by the motional resistance, which is typically below 5 ohms. It 

is why the impedance of the resonator reaches at the series resonance. As seen in Figure 3.4 (c), at 

the parallel resonance, all the elements in the BVD circuit model are employed. The current 
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circulates in the moitonal mechanical and the static branches back to forth, resulting in no output 

signal can be detected at the terminals. 
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Chapter 4: Operation Modes and Finite Element Simulation Studies of Piezoelectrically-

transduced Resonators 

 

4.1 Operation Modes Studies of Piezoelectrically-transduced Resonators 

The vibration modes of the piezoelectrically-transduced acoustic resonators can be 

controlled by the resonators’ geometries and excitation metrologies. As previously discussed, the 

piezoelectric coefficients are in a matrix that piezoelectric can occur in different directions. Four 

different vibration modes can be achieved[39][40]. 

 

Figure 4.1  Vibration modes of piezoelectrically-transduced acoustic resonators: (a) longitudinal 

(“33” mode); (b) extensional (“31” mode); (c) thickness-transversal (“31” shear mode); and (d) 

lateral-shear (“15” mode). Courtesy of Takai et al. [39]. See permission in Appendix A. 
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 When an electrical excitation is initiated across the top and the bottom surface of the 

piezoelectric rectangular plate, four types of mechanical vibrations are generated in two directions, 

as demonstrated in Figure 4.1, and they are the thickness vibration along with the electric field 

(“33” longitudinal or thickness mode) and the extensional vibration (“31” flexural mode) that is 

perpendicular to the electric field. Additionally, there is also the transversal vibration (“31” shear 

mode) that the center of the rectangular plate bends inward or outward, and the shear-mode 

vibration (“15” shear mode) caused by a twisting force.  

Considering a resonator with a piezoelectric body in a rectangular block as seen in Figure 

4.2, with the length of 𝑙 and width of 𝑤, when an electrical field is applied in the z-direction, the 

lateral extensional (i.e., Length or Width Extensional Mode) vibration can be observed driven by 

force into the x-direction.  

 

Figure 4.2  Longitudinal mode rectangular plate resonator. 

 

Such vibration mode can be mathematically analyzed by a set of wave equations in [40], if 

only concerning the force that generates stress in the 𝑢(𝑥) direction, the wave equation in the 𝑥 

direction can be derived as:  

𝐸

𝜌

𝜕2𝑢

𝜕𝑥2
= −𝜔2𝑢 

(4.1) 
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here 𝐸 is Young’s modulus, ρ represents the material density of the block, and 𝑢 is the 

displacement. By applying the linear differential equation theory, a general solution to Equation 

(4.1) can be expressed as: 

where 𝑥 is the coordinate in the length direction, and 𝑘 is the propagation constant.  

The two sides of the resonator block can be located by setting x = 0 and x = l. Therefore, 

by using the boundary condition x = 0 to Equation (4.2), the value of 𝐴 can be found as: 

By applying another boundary condition x = l to Equation (4.13), the result is given as: 

Therefore, by substituting equation (4.1) into (4.5), 𝑘 can be expressed as: 

By substitute the values of 𝑘𝑛 from Equation (4.6) into Equation (4.7), the higher-order 

(nth)  resonance frequencies of the length extension mode can be express as: 

The above describe analytical approach can also be adopted to the other piezoelectric 

acoustic resonators with different geometries and mode shapes. For example, as to a circular disk 

Contour Mode (i.e., fundamental Extensional Modes), as seen in Figure 4.3, the resonance 

frequency can be derived using a similar approach.  

𝑢(𝑥) = 𝐴 sin 𝑘𝑥 + 𝐵 cos 𝑘𝑥  
 

(4.2) 

𝜕𝑢

𝜕𝑥
∫ =

𝑥=0

𝑥=𝑙

 𝐴𝑘 cos 𝑘𝑥 − 𝐵𝑘 sin 𝑘𝑥 = 0 

 

(4.3) 

𝐴𝑘 cos 𝑘𝑥 − 0 = 0 or A = 0 
 

(4.4) 

𝑢(𝑥) = 𝐵 cos 𝑘𝑥 

 

(4.5) 

sin 𝑘𝑙 = 0 , for  𝑘𝑛𝑙 = 𝑛𝜋, 𝑛 = 1, 2, 3, … ..  (4.6) 

𝑘 = 𝜔√
𝜌

𝐸
 

 

(4.7) 

𝑓𝑛 =
𝑛

2𝑙
√

𝐸

𝜌
 

 

(4.8) 
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Figure 4.3  A microscope-view of a piezoelectrically-transduced disk resonator. 

 

The equation of the resonance frequency can be expressed as: 

where 𝑅 is the radius of the resonator disk and an is a mode-dependent scaling. Unlike the 

rectangular-shaped resonator having the single direction of each vibration across the block, the 

round-shaped disk resonator can exhibit non-axisymmetric vibration modes showing in Figure 4.4.  

 

Figure 4.4  FEM nodal analysis using COMSOL Multiphysics® of a circular membrane vibrating 

in the first four contour modes. Courtesy of Clark et al. [41]. See permission in Appendix A.  

 

By assuming a Poisson’s ratio μ = 0.3, the estimated frequency scaling factor an for the 

first four disk fundamental Contour Modes are: a1 = 0.272, a2 = 0.342, a3 = 0.418, and a4 = 0.493 

𝑓𝑛 (𝑑𝑖𝑠𝑘) =
𝑎𝑛

𝑅
√

𝐸

𝜌
 

 

(4.9) 
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[41]. a1 and a2 are also known as the fundamental Wine Glass mode and the first Radial Contour 

mode, respectively. 

As introduced in the earlier chapters, the contour mode resonator (CMR) is also sometimes 

referred to as the Lamb wave resonator (LWR). As presented in Figure 4.5, the Lamb wave modes 

contain multiple-order symmetric (denoted as “Sn”) or asymmetric vibration modes (denoted as 

“An”)  that have the displacements in x- and z-directions simultaneously.  

 

Figure 4.5  Multiple-order of displacements of Lamb wave modes from FEM nodal analysis using 

COMSOL Multiphysics. Courtesy of Lin et al. [44]. See permission in Appendix A. 

 

Table 4.1 summarize the approximate resonance frequency for different vibration modes. 

It is observed that the resonance frequencies are all proportional to the acoustic velocity of the 

vibrating material, which is equal to the square root of the ratio of Young’s modulus over the 

material densities. Depending on the different mechanical vibration mechanisms, individual 

dimension parameters are applied to the equations.  
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Table 4.1 A Summary of Resonance Frequency Calculations for Different Vibration Modes.

 

4.2 Finite Element Method on Piezoelectrically-transduced Acoustic Resonators 

To facilitate analyzing and understanding the different vibration modes. one of the most 

convenient ways is to carry out the finite element method (FEM) simulation, which enables to 

investigate and analyze the electrical field and the strain/displacement distribution of each of the 

resonance modes including both the target mode and spurious modes. In the meantime, the FEM 

simulation results also guide the design trends by including multiple degrees of freedom in the 

model setups. In this section, many design variations will be exploited in the FEM simulation 

studies using the Comsol simulation tool.  

4.2.1 3-D Model Setup for Piezoelectrically-transduced Acoustic Resonators 

To carry out the piezoelectric effect in the FEM simulation, electrostatics and solid 

mechanics have been selected as the physics engaged, representing the electrical and the 

mechanical domain analysis. These two physics can practically solve the partial differential 

equations independently or coupled as the multiphysics for the piezoelectric effect. The resonator 

selected for FEM studies is based on a rectangular-shaped ZnO thin-film piezoelectric MEMS 
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acoustic resonator, as displayed in Figure 4.6 (a). The device consists of five 13µm-wide IDT 

finger electrodes, 3µm apart, making the pitch size equal to 16 µm. Figure 4.6 (b) shows the 

device's three-dimension meshed model in Figure 4.6 (a). In addition, the resonator structural body, 

the perfectly matched layers (PML) are included to imitate the function of air, reflecting acoustic 

energy at the edges of the resonator. The PLM is critically important to reduce the simulation time.   

 

Figure 4.6  (a) The microscope image of a ZnO thin-film piezoelectric rectangular resonator that 

has a body dimension of 320 µm x 80 µm, 5 IDT fingers, a finger pitch size of 16 µm; (b) 3-D 

meshed model for FEM simulation of the fabricated resonator design in (a). 

 

To duplicate a 0dBm power input of the Vector Network Analyzer (VNA) measurement, 

a 1 mW was applied to the odd number of the IDT fingers in the simulation, and the other two IDT 

fingers were set at 0 watt. The bottom electrode layer was set as ground. By sweeping the ports’ 

inputs, the reflection coefficients and the transmission coefficients can be produced in the FEM 

simulation.  

4.2.2 FEM Studies of Piezoelectric Thickness 

 A piezoelectric MEMS resonator’s performance drastically relies on the thickness and the 

crystal orientation of the piezoelectric material, which are thoroughly studied via FEM simulation 

in this work. The acoustic wave velocity can be largely affected in terms of the variation of the 

piezoelectric layer’s thickness. The parametric study covers the thickness of the piezoelectric 

material (ToPZ), ZnO in this case, ranging from 0.2 µm to 0.8 µm. The thickness is limited to 0.8 
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µm by considering the fabrication constraints that will become more complicated if the 

piezoelectric material is too thick. 

  

Figure 4.7  The FEM simulated frequency responses of the resonators as a parametric study of the 

piezoelectric material's thickness (ToPZ) ranging from 0.2 µm to 0.8 µm. 

As shown in Figure 4.7, the simulated frequency response shows the capacitive 

feedthrough level is lowered as the thickness of the piezoelectric (ToPZ) layer is increased when 

the parasitic capacitance decreases between the top electrode and bottom electrode.  Meanwhile, 

with the piezoelectric layer’s set at 0.8 µm, the first order width extensional mode's signal-to-noise 

ratio appears to be significantly higher at 280 MHz. Whereas more spurious modes are found when 

the thickness is higher than 0.5 µm, the thickness dominated mode shows the resonance frequency 

goes higher with ToPZ gets thinner, as can be seen in the circled area.  

4.2.3 FEM Studies of Crystalline Orientations of Piezoelectric Material 
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The crystalline orientation of piezoelectric thin-film materials can be tailored with different 

methods depending on what and how the piezoelectric material is deposited. For example, a PZT 

thin film's crystal orientation usually requires a “poling” process, during which an extremely high 

electrical potential difference is applied across both sides of the deposited piezoelectric material. 

It is known that for surface acoustic wave resonators with a piezo-crystal substrate, such 

as LiNbO3 and LiTaO3, the acoustic wave diffraction and energy leaked can be suppressed by 

precisely tuning the crystal cut angle, for example, Y 128° or Y-X 42°. It is also meaningful to 

explore the similar impacts by the orientation alignments on the piezoelectric ceramic material.  

