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We report the use of planar ring-shaped phononic crystals (PnCs) as anchor boundaries of very-high-

frequency band piezoelectric-on-silicon Lamb mode resonators for the purpose of enhancing their

quality factor (Q). Here, we exploit the acoustic bandgap associated with the PnC anchoring bound-

aries to reduce acoustic energy leakage out of the micromechanical resonator. The proposed approach

provides greater mechanical robustness (by merit of interlocking the cells in a matrix) and the possi-

bility of electrical routing through the PnC cells. We experimentally show enhancements in Q by a

factor of three using the proposed approach of hybridizing planar ring-shaped PnCs with microme-

chanical resonators. The effect of these PnCs on resonator Q is further corroborated by their effects

in suppressing transmission when incorporated into a delay line. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4967794]

Both high quality factor (Q) and strong electromechanical

coupling are desired for Microelectromechanical Systems

(MEMS) resonators, which have found interest for oscillator1

and radio-frequency filter applications.2 Aluminum Nitride

(AlN) thin-film piezoelectric-on-silicon (TPoS) MEMS reso-

nators3 combine the merits of low damping from single-

crystal silicon substrates with strong electromechanical cou-

pling provided by the piezoelectric transducer. The resulting

advantages of AlN TPoS include higher power handling capa-

bility, low insertion losses, and fabrication compatibility with

complementary metal oxide semiconductor (CMOS) technol-

ogy. Apart from frequency control, TPoS technology has been

applied to realize sensors with enhanced performances.4,5

Given that high Q is desirable, methods to enhance Q
include curving the sides of the resonator plate6 and adding

mirror-like acoustic reflectors on the anchoring boundaries.7

One recent approach to enhance Q in TPoS MEMS reso-

nators has been to hybridize the TPoS MEMS resonator with

phononic crystals (PnCs) in the limit where anchor loss dom-

inates. A PnC is an artificial material made by periodically

changing the acoustic properties (i.e., density and velocity of

the medium of propagation) of a certain structure. This peri-

odicity leads to the formation of a complete bandgap in the

dispersion relation f ð~kÞ, as in the case of the electronic band

structure of solids and the dispersion relation of photonic

crystals. In the case of phononic bandgaps, phonons at cer-

tain frequencies cannot propagate inside these structures.8

The features of the acoustic bandgap (e.g., central frequency

and width of the bandgap) can be engineered by simply

changing the topology of the unit cells that make up the PnC.

Previous works have already shown the possibility to effi-

ciently use one-dimensional (1D) ring-shaped PnCs as teth-

ers9,10 and two-dimensional (2D) PnCs made of an array of

holes in the silicon substrate as anchoring supports11 for

TPoS MEMS resonators. The use of ring-shaped PnCs

provides greater design flexibility in the electrical routing

compared to running metal tracks through the gaps between

closely separately holes. However as tethers, these ring-

shaped PnCs are structurally weaker compared to 2D-hole

PnC anchoring supports and thus more susceptible to

mechanical shock.

In this work, we experimentally demonstrate the use of

2D ring-shaped PnCs as anchoring supports for boosting the

Q factors of TPoS MEMS resonators. The description of 2D

PnC refers to the fact that the unit cell is repeated within the

plane of fabrication along both the x and y axes (see Fig. 3)

as opposed to a 1D PnC where the unit cell is repeated in

only either the x or y axis. The proposed architecture allows

routing of the electrical connections through the PnCs while

also enhancing structural robustness by physically linking

the ring-shaped PnCs in two axes (instead of one) to form a

matrix. We also experimentally demonstrate the effect of the

acoustic bandgap in the frequency response of a delay line

that incorporates the 2D matrix of ring-shaped PnCs. The

experimental results are supported by finite element (FE)

simulations.

First, we determined the existence of a complete acoustic

bandgap for the proposed ring-shaped PnC using FE simula-

tions implemented in COMSOL Multiphysics. An eigenfre-

quency analysis has been performed on the unit cell depicted

in Fig. 1(a). In the fabricated devices, the unit cell is repeated

on both x and y axes along the h110i direction within the (100)

plane of the silicon substrate. To simulate the acoustic bandgap

associated with the structure, Floquet boundary conditions

have been applied on both unit cell edges along the x and y

axes where the periodicity occurs and parametrized in order to

span the irreducible Brillouin zone (Fig. 1(b)), from which the

dispersion relation f ð~kÞ was obtained. The result of the simula-

tion shows a complete bandgap between 106 and 116 MHz,

where there is no acoustic propagation for any value of thea)Electronic mail: josh.lee@cityu.edu.hk
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k-vector, as shown in Fig. 1(c). However, in the devices under

test in this work, our focus is on the reflection of longitudinal

waves that would propagate out of the resonator. In the case,

the effective bandgap extends down to about 96 MHz, as

highlighted in Fig. 1(c).

The resonant frequency of the TPoS resonator has been

designed to coincide around the center frequency of the

acoustic bandgap. The resonator has been designed to vibrate

in its higher-order (9th order) width-extensional mode, as

illustrated in Fig. 2.

The acoustic wavelength of the mode, and hence the res-

onant frequency, is set by the center-to-center distance

between the finger electrodes (denoted by Wp) as illustrated

in Figs. 2 and 3

f ¼ 1

2Wp

ffiffiffi
E

q

s
; (1)

where E is the Young’s modulus in the h110i axis and q is

the density of silicon.

As shown in Fig. 3, the TPoS resonator is bounded

on both clamped ends by 2D matrices of ring-shaped PnCs.

