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Piezoelectric MEMS Laterally Vibrating Resonators (LVRs), which belong to one type of
micromachined resonators that uses piezoelectric transduction, are characterized by dominant
mechanical vibration in the lateral direction (within the plane of the device). In piezoelectric MEMS
LVRs, the electric field is mainly applied across the thickness of the piezoelectric film to generate a
lateral strain within the plane of the device with suspended free edges. Due to the lithographically
definable resonant frequency, piezoelectric LVRs feature wide operation frequency coverage (from
tens of MHz to several GHz) and provide a pathway towards realizing a multi-frequency integrated
solution on a single chip. Depending on the structure of resonators, piezoelectric MEMS LVRs can
be categorized into two types. The first type of LVRs consists of a piezoelectric film, both as the
transducer and acoustic cavity. The second type of LVRs uses the thin piezoelectric film as a
transducer only while having most of the acoustic energy propagating in the underlying thicker
substrate. Such resonators are usually referred to as thin-film piezoelectric-on-substrate (TPoS)
resonators. Typical applications of piezoelectric MEMS LVRs include resonant sensors, oscillators
and RF filters.
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1. Introduction

Resonant sensors, characterized by a resonant frequency dependent on the physical measurand, offer a great

advantage over conventional analog sensors in that a frequency outputs can be digitized through mature frequency

counting techniques realizable in digital systems . This greatly reduces the complexity and cost generally

associated with using the analog-to-digital converters to measure the amplitude of analogue voltages. As the

information of the measurand is carried by frequency instead of amplitude, resonant sensors usually exhibit better

immunity to interference or noise compared to their analog counterparts . One of the widely-used resonant

sensors is the quartz crystal microbalance (QCM), the operation of which relies on direct and inverse piezoelectric

effects inherent to quartz resonators . Although QCMs have high Q, large power handling capability and excellent

temperature stability for certain cut angles, miniaturization of quartz resonators is still very challenging, which

makes it difficult to integrate the quartz resonators monolithically with integrated circuits (IC) . With the rapid

development of micro-fabrication techniques, resonant sensors based on various micromachined piezoelectric
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resonators, such as thin film bulk acoustic wave resonators (FBARs) , laterally vibrating resonators (LVRs) 

 and flexural-mode beam resonators , have been proposed with fabrication processes compatible

with mainstream IC technologies. For FBARs and flexural-mode beam resonators, the sensitivity per unit area and

resonant frequency are both dependent on the thickness of resonant structures, which makes it hard to decouple

these two important design parameters . Moreover, FBARs normally have resonant frequencies in the GHz

range due to difficulty in depositing thick piezoelectric films with good quality. It should be noted that a higher

operating frequency of a resonant sensor does not necessarily translate into improved overall sensor performance

as the noise level usually deteriorates with frequency, and it is generally accepted that higher operating frequency

results in larger power consumption and design complexity for the read-out electronic circuit . In contrast to

FBARs and flexural beam resonators, LVRs feature lithographically definable resonant frequencies that are

independent of thickness. Therefore, the sensitivity of resonant sensors based on LVRs can be improved by

reducing the thickness while keeping resonant frequencies unchanged, unlike FBARs. This unique characteristic,

combined with compatible manufacturing process with ICs, has rendered LVR a viable candidate for future

integrated resonant sensors with miniaturized dimensions, high performance and low power consumption. Over the

last two decades, a significant number of high-performance resonant sensors based on LVRs have been

demonstrated, such as chemical sensors , thermal detectors , infrared sensors , biological sensors 

, inertial sensors , magnetometers  and miniaturized acoustic antennas .