Under optimized conditions, the crystallites in ZnO thin films deposited by sputtering techniques 

grow preferentially with the c-axis perpendicular to the substrate surface, but it is also reported 

that the crystalline quality of sputtered ZnO films, in particular the orientation of the crystallites 

in the film with respect to the substrate surface [42][43]. A number of factors can contribute, and 

the most important one is the nature of the substrate, such as chemical composition, crystalline 

orientation, and surface roughness. Also, the sputtering parameters, including pressure, substrate 

temperature, sputtering power, can play a significant role in adjusting the crystal orientation of the 

sputtered films slightly.    

Currently, very few research has reported how to acquire and control the crystal orientation 

offsets by sputtering depositions. Figure 4.8 shows the FEM simulated frequency responses of the 

chosen resonator design with the piezoelectric material's crystal orientation (ToPZ) gradually 

varied from 0 degree (c-axis aligned and perpendicular to the substrate surface) to 40 degrees. As 

can be seen, a 10-degree misalignment concerning c-axis aligned orientation the simulated 

response surprisingly shows a  performance enhancement below 600 MHz, but the feedthrough 

noise level becomes notably higher beyond 600 MHz.  
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Figure 4.8  The FEM simulated frequency responses of the resonator’s crystal orientation of the 

piezoelectric layer (ToPZ) ranging from 0 degree (c-axis aligned perpendicular to the surface) to 

40 degrees. 

4.2.4 FEM Studies of Aperture Size 

The next study by the FEM simulations focuses on exploring the performance impact made 

by different aperture sizes defined as the interdigital transducer length. If without changing the 

pitch size and the number of the IDT fingers, the overall transducer area can be controlled by 

varying the aperture size. In RF filter designs, the resonator’s area is an important parameter to 

shape the resonance responses. For instance, the resonance response's shape can be sharper of a 

SAW resonator connected in series. For BAW resonator designs, the electrodes' area can directly 

affect characteristic impedance, where a smaller FBAR typically associates larger impedance. For 

contour mode resonators, the impact from the transducer area has yet been thoroughly studied. 

The purpose of this FEM experiment is to see how the electrode area (overlapped area of 

the top and bottom metal electrodes) affects the performance of the resonator while keeping the 
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same IDT pitch size. Theoretically, the variation of the aperture size (AP) should not influence the 

resonance frequencies because they are determined by the materials' pitch size and acoustic 

velocity. A change in AP may affect the feedthrough level due to a change in parasitic capacitance. 

It may also impact the insertion loss, given that more electrical charges are collected as the AP 

(effective electrode area) increases. 

 

Figure 4.9  The FEM simulated frequency responses of the resonators with aperture size (AP) 

ranging from 100 µm to 400 µm. 

 

As seen in Figure 4.9, the aperture size (AP) is increased from 100 µm to 400µm with an 

increment of 50µm. As expected, the variation of the aperture sizes has negligible impacts on the 

resonant frequencies. Still, the feedthrough level is elevated by 10 dB and changes in the peak 

amplitude as the aperture size increases from 100 µm to 400 µm. When the aperture size 

approaches 350 µm, the insertion loss has reached its lowest level. 
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4.2.5 FEM Studies of Finger-to-gap Ratio  

Previously, first principle assumptions have been made in this regard that a larger IDT 

electrode area will generate more electrical charges from the piezoelectric effect. A smaller gap 

size will bring the adjacent electrodes closer to lead to a more severe capacitive parasitic effect. In 

the context of the finger-to-gap ratio of contour mode resonators, very few prior reports discuss 

the tradeoff between the width of the IDT fingers and the gap between them while keeping the 

pitch size (the sum of the IDT finger width and gap) fixed. Therefore, it makes great sense to 

scrutinize this tradeoff through the parametric study through FEM simulations.  

 

Figure 4.10a  The FEM simulated frequency responses of the resonators with different figner-to-

gap ratios. The pitch size is 16 µm along with the distance in between IDT electrode fingers (Gf) 

ranging from 2 µm to 5 µm. 
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Figure 4.10b  The FEM simulated frequency responses of the resonators, which have the same 

pitch size of 16 µm along with the distance in between IDT electrode fingers (Gf) ranging from 6 

µm to 10 µm. 

 

In this work, the pitch size is set to be 16 µm while varying the gap-by-finger (GF) value 

from 2 µm to 15 µm, which corresponds to the IDT electrode width of 14 µm to 1µm, respectively. 

Figure 4.10 (a) shows the frequency response of the simulated resonator with varied gap sizes from 

2µm to 5µm, which results in a slight shift of the resonance frequency to the higher frequencies as 

the gap size is increased even though the pitch size maintains the same. As seen, the static 

capacitive feedthrough level is elevated as the gap size gets wider up to 8 µm (with an IDT finger 

width of also 8µm). However, in Figure 4.10 (b), it is observed that when the gap size is greater 

than 9 µm that corresponds to an electrode finger width less than 7µm, the feedthrough levels 

drastically drop by about 20 dB, and very minimal impacts occur to the feedthrough level when 

the gap size is further extended beyond 9 µm.  
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Chapter 5: Fabrication Process and Measurement Results 

 

 In this dissertation work, the proposed ZnO thin-film piezoelectrically-transduced MEMS 

acoustic resonators have been fabricated and measured at the University of South Florida (USF). 

The first two sections in this chapter present the resonators' detailed fabrication processes 

implemented on two types of wafers: high-resistivity silicon wafers and diamond-coated silicon 

wafers. A comparison of measured results demonstrates the advantage of employment of the thin-

film diamond layer as the primary resonator structural body material in aspects of resonance 

frequencies and quality factors. The experimental results support analyzing the outcomes of many 

design techniques aiming to improve the resonators’ performance in different ways, as detailed in 

the later sections. More specifically, a variation of tether design techniques is discussed to 

investigate the impacts of varying numbers and different dimensions of the tethers applied to the 

resonators while keeping the other parameters the same. Furthermore, the investigation of 

phononic crystals in the tethers is also thoroughly reported. The measurement results indicate 

different influences made by employing the phononic crystals of different shapes and quantities.  

Three variations of the bottom electrode designs are included in this work, presenting a 

difference in the resonance response. As to the top IDT electrodes fingers, different finger-to-gap 

ratios are explored in the fabricated resonators to keep the pitch size the same. The goal is to find 

the optimized metal-to-gap ratio in terms of the capacitance ratios and insertion loss. Therefore the 

signal-to-noise ratio (SNR) can be enhanced. This is crucially important for mass sensing 

applications. To further improve the SNR of the acoustic resonators, some well-performed 
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resonators are cascaded and electrically coupled to significantly lower the feedthrough noise 

levels. 

Moreover, the resonators’ dimensions are carefully tuned and compared by changing the 

aperture size and, resonator body shape. These design techniques also served the purpose of 

improving the capacitance feedthrough levels as well as the quality factors. In the last sections of 

this chapter, the temperature stability and the power-handling capability of the fabricated 

resonators are both measured and evaluated, along with the theoretical analysis of both topics.  

5.1 Fabrication Process of ZnO Piezoelectric Resonator on Silicon Wafers 

 The piezoelectrically-transduced resonators were fabricated on high-resistivity wafers with 

a four-mask photo-lithography process. The first step is the wafer preparation through the RCA 

clean, which is an essential operation to remove contaminants that remained on the wafers, such 

as organic particles and other chemical residues. Previous fabrication attempts experienced 

uniformity problems during the photo-resist spinning, and a simple solvent cleaning could not 

resolve it. After the RCA clean, the wafers are ready for the fabrications.   

The main fabrication process steps are illustrated in Figure 5.1. The bottom electrodes are 

patterned using a standard lift-off process. The first step is to spin a 4000Å-thick LOR, followed 

by an AZ1512 photoresist. The LOR photoresist has the advantages of creating an undercut profile 

on the sidewalls, and the thickness must be at least 1.5 times more than the metal’s thickness. A 

descum process is recommended to ensure no photoresist residue remained in the open area. The 

exposure is then conducted using EVG 620 mask aligner, and then the photoresist is developed in 

AZ 726. Depending on the minimum feature size and the designed metal electrodes’ thickness, the 

entire photolithography recipe needs to be characterized. The bottom electrodes are then sputtered 

with 30 nm Chrome (Cr) as an adhesion layer and 170 nm Platinum (Pt) as the main conductor, 
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and the patterns turn out nicely by soaking the wafer into a 65°C-heated photoresist stripper for 

liftoff. The mentioned photoresist and the metal dimensions need to be verified by profilometer 

tools.  The next step is to deposit a 5000-Å thickness zinc oxide thin film by an AJA sputtering 

tool. The previous chapters discuss the optimized process conditions concerning different material 

properties. In this process, the ZnO thin films depositions are processed using dual RF power 

sources at 85 watts, 300 ˚C for substrate temperature, 5 mTorr for plasma pressure, 1:1 Ar: O2 

ratio along with a total of 12 sccm gas flow, followed by the post-annealing at 600 °C for 15 

minutes using a rapid thermal processing (RTP) tool to eliminate the internal film stress.   

 

Figure 5.1  Simplified four-mask fabrication process flow of ZnO thin-film piezoelectric MEMS 

acoustic resonators. (a) Bottom electrode (Cr+Pt) deposition and patterning by a lift-off process; 

(b) sputtering deposition of the piezoelectric ZnO film; (c) via holes etching through ZnO and Cu 

filling by a lift-off process; (d) deposition and patterning of top electrodes; (e) ZnO dry etch 

followed by silicon dry etch. 

 

Figure 5.1 shows that the via openings lithography is done using AZ 1512 photoresist, 

followed by wet etching through ZnO in a mixed solution of 1: 100 HCl: H2O. This step is required 
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for good electrical contact between the top and the bottom electrodes, but note that the via openings 

do not apply to every device because of the mask specifications. These via holes are then filled 

with copper through a similar lift-off process with the same mask as the one used for creating the 

via openings. The top electrodes are also patterned using the same lift-off process for bottom 

electrodes, but the metal selection is switched to ruthenium, which exhibits similar chemical-resist 

capabilities, but with better electrical conductivity and less mass loading effect than that of Pt.  

The device release process starts with a lithography process with the last-step mask to 

define the resonator structural bodies. The AZ12XT is used because of its superb chemical 

resistance to the gas plasma environment in the later steps. For the dry release process, the ZnO 

thin films are dry-etched in a CH4-Ar plasma environment by an Adixen AMS-100 Deep Reactive 

Ion Etching (DRIE) tool. The 5000Å-thick ZnO thin films should be etched away within 8 minutes. 

Finally, the device resonator body is released by an anisotropic silicon dry etch using pure sulfur 

hexafluoride gas plasma. The bias power setting is reduced to promote the lateral etch rate. Finally, 

the remaining AZ 12XT is gently removed in an oxygen plasma environment by the DRIE tool. 

Special attention to avoid aggressive power must be paid here because, at this moment, the 

resonator structures are fully suspended and brittle. Previous lessons are learned at this last step 

that absolutely no wet chemical processing step shall be used on a fully dry-released wafer.   

5.2 Fabrication Process of ZnO Piezoelectric Resonator on Diamond-on-Silicon Wafers 

Diamond is known to have superb mechanical properties in many aspects. By the 

employment of the thin film diamond layer as the primary resonator body structural material, the 

equivalent acoustic velocity of the multi-layer piezoelectrically-transduced ZnO-on-Diamond 

(TPoD) MEMS resonators is significantly higher, thus resulting in higher resonance frequencies 

as compared to that silicon counterparts. Also, with its Young’s modulus about 8X higher than 



www.manaraa.com

 

59 

 

that of silicon, the quality factor of MEMS resonators is expected to be also higher than that of 

silicon devices because the energy is more efficiently conserved within the resonator body made 

of diamond thin films.  

Figure 5.2 illustrates the piezoelectric resonators' fabrication process flow, which is built 

on a Diamond-on-Silicon substrate. Before the fabrication, the diamond thin films are deposited 

onto the silicon substrate by chemical vapor deposition provided by an external industrial 

collaborator. Similarly, this process also starts with bottom electrode deposition using sputtering 

patterned by a lift-off process. However, the specific recipe may need to be slightly adjusted since 

the reflection indexes varied based on the different wafers. Then, ZnO thin films, providing the 

piezoelectric transduction, are uniformly coated by the RF sputtering deposition with the same 

recipe as in the previous section. The top electrodes deposition and via filling are processed 

simultaneously after the via holes are opened through the wet etch using diluted hydrochloric acid. 

Unlike the fabricated process on the silicon wafer, a 2 µm PECVD SiO2 thin film is used as the 

hard mask instead of photoresists because photoresists can be easily etched away in the oxygen 

plasma during the diamond dry etch in the later step. AZ 12XT is used during the lithography for 

defining the resonator bodies via the PECVD oxide hard mask layer. 

The last part of the fabrication process consists of a series of dry etch processes by a DRIE 

tool to pattern SiO2, ZnO, diamond, and Si layers. The PECVD SiO2 thin films are dry-etched using 

C4H8 and CH4 gas at -20 C°, and the etch rate is approximately 4000 Å/min. ZnO layer is then 

etched with CH4-Ar plasma, followed by etching the diamond layer using a very high RF power 

of 2800 W along with an additional 300 W substrate biasing power in O2 plasma. To ensure a 

vertical side-wall profile, the biasing power needs to be high, but it also generates a fair amount of 

heat. Therefore, it is recommended to avoid a consecutive process longer than 20 minutes. Finally, 
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the silicon underneath the resonator body is released using the SF6 plasma to achieve the structure 

shown in Figure 5.2 (f). The remaining PECVD SiO2 thin films need to be carefully removed by a 

gentle dry etch recipe. Figure 5.2 (g) presents the optional post-processing step to create air cavities 

(also known as air notches) by removing the ZnO in between the top IDT electrode fingers. The 

adopted ZnO dry etch recipe has an excellent selectivity to Ru top electrodes, which can eventually 

survive to maintain the integrity of the fabricated resonators.   

 

Figure 5.2  Four-masks fabrication process of ZnO piezoelectric resonator on diamond-on-silicon 

wafers. (a) Chemical vapor deposition of the diamond thin film on silicon; (b) bottom electrode 

(Cr+Pt)  deposition and patterning by lift-off; (c) sputtering deposition of the piezoelectric ZnO 

film; (d) etch vias through ZnO for bottom electrodes access; (e) deposition and patterning of top 

electrodes; (f) ZnO dry etch followed by diamond dry etch and Silicon isotropic dry release; (g) 

optional post-process to create air cavity (also known as notch) in between the adjacent IDT 

fingers. 
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5.3 Measurement Results Analysis of Different Design Configurations of Piezoelectrically-

transduced ZnO Thin-film MEMS Acoustic Resonators  

In this section, the frequency responses in the form of scattering parameters (S-parameters) 

of the fabricated resonators are measured directly using the on-wafer probing method by a 

Keysight 8753ES vector network analyzer. A Short-Open-Load-Thru (SOLT) full two-port 

calibration is firstly performed on a CS-5 calibration substrate (GGB Industries Inc.) to 

compensate for the loss from network analyzer ports, RF cables, and probes so that the measuring 

reference planes are shifted to the probe tips to ensure that the results are the actual frequency 

response of the resonators under test. The measurement results are grouped into specific topics in 

respect of design techniques and applications. In addition, the temperature and the power-

dependent performance are also evaluated by measuring the temperature coefficient of frequency 

(TCF) and the frequency response under high power.  

5.3.1 Aperture Size 

In the-current-state-of-art SAW resonators and filter technologies, the design of the inter-

digital transducer (IDT) finger electrodes makes a great deal of impact in terms of frequency tuning 

and diffraction suppressions because the resonance responses are extremely sensitive to a subtle 

variation of the thin-film electrodes. Similarly, contour-mode acoustic resonators use the similar 

IDT pattern philosophy as the SAW does, so it is worthwhile exploiting how the SAW “black 

magics” turn out on contour-mode resonators. 

Aperture size is generally defined as the length of the IDT finger electrodes, which sit on 

the top of the piezoelectric material. During the piezoelectric transduction, the transducers with 

higher IDT finger' length can more effectively collect the electric charges from the piezoelectric 

layer, strengthening the detectable signal. Hence, the aperture size should be reasonably large to 
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avoid severe insertion loss and more considerable distortion due to the acoustic diffractions. 

However, the static capacitance generated between the IDT fingers is also proportional to the 

aperture size. A larger static capacitance results in a higher feedthrough noise level, which may 

negatively influence the signal-to-noise ratios for mass sensing functionalities and so on.  

In Figure 5.3, two resonators are fabricated and measured to compare the impact made by 

varying the aperture sizes. As seen in Figure 5.3 (a) and (b), both resonators have five pairs of 13 

µm-wide IDT fingers, which are 3µm apart from each other. The IDT electrode aperture sizes are 

set at 320 µm and 160 µm, respectively. The resonators are suspended in the air and are held by a 

tether on each side. In Figure 5.3 (c), a comparison of resonance responses is depicted, where the 

blue curve and the red curve represent the resonators with the aperture size of 320 µm and 160 

µm, respectively. It is clear to see the insertion loss is improved by 8.352 dB at 129 MHz, and the 

motional resistance is also reduced from 574 Ω to 208 Ω, with nearly no change in quality factor.  

 

Figure 5.3  A comparison of the frequency response of the two resonators which are identically 

designed except for the aperture size. (a) A ZnO thin-film piezoelectric rectangular resonator built 

on a silicon wafer that has a body dimension of 320 µm x 80 µm, finger number of 5, finger pitch 

size of 16 µm, finger width of 13 µm and 1 pair of tethers; (b) a ZnO thin-film piezoelectric 

rectangular resonator with 50% shorter aperture size than that in (a); (c) the comparison of the 

frequency response of the two described resonators. 



www.manaraa.com

 

63 

 

To confirm the observations from the previous demonstration. Another two resonators are 

brought into comparison to validate the statement in Figure 5.3. Both resonators have 22 pairs of 

IDT fingers, set at 2 µm wide and 2 µm apart. The pitch size is equal to 4 µm, which is four times 

smaller than that of the resonators in the previous example, so the resonance frequencies are 

expected to be higher. Similarly, the blue curve represents the resonator with an aperture size of 

400 µm, and the red curve represents the resonator with an aperture size of 200 µm.  

 

Figure 5.4  A comparison of the frequency response of the two resonators which are identically 

designed except for the aperture size. (a) A ZnO thin-film piezoelectric rectangular resonator built 

on a silicon wafer that has a body dimension of 400 µm x 90 µm, finger number of 22, finger pitch 

size of 4 µm, finger width of 2 µm and one pair of tethers; (b) a ZnO thin-film piezoelectric 

rectangular resonator with 50% shorter aperture size than that in (a); (c) the comparison of the 

frequency response of the two described resonators. 
 

For the resonators with a smaller pitch size at 4 µm, the aperture size needs to be adequately 

long to excite the piezoelectric transduction, which is reflected by seeing the significant boost in 

both resonances around 570 MHz and 970 MHz. It is noticed that the capacitive feedthrough noise 

levels are elevated at high frequencies, and to obtain a good signal, the insertion loss must be small. 
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For example, As shown in Figure 5.4 (c), the insertion loss is reduced from 20.8 dB to 11.5 dB by 

extending the aperture size from 200 µm to 400 µm, and the motional resistance is also reduced 

by 50 %.  

5.3.2 Finger-to-Gap Ratio (FGR) of Contour Mode Acoustic Resonators  

As previously discussed in the earlier chapters, the resonance frequency depends on the 

pitch size and the utilized acoustic velocity. The pitch size is measured by the IDT finger 

electrode’s width plus the distance between the adjacent electrodes. Theoretically, the 

piezoelectrically-transduced resonators should produce the same resonance frequencies if the pitch 

sizes are kept the same, but thicker and wider electrodes also tend to exhibit more loading effect, 

which may slightly shift the resonance frequencies down and the insertion loss up. From the 

simulation results presented in the last chapter, it is observed that the feedthrough noise levels are 

largely impacted by the finger-to-gap ratio of the top electrodes. A noticeable differentiation of 

insertion loss and static capacitance should also be expected.  

In this section, four resonators with different FGRs are fabricated on silicon wafers and 

measured to support the FEM simulation results' observations. All four resonators have a body 

dimension of 320 µm × 80 µm, finger number of 5, finger pitch size of 16 µm, and one pair of 

tethers. Ruthenium is selected as the IDT electrodes’ material, and platinum is the material for the 

bottom electrode connected to the ground.  The only difference is the finger-to-gap ratios listed in 

the following: 13:3, 11:5, 8:8, and 6:10, and the measured frequency responses of the resonators 

are depicted in Figure 5.5 (c) with their curves labeled in red, blue, pink, and blue representing the 

finger-to-gap configurations as seen in Figure 5.5 (a), (b), (c), (d), respectively. It is observed that 

the capacitive feedthrough levels get lower as the finger-to-gap ratios decreases. The resonance 

frequencies shift up by 13 -20 MHz when the finger-to-gap ratio drops. 
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Meanwhile, for the resonator with the 50% FGR, both signal strength and insertion loss are 

able to maintain at a decent level around 128 MHz and around 230 MHz, but the other higher 

resonance peaks are diminished. Another interesting observation is when the FGR is 6:10, labeled 

in green. There is a significant degradation in the resonance peak at 128 MHz and the resonance 

peaks above 300 MHz. However, the resonance peaks are much more strengthened at 230 MHz 

and 285 MHz, whereas the resonance peaks are found much weaker on the other resonators. Table 

5.1 on the last page of this chapter summarizes the resonators’ performance in the black circle in 

Figure 5.5.  