In piezoelectric MEMS LVRs, the electric field is mainly applied across the thickness of the piezoelectric film to

generate a lateral strain within the plane of the device with suspended free edges. The amplitude of lateral

vibration becomes maximum when the frequency of the excitation signal coincides with the mechanical resonance

of the resonator. For further details on the working principle of piezoelectric LVRs, we refer readers to references

. There are two types of electrode configurations that are commonly adopted for LVRs. The first type uses

interdigital transducer (IDT) electrodes only on one side of piezoelectric film , while the second type has top

and bottom electrodes on both sides of piezoelectric film . Depending on the structure of resonators,

piezoelectric MEMS LVRs can also be categorized into two types. The first type of LVRs consists of a piezoelectric

film, both as the transducer and acoustic cavity . The commonly-used piezoelectric materials include aluminum

nitride (AlN) , lithium niobate (LN) , zinc oxide (ZnO) , gallium nitride (GaN)  and lead zirconate titanate

(PZT) . The second type of LVRs uses the thin piezoelectric film as a transducer only while having most of the

acoustic energy propagating in the underlying thicker substrate . Such resonators are usually referred to as thin-

film piezoelectric-on-substrate (TPoS) resonators. Compared to the LVRs using only the piezoelectric film as the

resonator body, TPoS LVRs generally exhibit higher Q and larger power handling capability when appropriate

substrate materials are adopted. The commonly-used substrate materials include silicon , diamond  and

silicon carbide . As a trade-off, the effective electromechanical coupling (k ) of TPoS LVRs is usually lower

than piezoelectric-only LVRs as a significant part of the electrical energy transformed into acoustic energy is stored

in the substrate layer. To improve the k  of TPoS, a novel type of sidewall-excited LVRs has been reported as a

potential solution .

Figure 1a shows a typical structure of a TPoS resonator, which consists of input/output IDT electrodes,

piezoelectric film, bottom electrode and substrate layer. When Si is used as the substrate layer, a bottom electrode
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layer could be omitted by highly doping the top surface of Si substrate and let it serve as the “bottom electrode” .

The applied AC electric field across the thickness of the piezoelectric film (denoted as z direction) causes it to

expand and contract in the y direction through the piezoelectric coefficient d . Figure 1b,c depicts the perspective

and cross-sectional views of the indented fundamental symmetrical (S ) mode of Lamb wave. It should be noted

that the electromechanical transduction efficiency is maximized when the electric field and strain field in the

piezoelectric film are matched. That is to say, the indented S  mode can be efficiently excited when the center-to-

center pitch of the electrodes equals to half wavelength (λ) of the Lamb wave as shown in Figure 1c. As such, the

resonant frequency of the LVR is given by:

where V  denotes the acoustic phase velocity of the resonator. E  and ρ  are the Young’s modulus and mass

density of the substrate layer, respectively. It should be noted that Equation (1) approximates the acoustic phase

velocity using only the material properties of the substrate layer, which is usually much thicker than the other

constituent layers of TPoS LVRs. Equation (1) indicates a key feature of LVRs, which is that the resonant frequency

of the device can be set by the lithographically defined dimension. Although Equation (1) uses variable “W ” for

the case where IDT electrodes are adopted, one can simply replace W  with other physical dimensions that

represent half of acoustic wavelength in LVRs using patch electrodes (e.g., the width of the resonator in the width-

extensional LVRs ). Figure 1d shows the electrical characterization setup for a 2-port LVR, from which the

network parameters such as Z, Y and S parameters can be obtained. A typical plot of the associated transfer

admittance Y  is shown in Figure 1e, where it can be seen that the magnitude of Y  is maximum at the resonant

frequency f .

Figure 1. (a) Schematic for typical structure of thin-film piezoelectric-on-substrate (TPoS) resonators; (b,c)

perspective and cross-sectional views of the vibration mode shape of 7th-order fundamental symmetrical (S )

mode associated with resonant frequency f ; (d) electrical characterization setup for a 2-port TPoS laterally

vibrating resonators (LVR); (e) typical measured magnitude of transfer admittance Y  of a 2-port TPoS LVR.
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The operation of resonant sensors hinges on the shift in resonant frequency due to a change in effective mass or

stiffness of the resonant structure when subjected to a perturbation from the quantity of interest. There are three

methods that are commonly used to detect the frequency shift of LVRs. The first utilizes the electrical

characterization setup shown in Figure 1d, where the frequency response of the resonator is monitored by a