 

Figure 5.5  A comparison of the frequency response of four resonators based on a silicon wafer. 

Each having a body dimension of 320 µm x 80-µm, 5 IDT fingers with the pitch size of 16 µm, 

held 1 pair of tethers: (a) the resonator with FGR: 16:3; (b) the resonator with FGR: 11:5; (c) the 

resonator with FGR: 8:8; (d) the resonator with FGR: 6:10; (e) the comparison of the measured 

frequency response of the four described resonators (a)-(d). 

 

5.3.3 Bottom Electrode Configurations 

Besides the various design techniques regarding the IDT fingers on the top electrodes, 

different bottom electrode configurations are also investigated. There is a prior research focused 

on this concern reported by other groups in recent years. Unlike that in SAW, the bottom electrodes 
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on a contour-mode resonator significantly impact the capacitance between the two electrodes 

sandwiching the piezoelectric layer and may cause a change in acoustic velocities for specific 

modes [44][45]. The static capacitance is altered in the BVD circuit model when the bottom 

electrodes are grounded through the via holes, as shown in Figure 5.6.  

 

Figure 5.6  Equivalent static capacitances in the BVD circuit models for the two-port contour-

mode resonators under different bottom electrodes conditions: (a) grounded-bottom electrodes; (b) 

floating bottom electrodes. 
 

As illustrated in Figure 5.7 (a)-(c), the first design is for the resonator with the bottom 

electrodes grounded, and the second configuration is to adopt floating bottom electrodes when the 

via holes are disabled so that the electrical connection is cut out between the top and bottom 

electrodes. The third configuration is to employ grounded IDT-patterned bottom electrode fingers 

that are aligned to the gap of the top IDT fingers to create top/bottom IDT electrode offset.  

Figure 5.7 (d) depicts the measured frequency responses of the resonators using the above 

three bottom electrode configurations. It is easily observed that the feedthrough noise levels are 

significantly influenced by the grounded bottom electrodes that increase the static capacitance. To 

compare the device designs with the grounded bottom electrodes and the floating bottom electrode 
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configurations, the resonance frequencies are found to be consistent, but the capacitive 

feedthrough noise level turns out to be higher for the floating bottom electrodes as expected, 

especially when the frequency is below 500 MHz. The measured frequency characteristics labeled 

in green represent the IDT-type configuration. The resonance peaks shift to higher because the 

equivalent pitch size is shortened by aligning the bottom IDT fingers to the top IDT electrodes' 

gap. A smaller pitch size IDT can generate completely different vibration modes that can lead to 

higher resonance frequencies. Meanwhile, due to the IDT misalignment of the top and the bottom 

IDT, the resulted capacitance is smaller due to the cancellation effect. 

 

Figure 5.7  The measured frequency response of the two-port contour-mode resonators with 

different bottom electrode configurations: (a) grounded bottom electrodes (labeled in red); (b) 

floating bottom electrodes (labeled in blue); (c) grounded IDT bottom electrodes (labeled in 

green). 
 
5.3.4 Design Techniques of Tethers 

Unlike the BAW having a very robust mechanical frame linkage that holds the suspended 

resonator body, a contour-mode resonator's performance is very sensitive to the dimensions,, and 

the number of the tethers as the tethers are used to holding the resonator body in the air while 
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connecting it to the substrate. Therefore, a good amount of stress may be likely to fall on tethers, 

resulting in energy loss. Not only serving as the mechanical linkage, but tethers are also used to 

conduct electrical signals at the input and the output terminals over a wide range of frequencies. 

Consequently, in this section, the two-port contour-mode resonators are designed and fabricated 

to address these concerns by varying the width, the length, and the quantity of the tethers.  

 

Figure 5.8  The measured frequency responses of the two-port contour-mode resonators with the 

tether width of 10 µm (labeled in blue), 7 µm (marked in red), and 5 µm (labeled in green). 

 

 



www.manaraa.com

 

69 

 

Figure 5.9  The measured frequency responses of the two-port contour-mode resonators with the 

tether length of 7 µm (labeled in green), 5 µm (marked in blue), and 3 µm (labeled in red). 
 

The measured resonators have an identical body dimension of 320 µm x 80 µm, finger 

number of 5, finger pitch size of 16 µm, and one pair of tethers. And the only difference lies in the 

length of the tethers. As shown in Figure 5.8, the tether widths are varied to10 µm, 7 µm, and 5 

µm, and the highest Q is found when the tether width is set at 5 µm.  Similarly, the tether's length 

is also varied to 7 µm, 5µm, and 3µm. As shown in Figure 5.9, a very minimal change in the 

frequency responses is found, which indicates the small range of variation in tether length does 

not significantly impact the resonator’s performance.  

The last degree of freedom in tether configurations is by changing the number of tethers. 

Since most of the stress is concentrated at the tethers, it is reasonable to believe that the number of 

tethers can make a difference in the insertion loss and the resonance quality factors.  

 
 

Figure 5.10  The measured frequency responses of the two-port contour-mode resonators with a 

different number of tethers: 2 tethers (labeled in green), 6 tethers (labeled in blue), and 10 tethers 

(labeled in red). 
 



www.manaraa.com

 

70 

 

In Figure 5.10, the frequency responses of the resonators with the different number of 

tethers are displayed. The overall resonance responses seem to be very similar over a broader span. 

However, suppose one looks closer into the resonance peak around 138 MHz. In that case, it is 

found that both the insertion loss and the quality factors can deteriorate as the number of tether 

increases. In essence, the insertion loss increases by 3 dB and 5 dB, and the quality factor drops 

by 60% and 80% when the number of the tether is increased to 6 and 10 from 2, respectively. 

5.4 Design Techniques for Quality Factor Improvements and Measurement Results 

In the previous sections, a comprehensive study is performed to investigate the different 

design configurations of the important dimension parameters on a two-port piezoelectric contour-

mode acoustic resonator. The presented results are measured and concluded consistently across 

the multiple dies on the multiple wafer samples, serving as a trusty design guide for the other 

researchers and designers working on similar technology. In this section, the measurement results 

are presented to support an investigation of the advantages and disadvantages of different design 

techniques for quality factor improvement.  

As discussed in the previous chapters, the capacitive resonators generally tend to exhibit 

an extremely high quality factor (Q) but also experiencing a core weakness: a very high motional 

resistance (Rm). Meanwhile, the capacitive resonators are not considered a “serious” passive device 

because they need to operate with a bias voltage as an amplifier does. Unlike the capacitive 

resonators, the piezoelectrically-transduced resonators usually feature a reasonably high frequency 

with a much smaller Rm , and they are truly “passive”, but the relatively low quality factors can be 

problematic for specific applications. For example, SAW resonators may struggle with low Q at a 

frequency higher than 2.5 GHz.  
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As known, the quality factor is the ratio of the energy stored divided by the energy 

dissipated per cycle expressed as:  

It is clear that the magnitude of the quality factor is inversely proportional to the amount of energy 

dissipated, which is caused by various loss mechanisms relevant to the resonator. The possible 

sources causing the energy dissipations are well summarized [46], the overall quality factor can be 

explained and estimated using the following equation: 

The interface loss, Qinterface, is usually related to the delamination and interfacial stress located at 

the surface of the deposited material, which is caused mainly by the flawed deposition process. 

The damping loss, Qdamping, comes from the energy dissipations during thousands of vibrations that 

lead to a temperature gradient due to a strain gradient. The damping loss can worsen when the 

resonator is vibrating in the air where the air's viscosity cannot be neglected. This is why very 

high-quality vacuum packaging is needed to minimize the loss due to the air viscous damping. The 

material loss, Qmaterial, is a complicated combination of different loss factors including, phonon-to-

phonon scattering loss, dielectric loss, and so forth. The material loss tends to be low on a hard, 

non-conductive crystalline material, such as quartz, sapphire, and diamond. The tether loss (also 

known as anchor related loss), Qtether, is a major energy loss source to a free-standing piezoelectric 

resonator, especially at low-frequency ranges. Most of the strain and stress are concentered at the 

tether, and this is where the acoustic energy is leaked to the substrate. In this section, the material 

loss and the tether loss are the two mechanisms to be tackled in order to improve the quality factor.   

 

𝑄 = 2π ×  
𝐸𝑠𝑡𝑜𝑟𝑒𝑑

𝐸𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑒𝑑
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5.4.1 Approach #1: Using Diamond Substrates 

Natural diamond offers a variety of superior properties, such as Young’s modulus (about 

eight times higher than that of silicon), resulting in high acoustic velocity that equals the square 

root of Young’s modulus over the density. The extremely high Young’s modulus makes diamond 

an excellent material for energy storage in resonator designs.   

 

Figure 5.11  (a) A cross-sectional-view SEM photograph of a ZnO thin-film piezoelectric disk 

resonator on a diamond-coated silicon wafer; (b) a zoom-in view of the resonator structural body 

layers.  

 

As illustrated in Figure 5.11 (a), the resonator structure is free-standing in the air by dry 

etching the silicon material underneath. As shown in Figure 5.11 (b), a layer of diamond thin film 

is added to the resonator structure under the bottom electrodes. Together with the ZnO, the 

resonator structural body becomes more robust, and less loss should be dissipated, thus resulting 

in much higher Q and resonance frequencies simultaneously. 

For a direct comparison, the thin-film ZnO piezoelectric disk resonators are fabricated on 

a silicon wafer and a diamond-coated silicon wafer. Two different radiuses have been included in 

the design: 30 µm and 50 µm,  as shown in Figure 5.12 (a).  
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Figure 5.12  (a) A photograph of the ZnO thin-film piezoelectric disk resonators with different 

radius; (b) a comparison of the frequency responses of the piezoelectric disk resonators on different 

substrates (blue: on a diamond-coated wafer; red: on a silicon wafer). 
 

The frequency response plotted in Figure 5.12 (b) depicts the resonance for a two-tether 30 

µm-radius disk resonator. The fundamental wine-glass mode of the disk resonator built on the 

diamond-coated wafer is located at 72.67 MHz as compared to the one at 55.82 MHz on the silicon 

wafer. The loaded Q is measured at 3,892 on the diamond-coated wafer, which is more than ten 

times higher than that of the resonator built on the silicon wafer. In the radial contour mode, the Q 

measured on the diamond-coated wafer is 4,215, which is also more than ten times higher than the 

silicon counterpart. Similar results and observations were also found for the disk resonator with a 

radius of 50 µm. 

5.4.2 Approach #2: Phononic Crystal Tethers 

Another effective way to improve the resonator’s quality factor is to reduce tether loss. As 

presented in the earlier sections, a narrower tether placed at the nodal locations of the resonance 

mode can reduce the loss. Also, designing the tether length with an odd multiple of a quarter-wave 
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may help confine the acoustic loss at tether [47], but it is difficult to implement in the actual design 

because the wavelength varied from the material to material.  

Besides varying the dimension of the tether, the shape of the tethers can also be tailored to 

reduce the energy loss and enhance Q. Phononic crystals (PC) are designed in unique shapes and 

are implemented on tethers to eliminate vibration and prevent acoustic wave propagation through 

the tethers attached to the hosting substrate [48]-[52]. In this section, three different shapes of 

phononic crystals are compared.  

 

Figure 5.13  (a) A mask view example of a ZnO thin-film piezoelectric contour-mode resonators 

with 4 cross-shaped phononic crystals on the tethers; (b) a comparison of the frequency response 

of the resonators with different numbers of cross-shaped phononic crystals on the tethers. 

 

As shown in Figure 5.13 (a), an example of the mask view illustrates that four cross-shaped 

PC are used at each side of the resonator, and a comparison of the measured frequency responses 

are depicted in Figure 5.13 (b). Figure 14 (a) and (b) provide zoomed-in views of the two major 

resonance peaks circled in Figure 5.13 (b). It is obvious the highest quality factor is achieved when 

4 PC are placed in the tethers as compared to the original tether design without PC, the quality 

factor is improved by nearly 50%.  
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Figure 5.14  the zoomed-in views of the two circled peaks in Figure 5.13 (b).  

 

 

Figure 5.15  (a) A mask view example of a ZnO thin-film piezoelectric contour-mode resonators 

with 4 diamond-shaped phononic crystals on the tethers; (b) a comparison of the frequency 

responses of the resonators with different numbers of diamond-shaped phononic crystals on the 

tethers. 

 
Similarly, diamond-shaped phononic crystals have also been implemented to tethers on 

other resonators. In Figure 5.15 (b) above, the measured frequency responses of three resonators 

with different numbers of diamond-shaped PC are presented, and the best performance is captured 

when the number of the PC equal to 6 in terms of quality factor and insertion loss, but the spurious 

modes are effectively suppressed below 100 MHz when 8 PCs are employed.  
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The following configuration consists of triangle-shaped PCs pointing in opposite 

directions, as displayed in Figure 5.16 (a) and (b), and the measured frequency responses exhibit 

different characteristics even when the number of the triangle-shaped PC’s are kept to 4, as shown 

in Figure 5.16 (c).  

 

Figure 5.16  (a) A mask view example of a ZnO thin-film piezoelectric contour-mode resonators 

with 4 triangle-shaped phononic crystals on the tethers; (b) A mask view example of a ZnO thin-

film piezoelectric contour-mode resonators with 4 triangle-shaped phononic crystals on the tethers 

pointing in the opposite direction; (c) a comparison of the frequency responses of the resonators 

with different numbers of triangle-shaped phononic crystals on the tethers. 
 

To summarize the advantages and the disadvantages of the phononic crystals in the 

different shapes, Figure 5.17 compares the measurement results of the resonators on the same die. 

It is clear that all three types of phononic crystals work effectively in terms of spurious mode 

suppression at lower frequencies, and all the resonators with PC designs on the tethers are capable 

of boosting the quality factor by 30%-50%, but the cross-shaped PCs tend to have more static 

capacitance, which leads to a higher feedthrough noise level. With all the performance considered, 

the triangle-shaped phononic crystals seem to be the best PC design choice.   
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Figure 5.17  A comparison of the frequency response of the resonators with six phononic crystals 

in different shapes on the tethers (labeled in purple, blue, and red) against the original tether 

(labeled in green). 
 

5.4.3 Other Q Improvement Approaches  

Previous literature studies imply another design approach for quality factor enhancement 

can be achieved by introducing a non-rectangular-shaped resonator. For example, with a certain 

degree of curvature at the upper and lower edge of the resonator structure body, the quality factors 

can be significantly improved at resonance frequencies. However, curved edges can also generate 

a great amount of unwanted spurious modes due to the uncontrollable acoustic wave reflections 

[54]-[56], the electromechanical coupling coefficient is drastically reduced if the curvature 

exceeds a certain limit in respect to the wavelength [57]. In this dissertation, the measured results 

using the similar Q enhancement method show inconsistencies across the wafer, so it needs to be 

further validated.  
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5.5 Temperature Linearity of Temperatures 

The temperature coefficient of frequency (TCf) is commonly used to describe the 

temperature stability that is the frequency shift in response to the temperature variation. The 

temperature coefficient generally refers to the fractional slope of a linear fit to that quantity as a 

function of temperature, and divided by the specific resonance frequency, TCf can be directly 

measured and used to calculate the frequency shift with specific temperature given.  

The intrinsic TCf of a resonator with stacked layers depends on the mechanical properties 

of the multiple materials, and a general formula with a unit of ppm per degree Celsius can be 

expressed as [58][59]: 

where α is the fundamental geometrical parameter that sets the device resonance frequency, T is 

the temperature of operation, αp is the thermal expansion coefficient of the stacked materials in the 

device layer, and TCE is the temperature coefficient of Young’s modulus of stacked layers in the 

resonators [60] [61]. 

Equation 5.3 can be extended and utilized for a thin-film piezoelectric acoustic resonator 

with multiple layers, including the electrodes and functional piezoelectric layer. By assuming all 

the layers have the same surface area, the temperature coefficient of frequency can be then written 

as: 

 

where E and t are Young’s modulus and thickness of each layer, respectively. Before introducing 

the temperature compensation techniques of acoustic resonators, it is important to understand what 
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causes the resonance frequency change under different temperatures. For the resonators with IDT 

finger patterns, the temperature coefficient of frequency is generally caused by two reasons: 

thermal expansion and elastic relaxation, quantified by two fundamental parameters. The first one 

is the coefficient of thermal expansion (CTE), which is usually a positive number referring to the 

amount of material expansion due to heat. For a SAW resonator or a contour-mode resonator, 

when the device’s substrate heats up and expands, the IDT fingers spread apart, thus lowering the 

resonance frequency of the device.  

The second fundamental parameter determining the TCf is called the temperature 

coefficient of velocity (TCV) due to elastic relaxation. It is known that as most materials heat up, 

they tend to become softer. This reduces Young’s modulus (stiffness) results in a slower acoustic 

wave velocity. A slower velocity means it takes more time for the acoustic wave to travel between 

the IDT fingers, thus lowering the resonance frequency of the device. For most materials, the TCV 

is usually a negative number, quantifying how much the acoustic velocity is reduced as the 

temperature increases. 

Combined the above two parameters, the temperature coefficient of frequency of a 

piezoelectric acoustic resonator can be presented as:  

It is noted that the CTE does not apply to the TCf  of a BAW device because no IDT fingers are 

employed, and the resonance frequency is the acoustic velocity and the vertical thicknesses of the 

multiple stack layers.  

 The temperature compensation techniques have been well studied and used to stabilize the 

device’s performance over a wide range of temperatures. For example, in many CMOS and SOI 

technologies, the temperature sensitivity of frequency can be improved by having a highly doped 

𝑇𝐶𝑓 = 𝑇𝐶𝑉 − 𝐶𝑇𝐸  
(5.5) 
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Si in the stacked resonator structural layer [62]. For piezoelectric acoustic resonators, the 

temperature compensation techniques are mostly concentrated on overcoming the two 

fundamental parameters in Equation 5.5. Figure 5.14 (a) shows the first commonly-used approach 

to compensating the TCV is called thin-film overlay technique. This is achieved by depositing 

materials with opposite thermal behavior onto the device surface. The most standard technique is 

to bury electrodes inside a silicon oxide overlay (SiO2) because SiO2 has a positive TCV and gets 

harder as heated up [63]-[66]. By confining some of the acoustic energy in the positive TCV 

material, it is possible to achieve a net-zero TCf on an acoustic resonator. Although the resonator 

can be extremely stable with a near-zero TCf, less of the total acoustic energy is confined to the 

piezoelectric layer, so the quality factor and the coupling factors can be degraded unless a higher 

coupling material is used.  

 

Figure 5.18  Temperature compensation techniques used in piezoelectric acoustic resonators: (a) 

thin film overlay; (b) thermal expansion constraint.  

 

 Figure 5.14 (b) depicts another temperature compensation technique: thermal expansion 

constraint, achieved by depositing or bonding low thermal expansion material to the existing 

resonator structural body. The typical material has a very large Young’s modulus, such as sapphire, 

quartz, and diamond [67]-[69]. The best achievable TCf is between -10 to -30 ppm/°C.  

Two identically-designed resonators are picked for a direct comparison, and TCf  are 

measured with a test setup including a VNA, a temperature controller, and a probe station with a 
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heated chuck. Both resonators have a body dimension of 320 µm × 80 µm, 5 IDT fingers with the 

pitch size of 16 µm (finger-to-gap ratio 13:3), equipped with one pair of tethers. As depicted in 

Figure 5.19 (a), the two-port frequency response of the resonator on the silicon wafer was 

measured over a range of temperatures from 20 °C to 100 °C. Figure 5.15 (b) displays the 

frequency change versus temperature, and a linear behavior is easily captured. The TCf of the ZnO 

piezoelectric thin-film resonator on the silicon wafer turn out to be -51.86 ppm/°C from the 

calculation of the slope of the dashed line divided by the resonance frequency at room temperature. 

The measured TCf  is a slightly higher than a typical SAW device with IDT fingers, as the heat 

dissipation is slower because the resonator is free-standing in the air.  

 

Figure 5.19  (a) Measured frequency response of the resonator built on a silicon wafer over a 

temperature range from 20 to 100°C; (b) measured resonance frequencies over temperature. 

 

The resonator fabricated on the diamond-coated silicon wafer, the measured resonance 

responses are shown in Figure 5.20 (a). It is clear to see that the frequency change is much smaller 

as compared to the silicon counterpart. The resonance frequency over the different temperatures 

also indicate a clear linear behavior, and the slope was measured at -0.0024. After the calculation, 

the TCf of the same device on the diamond-coated wafer is calculated to be -14.05 ppm/°C, which 
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is 37.81 ppm/°C better than the device built on the silicon wafer.  It is obvious that the TCf of the 

resonator can be significantly improved by employing the thin film diamond structural layer. 

 

Figure 5.20  (a) Measured frequency response of the resonator built on a diamond-coated wafer 

over a temperature range from 20 to 100°C; (b) measured resonance frequencies over temperature. 

 

5.6 Power-Handling Capability 

Amongst a few key performances of RF filters based on piezoelectric acoustic resonators, 

the power handling capability has become an increasingly crucial concern, especially by today’s 

long-term evolution (LTE) and 5G standards that require higher power for more data transfer rates. 