network analyzer . The second method involves detecting a change in amplitude of the output signal by exciting

the resonator with an AC signal at a fixed frequency around the resonant frequency. This method essentially

converts the shift in resonant frequency to a change in amplitude which is usually monitored using a lock-in

amplifier . The third method involves building an oscillator by connecting the resonator with the electronic

amplifier to form a feedback loop. The output frequency of the oscillator can be readily monitored by a frequency

counter . Compared to the first two methods, the third method is more suitable for commercial applications as it

does not require cumbersome characterization equipment . It should be noted that, in resonant sensors

characterized by all three methods mentioned above, higher Q is generally desired for better resolution . Thus, it

is of vital importance to maximize the Q of LVRs for sensing applications. In addition, boosting Q also lowers close-

to-carrier phase noise in the application of oscillators , and improves roll-off characteristics in the application of

RF filters .

2. Dominant Dissipations in LVRs

There are many dissipation mechanisms reported for LVRs, which are usually divided into two groups, namely

intrinsic and extrinsic loss. Intrinsic losses are fundamental dissipative processes, thus dependent on the material

properties, mode of resonance and internal structure. In contrast, extrinsic losses stem from interactions between

the structure and the environment. Generally, the intrinsic losses, such as phonon-phonon or phonon-electron

interactions, set the maximum Q achievable in bulk mode resonators . Thermoelastic damping (TED) is one

example of a type of intrinsic loss . In most of the cases, the intrinsic losses are much smaller compared to

extrinsic losses and easily get masked by the latter. Extrinsic losses mainly include anchor loss , ohmic loss,

viscous loss  and surface loss , each of which will be detailed in the following part of this paper.

Quality factor (Q) is defined as the ratio of the maximum energy stored in the resonant system over the energy

dissipated per cycle. The overall quality factor (Q ) of LVRs can be expressed by summing up the distinct

dissipations :

where Q , Q  and Q  correspond to anchor loss, TED, and other losses, respectively. Unfortunately, there

is scarcely any reported work on measuring individual loss (or individual Q) directly. Instead, only Q , which

describes the combined effect of different damping sources, can be obtained by measuring the amplitude-

frequency or phase-frequency responses of the resonators. This brings about a huge challenge in analyzing the

damping mechanisms present in LVRs because each constituent source of damping cannot be easily analyzed
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separately. However, if the dominant losses are much larger than other losses, then the other losses may be

neglected in an approximation of Q . In other words, the approximation considers only the dominant losses,

which exhibit lower Qs and thus have more significant impact on Q  as indicated by Equation (2). It should be

noted that Equation (2) emphasizes Q  and Q  because anchor loss and TED were found to play dominant

roles in setting Q  in many LVRs . Thus, this work mainly focuses on these two dissipation sources.

However, other dissipations could become dominant in certain cases, which will be detailed in the following

sections.

2.1. Anchor Loss

Generally, LVRs consist of free-standing resonant bodies that require mechanical support (dubbed as anchor).

Thus, an anchor is defined as a mechanical structure that attaches the resonator body to the peripheral supporting

frame. Anchor loss occurs when elastic energy propagates from the resonator body to the surrounding substrate

through the anchors. If the total elastic energy stored in the resonator is given by E  and the energy propagating

out via the anchors is given by E , then Q  can be computed using the following equation :

For any LVR with a free-standing resonator body which is suspended by the supporting structures, anchor loss is

unavoidable. This is true even if the anchor structure is placed at the positions where minimum displacement

occurs (such points are normally referred to as nodal points). This is because the anchor structures have a finite

size in practical cases rather than being an idealized infinitesimal point. It is widely reported that anchor loss plays

the major role in setting the Q in most of LVRs .