The power handling capability is anticipated to be quite different in the commercial BAW and 

SAW devices as the SAW resonators are more vulnerable to the high power because the closely-

positioned IDT fingers tend to fail due to the acousto-migrations[70][71]. Similar to the more 

familiar the electro-migrations often seen in high-current situations, acousto-migrations are caused 

by physical “earthquake-motion” shakings of the structures synchronized with the acoustic wave 

motion [72], resulting in the electrode delaminations in forms of voids, fuzzy hillocks, and 

branches. Consequently, the adjacent IDT fingers may be shorted, or the electrical resistivity is 

dramatically increased, causing degradations in the overall performance. Meanwhile, a higher 

input power produces a more increased current flow through the multiple inter-connected 
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resonators in a SAW filter, and the uneven current densities at different resonators are dedicated 

to skewed temperature distributions, causing unwanted operation frequency shifts. A commonly-

used strategy to address this issue is done by splitting the specific resonator at the hotter spot into 

multiple smaller resonators that work equivalently but with smaller current densities. 

For BAW resonators, the self-heating is also the leading cause and failure mechanism that 

limits the maximum operation power [73]. The raised temperature over a particular area of a BAW 

device is triggered by the energy losses, which is the primary cause that tend to lower the resonance 

frequency, and the coupling between temperature and impedance has a nonlinear correlation. 

Amongst a few critical differences in terms of performance metrics, the power handling ability is 

anticipated to be quite different as FBAR resonators are fully suspended over a released air cavity, 

whereas the solidly mounted (unreleased) resonators are only separated from the substrate by a 

stack of Bragg reflector layers. The substrate can act as the heat sink for the BAW devices. For 

FBAR suspended over an air cavity, the air is not a good “thermally conductive” material for heat 

dissipation. SMR-BAW is standing on a solid materials stack as the Bragg reflector, which 

provides better heat dissipation. The silicon wafer provides outstanding properties such as low 

acoustic losses as well as mechanical and chemical stability [74]. The thermal conductivity of the 

chemical vapor deposited diamond is 1000-2000 W/mk that is about 10 times higher than that of 

the silicon substrate (135-150 W/mk) [75]. Therefore, the heat-dissipating ability of the diamond 

film is superior to that of a silicon substrate.  

As discussed, the power handling evaluations have been primarily conducted at a filter 

level, which combines multiple pairs of series and shunt resonators. A continuous high-power 

signal (e.g., 30 dBm) is usually applied at the upper passband edge of the TX filter for a certain 

period to meet a certain power handling requirement standard. There are very few examples of 
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performing the power handling test on a single resonator from the literature study. Plus, most of 

the high-power measurements are based on the single-frequency multiple power non-destructive 

testing, the tested devices are usually irreversible and burned. Furthermore, the frequency response 

measurements under high power have hardly been investigated due to the complexity of the 

measurement setups and integrations.   

 In this section, the described issues are successfully addressed by introducing the two-port 

high-power measurement setup with a de-embedding system for data post-processing. Similar to 

comparing the temperature dependency of the piezoelectric contour-mode resonators fabricated on 

the different wafers, the power handling capabilities are also examined and compared.  For the 

routine on-wafer probing measurement, 0 dBm is usually selected to be the device's incident power. 

Although this power can be adjusted internally on the vector network analyzer (VNA) over a wide 

range (-40 dBm to +10 dBm), the measured results are automatically compensated regardless of 

what power is applied. Therefore, for the best interest, it makes more sense to capture the power 

at the end of the input cable using a power meter in order to verify what the genuine power level 

is at the input. Moreover, to further extend the input power level, a power amplifier (PA) is needed 

to boost the RF power, demanding a more complicated testing scheme to attenuate the reflection 

signal back to VNA to ensure accurate high power measurement.  

Figure 5.21 demonstrates the high-power measurement setup for the two-port frequency 

response of a device-under-test (DUT). The incident power coming out of VNA is set to be -20 

dBm, boosted by a PA with a power gain of 45 dB, so the maximum deliverable incident power 

becomes 25 dBm to the left probe. The attenuators at different values are used to control the input 

power to be precisely at -20 dBm to +20 dBm.   
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Figure 5.21  The two-port DUT device test scheme is strategically designed to enable the de-

embedding process. 
 

Before strategically implement the de-embedding technique, the standard classic open-

short-load (OSL) calibration is performed on the VNA to compensate for the cables’ loss and the 

attenuator at the right side of the DUT, so the reference planes are moved from port 1 and port 2 

to the input of the amplifier and the input of the attenuator. Moreover, the full 2-port scattering 

parameters (S-parameters) of the PA and the attenuators are previously measured and converted 

to ABCD parameters, and then the ABCD parameters can be multiplied as a cascaded product of 

the transmission lines representing the PA and the attenuators. The resulted ABCD parameters are 

then rigorously converted back to the new S-parameters. The final result of the two-port devices 

is the product of the measured frequency response multiplied by the inverse of the new S-

parameters.  



www.manaraa.com

 

86 

 

 

Figure 5.22  The comparisons of the measured frequency responses between the small-signal 

inputs and the high-power large signal inputs with proposed de-embedding data process: (a) the 

resonator’s frequency responses on a silicon wafer; (b) the resonator’s frequency response on a 

diamond-coat silicon wafer. 
 

As depicted in Figure 5.22 (a) and (b), the measured result after the de-embedding process 

can match closely to the small-signal frequency response of the two-port devices on different 

wafers when the input power is -20 dBm. It is noticeable that the de-embedded results show fuzzy 

curves across the frequency, and that is because the PA has relatively high noise figures (4-6 dB) 

over the measured frequency range. The overall de-embedding process appeals to obtain a 

convincing outcome.  

The next step is to test out the resonators' transmission response at higher power levels, 

and the measured data are post-processed using the described de-embedding technique. As shown 

in Figure 5.23 (a), the frequency responses of the resonator fabricated on a silicon wafer are 

presented, with the input power ranging from -20 dBm to +20 dBm, respectively. It is clear to see 

that the resonance peak bends over at +10 dBm, meaning the resonator starts to fail by showing a 

strong distortion under this high power. Figure 5.23 (b) shows the post-processed results the de-

embedded results can successfully plot the frequency responses accordingly, and the insertion 
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losses are brought back to the levels with small-signal input, which are previously measured 

around to be around -7 dB. 

 

Figure 5.23  The comparisons of the two-port frequency responses wafer under high-power input 

of a silicon device: (a) the measured results without the de-embedding data processing; (b) the 

measured results with the de-embedding data processing. 
 

 
Figure 5.24  The comparisons of the two-port frequency responses wafer under high-power input 

of a device on a diamond-coated wafer: (a) the measured results without the de-embedding data 

processing; (b) the measured results with the de-embedding data processing. 

The same measurement approach has also been implemented to the identically-designed 

resonator built on a diamond-coated silicon wafer. Similarly, as seen in Figure 5.24 (a) and (b), 

the frequency responses can maintain in decent shapes, although the input power is increased. The 
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feedthrough noise levels are elevated as the input power goes up. Meanwhile, the quality factor of 

the parallel resonance decreases under higher power. Additionally, it is expected that the 

resonances shift to the left due to the temperature increase under higher power. Comparing the 

results presented in the above two figures shows that the device on the diamond-coated wafer can 

withstand at least 10 dB more power than that of the silicon counterpart. By the employment of 

the diamond thin film added to the structural layer of the resonator body, the heat dissipation 

efficiency is tremendously improved, resulting in a much higher power handling capability.  

Table 5.1 A Comparison of Resonance Responses with Different Finger-to-gap Ratios. 

Finger-to-

gap Ratio 

4th Width Extension 

Mode Freq (MHz) 

Insertion 

Loss (dB) 

6th Width Extension 

Mode Freq (MHz) 

Insertion 

Loss (dB) 

16:3 213.9 22.1 Not Noticeable NA 

11:5 217.4 20.6 Not Noticeable NA 

8:8 229.1 22.5 278.6 37.8 

6:10 233.4 14.5 285.3 22.8 
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Chapter 6: Signal-to-Noise Ratio Improvement and Portable Mass Sensing Unit 

 

In this chapter, some innovative approaches are introduced in the first part to improve the 

signal-to-noise ratios (SNR). The main focus is to lower the feedthrough noise levels by noise 

cancellation and static capacitance reduction without sacrificing the signal strength. It is critical to 

achieve a higher SNR for signal detection and sensing applications. After the SNR optimizations, 

the resonator probing pads are extended to the edges of the die, and the die is placed inside a 3-D 

printed cavity with dispensed transmission lines to the SMA connector to enable a portable testing 

unit (connectorized assembly) without the requirement of on-wafer probing.  

6.1 Notched Thin-Film Piezoelectric Interdigital Transducer for Enhanced Signal-to-Noise 

Ratio and Feedthrough Suppression 

As discussed in the previous chapters, a resonator's feedthrough noise level is primarily 

determined by the static parasitic capacitance in the BVD equivalent circuit model. Meanwhile, 

the capacitance ratio is also inversely proportional to the electromechanical coupling coefficient. 

The static capacitance is formed between the sandwiched layered structure composed of the IDT 

metal fingers, the bottom electrodes, and the dielectric property of the piezoelectrical material. In 

this section, an innovative design is presented to improve the resonance signal-to-noise ratio (SNR) 

by introducing notched air cavities in the thin-film piezoelectric layer between interdigital 

transducer (IDT) electrodes of a two-port MEMS resonator [76]. 

ZnO-on-diamond lateral extensional mode resonators have been implemented to study the 

effect of the notched thin-film piezoelectric transducer with etched air cavities between the IDT 
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electrodes on the broadband feedthrough levels and the resonance response in terms of frequency, 

quality factor, and SNR. For a two-port thin-film piezoelectric resonator, the employment of 

notched air cavities of varied depth in between the adjacent IDT electrodes directly impacts the 

feedthrough level that largely depends on the parasitic capacitive coupling in between the two 

ports. Additionally, the partial removal of the lossy ZnO piezoelectric transducer layer also results 

in enhanced quality factors. 

The chosen rectangular-plate resonators in this study have the dimension of 80µm × 320 

µm with 5 IDTs, and each IDT is 13µm wide, leaving the gap size to be 3µm. The feedthrough 

parasitic effect is initially studied with a three-dimensional finite element method (FEM) 

simulation using COMSOL Multiphysics. The calculated capacitance values are inserted into a 

circuit composing of the shunt-series-shunt capacitor combination with two terminations at both 

ends (ports) in Advanced Design System (ADS). In this way, an analytical feedthrough level is 

simulated based on the equivalent circuit model, and it is compared with the feedthrough level 

extracted from the real-world experimental measurement.   