2.2. Electrode-Related Loss and Thermoelastic Damping (TED)

For LVRs utilizing piezoelectric transduction, metal electrodes are necessary for actuation and detection of the

Lamb wave in the resonator body. It was found there exists a damping mechanism related to the electrodes that

has been associated with interfacial loss . This electrode-related loss was confirmed by a demonstration in a

3.2-GHz overmoded LVR that the f·Q product can be pushed to 1.17 × 10  by reducing the electrodes coverage to

0.57% . To completely eliminate the electrode-related loss, some researchers proposed a capacitive-piezo

transducer, which separates the electrodes from the resonator body by sub-micro gaps . Applying this design

strategy to a 940-MHz LVR leads to a 5× enhancement in Q, resulting an f·Q product 4.72 × 10 . These

experimental results suggest that anchor loss alone cannot account for the measured Qs in LVRs, and the

electrode-related loss also plays a significant role in setting Q. However, there is yet to be a solid universal

explanation for the electrode-related loss observed in various types of LVRs. The complexity in analyzing

electrode-related loss arises due to the uncertainty of the thermal properties and interfacial conditions for

constituent metal and piezoelectric thin films . One possible cause for the electrode-related loss is TED,

which has been extensively studied for micro-resonators using electrostatic transduction . For micro-
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resonators using piezoelectric transduction, it has been experimentally verified that TED plays a dominant role in

setting Qs of a 1-GHz AlN LVR . TED was also analyzed in a series of 140-MHz AlN-on-Si LVRs using finite-

element analysis , where it was shown that TED made comparable contributions as anchor loss in setting the Qs

of regular flat-edge LVRs. Thus, it is reasonable to consider TED as one of the significant source for electrode-

related loss.

TED refers to an irreversible energy transfer process as elastic energy turns into heat . The dissipation is

caused by thermal gradients arising from the local volumetric change as the resonators vibrate. As such, this

dissipation mechanism is absent for pure shear modes, where the volume of such modes does not change. This is

the reason why reported f·Q products for Lamé bulk-mode silicon resonators can reach close to the limit set by

intrinsic material loss . In comparison, TED becomes more relevant for Lamb wave modes where longitudinal

waves and shear waves are usually coupled in the resonator body. It is reported that Q  can be evaluated using

the following equation :

where c  denotes heat capacity per unit volume, ψ a constant related to the geometry of the resonator, α thermal

expansion coefficient, ρ mass density, k thermal conductivity, T absolute temperature and ω angular frequency.

Although Equation (4) holds for single-material devices, it can be extended to predict Q  of composite resonators

(e.g., TPoS LVRs) by considering TED from each constituent layer with the help of finite-element analysis tools .

It was also found that TED from metals far exceeds that from semiconductors and dielectrics since metals

generally exhibit larger thermal conductivities and thermal expansion coefficients . Thus, it is reasonable to

attribute TED to metal electrodes and simply ignore TED from piezoelectric and substrate layers as a reasonable

approximation of Q .

2.3. Other Dissipation Sources

Apart from anchor loss and TED, other dissipations such as ohmic loss and viscous loss could also become

dominant for LVRs in certain cases.

Ohmic loss occurs when electrical currents pass through electrodes with low but non-zero resistance. As the

operation frequency of LVRs increases, ohmic losses usually become more significant due to the smaller electrode

width required for excitation of high-frequency Lamb waves. Larger electrical loss results in more heat generation

causing non-linearity issues in LVRs which further limits the power handing capability . To reduce ohmic loss, a

common method is to increase the thickness the metal electrodes. However, a thick metal layer could negatively

impact the indented vibration mode or cause additional damping . An alternative solution is to use low-resistivity

metals. It should be noted that trade-offs usually exist for choosing the metal materials for LVRs as many other

design factors, such as acoustic impedance, power durability and complexity in terms of microfabrication process,

also need to be taken into account.
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Viscous loss occurs when a portion of kinetic energy transfers from the resonator to the surrounding molecules. It

usually becomes larger as the surface to volume ratio of the resonator increases . When operating LVRs in a

fluidic medium, which is usually the case for biological sensing applications, viscous loss becomes the most

dominant damping mechanism . A common method to reduce viscous loss is operating the resonator in a shear

mode as the shear acoustic wave does not displace the molecules perpendicular to the resonator surface .
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