The FEM simulations have been first carried out using COMSOL software to investigate 

the strain/stress field and the change of the static capacitance made by partially removing the 

piezoelectric material between the IDT electrode fingers.  The FEM study comprises two physics 

mechanisms: modal analysis and electrostatics, and each physics are subjective to observe the 

difference made by several parameters. For example, model analysis is utilized to track the 

electrical field changes and mechanical displacement at the resonance frequencies with different 

structural composition in terms of the notch depth, which is defined as how much material gets 

etched in the gap. Similarly, the electrostatic study is selected for calculating the capacitance 

generated by the conductive IDTs and dielectric piezoelectric material. As depicted in Figure 6.1 
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below, in the simulated resonator's frequency response, the feedthrough noise levels are lowered 

by as much as 13 dB as the ZnO thin film is gradually removed in between the IDT fingers. While 

the insertion loss can still maintain at about the same level as depicted in the circled area, so the 

overall signal-to-noise ratios are presumably increased. 

 

Figure 6.1  The FEM results depict the change of feedthrough noise levels due to the partial 

substitution of the ZnO piezoelectric transducer layer by air notches in between the IDT electrodes. 

 

The next design parameter that influences the feedthrough level can be determined by 

calculating how much capacitance change is caused by etched notches between the IDTs. This 

turns out to be a more crucial factor because a change in capacitance between the two IDT 

electrodes will directly influence the two-port resonator’s feedthrough level. Ideally, a lower 

feedthrough level over the frequency is favorable since it can contribute to an improved signal to 

noise ratio when the resonance peak maintains its insertion loss. In general, the capacitance 

calculation in the COMSOL program or even by hand is straightforward. The fringe capacitance 

is defined as the amount of charge that a body needs to raise its electric potential by one volt 
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referenced to the ground plane potential. However, that is all based on the assumption that there 

are only two conductors taken into consideration. The capacitance calculation becomes more 

complicated when more than two conductors are used in the system.  

 

Figure 6.2  The change of electrical fields and displacement pattern due to the partial substitution 

of the ZnO piezoelectric transducer layer by air notches in between the IDT electrodes. 

 

Figure 6.2 shows the comparison of simulated electric field and displacement patterns with 

and without the notches. As seen, the majority of displacement and electrical field is confined 

under the individual electrodes, and it seems to be agreeable to our assumption that etching the 

notch material in between the IDT electrodes makes a minimal impact on the mechanical 

displacement at resonance. The capacitance is generated laterally not only between the pair of 

IDTs or between the two ports, the capacitance is also formed vertically between the top electrodes 

and bottom electrode. Since there are totally three conductors in this electrical system, mutual 

capacitance must be introduced between several charge-holding objects, which can be calculated 

and arranged in a matrix form. In field theory, The Maxwell capacitance matrix expressed in 
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Equation 6.1 describes a relationship between the electrical charges of the ith conductor to the 

voltages of all conductors in the system.  

 

The mutual capacitance can be then derived as: 

 

 

Figure 6.3  Measured frequency response of an 80µm × 320µm MEMS resonator with two tethers 

(green) and the same resonator with etched notches/air cavities between each adjacent IDT 

electrode (red) as well as the equivalent circuit models that have been taken into account of both 

the feedthrough (noise) and the motional current (signal). 

 

The measured results show a consistency with the FEM simulated trend when 80% of the 

ZnO material in between the IDT fingers is removed by dry etching. Figure 6.3 shows the 

frequency response for an identically-sized resonator with two tethers, which exhibits an 8 dB 

lower feedthrough due to the introduced notches (air cavities). It is also observed that several 

spurious modes have been effectively suppressed. Also, equivalent circuit models have been 

(
𝑄1

𝑄2
)  = [

𝐶11 𝐶12

𝐶21 𝐶22
] (

𝑉1

𝑉2
) 

(6.1) 

[
𝐶𝑚,11 𝐶𝑚,12

𝐶𝑚,21 𝐶𝑚,22
]  = [

𝐶11 + 𝐶12 −𝐶12

−𝐶21 𝐶21 + 𝐶22
] 

(6.2) 
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developed and verified that match well with the measured results for devices with and without the 

newly added notches (air cavities) between the two-port IDT electrodes.  

 

 

Figure 6.4  A zoom-in view of the circled area in Figure 6.13: the measured frequency responses 

of the first width extension mode within a narrower frequency span with and without the notched 

air cavity features for the same resonator design. 

 

As shown in Figure 6.4, the unloaded quality factor increases from 6,050 to 7,009, while 

the SNR increases from 12 dB to 14 dB for a rectangular-plate resonator with two tethers operating 

at the first width extension mode. The resonance frequency is slightly increased in addition to the 

reduced feedthrough level and improved quality factor. 

Figure 6.5 shows another example of the same methodology implemented on another 

resonator with ten tethers. As seen, a reduction of the feedthrough level of more than 10 dB has 

been achieved by incorporating the notched air cavities for a rectangular plate resonator with ten 

tethers, while the resonance peak drops from -28dB to -35dB that corresponds to a 3 dB SNR 

improvement. For this design, the resonance frequency shifts from 234 MHz to 232.7 MHz while 
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the quality factor is increased by 10% thanks to the partial removal of the piezoelectric layer with 

higher acoustic losses. 

 

 

Figure 6.5  The frequency response with/without the etched notches of the resonator with 10 

tethers. 

To investigate the optimal notch depth with respect to the different finger-to-gap ratios, 

three more 80 µm × 320 µm resonators have been post-processed using the proposed air notches 

methodology. The finger-to-gap ratios are 11:3, 8:8, 6:10, and the pitch size is set to be 16 µm. 

The ZnO layer thickness is measured to be 500 nm, while the notch depth is gradually increased 

by etching the remaining ZnO from 20% - 80 % of the full ZnO thickness of 500 nm in between 

the IDT electrodes. The results are summarized and presented in the table below. 

This technique does not negatively impact the electromechanical coupling coefficients 

(signal strength) or the original MEMS resonators' quality factors. Also, several spurious modes 

are adequately suppressed because of the modified distribution of electric fields and 

displacement/strain fields in the piezoelectric layer adjacent to IDT electrodes. The equivalent 

circuit models that combine the motional current signal and electronic feedthrough parasitic have 
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been successfully developed, which match well with the measured results. Given the feedthrough 

noise level for a two-port thin-film piezoelectric-on-substrate (TPoS) resonators operating in 

lateral extensional modes largely depends on the parasitic capacitive coupling between adjacent 

IDT electrode fingers, the introduction of notched air cavities of varied depth in between the IDT 

electrode fingers is anticipated to influence the level of the feedthrough noise. Meanwhile, most 

of the electric fields are contained in between the two-port IDT electrodes and the ground plane 

when the resonator device operates in its lateral extensional modes. As a result, partial removal of 

a portion of the thin-film piezoelectric transducer in between the IDT electrode fingers would not 

strongly impact the electromechanical coupling, thus sustaining an adequate signal strength at the 

resonance frequency. In fact, the piezoelectric thin film layer such as ZnO employed in this study 

tends to play a dominant role in contributing to the acoustic energy losses, thus allowing lower 

overall energy dissipations per cycle to achieve improved quality factor for the newly proposed 

device design with notches.   

6.2 Feedthrough Noise Cancellation by Electrically Cascading Resonators 

The cascading topology has been commonly used in narrow band-pass filter designs that 

are based on one or two-port piezoelectric MEMS resonators [77][78]. However, the limited Q 

and small coupling factor lead to poor out-of-band rejection and tiny bandwidth, while high 

motional resistance makes it very difficult to operate in a 50-Ω system. Nevertheless, the cascading 

approach can still be viable for sensing and detection applications, where the SNR is deemed to be 

critical, but the motional impedance or insertion loss plays a less pivotal role. 

In this section, a system-level strategy has been employed to lower the feedthrough noise 

levels by cascading multiple resonators, thus resulting in signal-to-noise ratios to be drastically 

boosted. In fact, in the BVD equivalent circuit model, when the resonators are electrically coupled, 
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the total static capacitance is reduced due to the mitigation of the static capacitance through all the 

cascaded resonators between the two ports. Meanwhile, the spurious modes at the lower frequency 

range are “buried” under the measuring instrument's ambient noise floor. 

 

Figure 6.6  The mask views of the cascaded two-port rectangular resonator(s): (a) ×1; (b) ×2; (3) 

×3. 
 

A comparison has been made between one single standalone rectangular-shaped resonator 

versus the multiple ones cascaded together. As seen in Figure 6.6 (a)-(c), the resonators have been 

electrically coupled by connecting the first two-port resonator's output signal pad to the input 

signal pad of the second resonators. The particular resonator consists of 5 IDT fingers, and the 

pitch size is set to be 16 µm, with a finger-to-gap ratio of 8:8. The transducer area is set to be  80 

µm × 320 µm, and a 500 nm-thick ZnO thin film has been deposited as the piezoelectric layer.  

As depicted in Figure 6.7 above, the green curve represents the frequency response of the 

single two-port resonator. The feedthrough noise level is found to be -40 dB, resulting in small 

signal-to-noise ratios of 25 dB or so. However, when two or more resonators are cascaded together, 

the noise floor is dramatically lowered to -80 dB. The SNR of the resonance peak is increased 
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from 25 dB to 55 dB at 138 MHz, while the SNR of another peak at 230 MHz is also increased 

from 17 dB to 60 dB. Meanwhile, the spurious modes at lower frequencies are also suppressed by 

adding more resonators into the cascaded resonator array. Obviously, the insertion losses maintain 

at about the same levels, but the noise floors are well below the single device ambient noise floor. 

 

 

Figure 6.7  A comparison of the measured frequency responses between the single two-port 

resonator (green curve) and the cascading resonators (×2, red curve; ×3, blue curve). 
 

The cascading topology has also been implemented on the other devices, which have much 

smaller pitch sizes but higher feedthrough noise levels. The particular rectangular plate resonator 

has 42 IDT fingers and an IDT pitch size of 4 µm, along with a finger-to-gap ratio of 2:2. The 

aperture length is 100 µm, making the transducer area to be  170 µm × 100 µm, and a 500 nm-

thick ZnO thin film has been deposited as the piezoelectric layer. Similarly, two and three 

resonators are cascaded together for making a direct comparison. 
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As shown in Figure 6.8 below, the resonance frequency of the single resonator is much 

higher than that in the previous example because the pitch size is four times smaller. In the 

meantime, the feedthrough noise of a single resonator with a small IDT pitch size is also elevated 

as the frequency goes up, resulting in a much smaller SNR. By using the cascading topology, the 

noise floor is lowered by more than 30 dB, while the insertion losses are only increased by 10 dB, 

so the overall signal-to-noise ratios are improved by 20 dB.   

 

Figure 6.8  A comparison of the measured frequency responses between the single two-port 

resonator (green curve) and the cascading resonators (×2, red curve; ×3, blue curve). 

 

6.3 De-ionized Water Droplet Test and Portable Mass Sensing Unit 

In this section, the droplet test has been performed to sense the different mass of the de-

ionized (DI) water. The ground-signal-ground (GSG) probing pads of the MEMS resonators are 

extended to about 1 cm long, all the way to the edge of the die to keep the proper distance between 

the probe tips on both sides to separate wet analytes from both ports. With the longer extension 
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lines, the resonator's insertion loss is expected to be higher due to the high impedance. A pipette 

is used to accurately pick 0.8 µl DI water each time. Figure 6.9 presents the measured results before 

and after 0.8 µl, and 1.6 µl of DI water droplets are dispensed onto the resonator.  

 

Figure 6.9  A comparison of the measured frequency responses of the two-port piezoelectric 

MEMS resonator during the droplet testing. 
 

As a 0.8 microliter DI water droplet is applied to the resonator structural body, the insertion 

loss increases from 17.2 dB to 21.8 dB, and the quality factor has also dropped from 231 to 162. 

The spurious modes are largely suppressed due to the extra loaded mass. There is a negligible 

difference when another 0.8 ml droplet is added, showing limited effects of viscous damping. 

This droplet testing was performed on a probe station. The appropriate packaging needs to 

be cooperated to directly connect the GSG probe pads to SMA connectors and a VNA to enable a 
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portable sensing setup. The testing board is 3-D printed with a 500 µm deep cavity by the milling 

function, and the routing lines are micro-dispensed using CB 028 conductive silver paste.   
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Chapter 7: Conclusions and Future Works 

 

7.1 Conclusions 

In this dissertation, the design, micro-fabrication, modeling, and testing of the 

piezoelectrically-transduced ZnO thin film acoustic MEMS resonators have been thoroughly 

studied and implemented. Initially, a comprehensive literature review has been performed to cover 

the most current-state-of-art piezoelectric acoustic resonators and the related applications. It 

provides very useful and detailed explanations and side-to-side comparisons of the acoustic 

technologies, such as SAW, BAW, and the proposed contour-mode resonators, so the readers 

should benefit from a glance of the systematic view and summary.  

The piezoelectric effect and basic acoustic knowledge have been discussed to set the 

foundation to understand the operation principle of the piezoelectric acoustic resonator. The ZnO 

thin film has been fully characterized by different deposition conditions using the AJA sputtering 

system. The correlation of the k2t and resistivity of the sputter ZnO thin films have been optimized 

by multiple measurements. It is found that the best thin film quality is achieved when the process 

gas includes 50% oxygen gas, and the substrate temperature is set at 300 °C, followed by the post-

annealing at 600 °C to reduce the internal stress. For the first time, the omega-scan rocking curve 

measurement has also been successfully performed using the existing XRD equipment at the 

Nanotechnology Research & Education Center (NREC) at the University of South Florida.  

Furthermore, the acoustic resonator is modeled using the BVD equivalent circuit model 

and the FEM simulations in order to evaluate the predicted resonator performance using different 
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design parameters, so the simulated results provide the design trends that eventually are 

implemented into design variations during the layout masking. The methodology used in FEM in 

Comsol can directly predict the frequency responses of the devices, providing two-port S-

parameters with a very reasonable speed for a 3-D model simulation with large degrees of freedom. 

After many attempts and modifications, the simulation model has been well developed as a sample 

file for future research. 

After that, the entire micro-fabrication process has been done successfully based on the in-

house process development and equipment at NREC at the University of South Florida. A great 

amount of effort has been spent on micro-machining technologies to fulfill the research’s needs. 

For example, for the first time, a 2 µm feature size has been achieved using the metal lift-off 

method with an EVG mask aligner. The optimal thickness of the LOR-3B must be 1.5 times great 

than that of the metal thickness. For a 220 nm-thick electrode layer, the LOR-3B’s thickness needs 

to be maintained at 400 nm, and the photoresist (AZ 1512) cannot also be too thick because it 

would affect the resolution. 

Furthermore, the exposure dosage is defined as the product of the UV power and the 

exposure time, controlling the over or under-development profiles. Theoretically, one can have the 

same outcome if the exposure dosage is kept the same, but it is found that many photoresists are 

very sensitive to the high power, so it is recommended to reduce the power to 7-9 mW/sec and 

increase the time to have more control. The diamond dry etching recipe has also been developed 

and optimized using an Adixen DRIE tool. The estimated etch rate is about 350 nm/min in a pure 

oxygen plasma environment and very high power. For any dry etch process with a high of more 

than 2500 watts, it is not recommended to run a long process for more than 10 minutes with a 
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pause because significant heat generated may burn the sample's material, such as the photoresist. 

Instead, a 40-minute dry etching process should be broken into four 10-minute ones.  

The fabricated resonators are measured by the on-wafer probing method, and the results 

show many interesting and promising observations. The aperture size of the rectangular-shaped 

contour-mode resonators must be long enough to ensure resonance sharpness and low insertion 

losses. Also, with the same IDT pitch size, the different finger-to-gap ratios have been investigated 

on the contour-mode resonators for the first time. The capacitive feedthrough levels can be lowered 

as the finger-to-gap ratios reduce, and both the resonance frequencies are slightly increased in the 

meantime. Additionally, the compared results show the tether’s width and length is proportional 

to the loss dissipated into the substrate. Phononic-crystal designs have also been employed to 

reduce the tether loss and suppress the spurious modes at lower frequencies. It is found that the 

diamond-shaped PCs stand out as compared to other shapes in the PC design. The measured 

insertion loss is as low as 5.82 dB at 128.3 MHz, which is lower than the previously reported on a 

rectangle ZnO MEMS resonator, but the quality factor is low (230-380) because of the high 

dielectric loss of the deposited ZnO thin film. To address this concern, a thin-film diamond has 

been employed as a part of the resonator structural layer by the adjusted fabrication process built 

on a diamond-coated silicon wafer. The equivalent acoustic velocity and Young’s modulus have 

been significantly boosted, so the resonance frequencies (over three times higher) and the quality 

factors (as high as 6050) are much higher than the identically-designed resonators fabricated on 

the silicon wafers. Meanwhile, the temperature and the power handling performance are found out 

to be much better on the resonators with the diamond thin film on their structural bodies, where 

the TCf is measured at -14.05 ppm/°C without any temperature compensation technique. For the 

first time, the power handling capability testing has been performed on a two-port piezoelectric 
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acoustic resonator. The newly designed de-embedding system works beautifully to compensate for 

the added PA and attenuators used to produce large-power signals. With the extremely high 

thermal conductivity of the diamond thin film, the single resonator can withstand more than 20 

dBm input power, making it very promising for next-generation filtering and timing applications 

that demand more power-handling capabilities.  

An innovative design improves the resonance signal-to-noise rate (SNR) by 3 - 10 dB by 

introducing notched air gaps in the thin-film piezoelectric transducer between interdigital 

transducer (IDT) electrodes of a MEMS resonator. In the meantime, several spurious modes can 

be effectively suppressed or fully eliminated due to the modified distribution of the electrical field 

and displacement/strain field in the piezoelectric transducer layer adjacent to IDT electrodes. The 

equivalent circuit models that combine the motional current and electronic feedthrough parasitic 

have been successfully developed, which match well with the measured results. To further improve 

the SNR, two and three resonators are cascaded together, so the static capacitance has been 

canceled out each other, leading to a 30-40 dB feedthrough noise reduction and a 20-40 dB SNR 

improvement.  

7.2 Future Works 

Due to the facility limitations, ZnO was used as the piezoelectric material in this 

dissertation for “proof-for-concept” purposes. In fact, AlN thin film is widely proven to be a much 

better piezoelectric material for its higher acoustic velocity and coupling factor. Compared to ZnO, 

AlN exhibits a lower loss and can be compatible with the CMOS foundry. Therefore, it would be 

nice to replace the ZnO thin film with AlN in the future for better performance. Although the 

quality factor, temperature, and power handling performance have been largely improved by the 

employment of the diamond thin film as part of the resonator’s structural layer, the insertion loss 
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and the electromechanical coupling factor is found worse than the silicon counterpart, and the 

measured motional resistance is also quite high (more than 500 Ω). This makes it impossible to be 

utilized for filter designs. The poor k2t indicates the deposited ZnO's piezoelectric property is not 

good enough to support an acceptable bandwidth because the surface roughness of the diamond 

thin film looks very coarse from the AFM scan. Therefore, the NCD growth needs to be 

characterized. 

The FEM simulations provide design ideas and trends, but there is certainly more work to 

be done. For example, the capacitive feedthrough levels and resonance frequency locations need 

to match the measured ones closely so that the FEM model can be relied on for more design 

variations. Tether loss has not been included in the existing simulation, so it is very beneficial to 

implement a specific model focused on tracking the loss change at the tethers. It would also be 

great to spend time in the thermal simulation using the FEM tool, such as IcePak or Comsol. The 

dissertation presents the frequency responses by changing the temperature and incident power 

individually. However, the device temperature is still unknown under a specific input power level, 

so it is worth a great deal to be able to simulate the frequency responses under high-power inputs. 

Dummy finger designs have been adopted into the contour-mode resonators, aiming to 

suppress unwanted wave dispersion, but very subtle influences are found because the length of the 

dummy fingers is too short. Hence, it is worthy of running a parametric study using FEM 

simulations to investigate how different length of dummy fingers may impact the resonator’s 

performance.  

The innovatively designed air notch can lower the feedthrough noise while maintain the 

signal strength by partially removing the ZnO in between the adjacent IDT fingers because the 

static capacitance has been reduced. The capacitance ratios (motional capacitance over static 
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capacitance) should also be lowered, resulting in a larger coupling, but in many devices, the 

measurement results show most of the resonance peaks do not have a parallel resonance because 

of the high static resistance on the resonator fabricated on the silicon wafers. Theoretically, the 

static capacitance reduction causes a high capacitance ratio, leading to a higher coupling 

coefficient.   

As to the measurements, with diamond thin film added to the resonators’ structures, the 

device can handle as high as 20 dBm input power without failing, but it should still be more, so a 

PA with more power is needed to see where the limit is. The two-port power measurement seems 

very promising as it can capture the frequency responses at different levels of power. However, 

such a measurement setup and the de-embedding system cannot be implemented on a one-port 

resonator, which is primarily used for commercialized filters. Therefore, it would be of great 

significance if the high-power frequency responses measurement setup and de-embedding system 

are implemented to a one-port passive device.     

Also, the droplet test has been performed, and the 3-D printed packing enables portable 

testing without the need of probing. The 3-D printed package needs to be further improved to fit 

the device more precisely. The routing lines to the SMA connectors must also be carefully designed 

and simulated in an EM environment. The long routing lines increase the impedance over the 

frequencies, so the equivalent circuit model and the related EM simulation are needed to extract 

the droplet experiment's actual data.   
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Appendix B: Detailed Fabrication Process for Piezoelectric ZnO Resonators 
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Appendix C: XRD Omega-axis Rocking Curve Measurement Instructions 
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