As the resonator vibrates along its width (y-direction),

evanescent waves along the length (x-direction) naturally

propagate out of the resonator through the tethers. By inter-

cepting these outgoing waves using PnCs, acoustic energy is

reflected back into the resonator, thereby minimizing energy

loss. This in turn enhances Q.

To verify the existence of an acoustic bandgap formed

by the proposed 2D matrix of ring-shaped PnCs through

the frequency response of a fabricated device, we have incor-

porated the 2D PnC matrix in a delay line where the PnC

matrix appears as the propagating medium between two

piezoelectric interdigital transducers (IDTs) as depicted in

Fig. 4 that shows the actual fabricated delay line. IDTs on

one side are used to electrically excite Lamb waves, which

FIG. 1. (a) Unit cell of ring-shaped PnC. Dimensions: L¼ 42lm; ro¼ 20 lm;

ri¼ 10 lm; and t¼ 10 lm. (b) Irreducible Brillouin zone for the square unit

cell. (c) Dispersion relation of the PnC showing the complete acoustic

bandgap between 106 and 116 MHz and partial acoustic bandgap for longitu-

dinal waves down to 96 MHz.

FIG. 2. Perspective view of the 9th order width-extensional mode of vibra-

tion where the contours refer to the y-direction displacement (primary

direction of resonator motion). The inset shows the associated z-direction

displacement around the anchoring regions, which is related to anchor loss.

FIG. 4. Optical micrographs of the fabricated delay lines with different

propagating mediums between interdigital transducers (IDTs); (a) PnC and

(b) silicon slab.

FIG. 3. Schematic of the resonator with PnC as supports.

203501-2 Binci et al. Appl. Phys. Lett. 109, 203501 (2016)



are electrically detected by IDTs in the other side.12 In the

numerical model, we have defined the width of the IDT elec-

trode fingers (as well as their center-to-center distance) to be

constant. This is a simplification of the actual device, where

the width of the IDT electrodes was allowed to vary along

the length, in order to reduce the complexity of the numerical

model. Based on a pitch distance of 42 lm, the excited Lamb

wave would peak at 101 MHz. Simulating the transmission

S21 frequency response of the delay line embedded with the

PnC requires a 3D FE model. To implement a model that

converges, we have defined just two rows of PnC rings (each

row containing 6 PnC rings) and applied periodic boundary

conditions along the y-axis as a reduced model of the fabri-

cated delay line shown in Fig. 4.

Perfectly matched layers were applied to both ends of

the clamped silicon slab in order to reduce wave reflections

that would otherwise introduce spurious peaks in the trans-

mission spectra. As a reference for comparison, we have

built a 3D FE model of the delay line with a completely un-

etched silicon slab between input and output transducers.

Fig. 5 shows the simulated S21 of the two delay lines, from

FIG. 5. Simulated transmission S21 magnitude for the delay lines with and

without the PnC.

FIG. 6. Fabricated devices under test.
FIG. 7. Y11 magnitude extracted from measured S11 for: (a) Device A (with

PnC boundaries), (b) Device B (no PnC), and (c) Device C (no PnC).
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which we can see that the existence of the acoustic bandgap

in Fig. 1 is reflected as a notch in Fig. 5.

We fabricated three designs of TPoS MEMS resonators

with the same resonant frequency as depicted in Fig. 6. One

of the devices is bounded on each end by 2D matrices of ring-

shaped PnCs via multiple tethers (Fig. 6(a)): Device A. In

contrast, the other two resonators do not have PnCs. Device B

is supported on each side by a single tether (Fig. 6(b)) while

Device C is supported by multiple tethers (Fig. 6(c)). While

the acoustic cavity volumes of Devices B and C are smaller

than Device A, we have not observed any notable difference

in Q as a result of a larger cavity.9 In addition, we fabricated

two delay lines as described in the simulation models above,

which are shown in Fig. 4. All the devices have been fabri-

cated using a foundry AlN-on-SOI micromachining process.13

We electrically characterized the three TPoS MEMS

resonators in air using a one-port configuration to obtain the

S11 by means of a network analyzer. Short-open-load calibra-

tion was performed prior to all measurements. We derived

the Y11 characteristic from the measured S11. After subtract-

ing out the effect of parasitic feedthrough,14 we performed a

model fit to extract out the lumped parameters15 of the devi-

ces under test according to the following function:

Y ¼ jxnCm

xn=jxð Þ � jx=xnð Þ½ � þ j 1=Qð Þ ; (2)

where xn is the resonant radian frequency and Cm is the

motional capacitance. As depicted in the graphs of Fig. 7, we

see that the PnC anchors enhance Q by a factor of 3 over the

resonators without PnC supports (Devices B and C).

Measurements on another sample showed the same consis-

tent results. It is worth noting that difference in Q between

Devices B and C (single vs. multi tether) is insignificant

compared to the increase in Q observed in Device A (incor-

porating PnC anchors). In other words, the effect of the PnC

anchors on Q is much more significant than the effect of dif-

ferences in the tether design as well as size of the resonating

cavity.

Next, to more directly observe the effects of the PnC,

we measured the transmission S21 of the two delay lines by

applying a fully differential probing configuration that

reduces parasitic feedthrough. The measured result given in

Fig. 8 shows a broad peak centered at 100 MHz as expected

for the delay line that has no PnCs. In contrast, the delay line

with PnCs shows a notable suppression of the transmission

at the frequency band corresponding to the acoustic

bandgap.

In this work, we have demonstrated the effectiveness of

using planar matrices of ring-shaped PnCs to boost the qual-

ity factor of TPoS MEMS resonators vibrating at around

100 MHz. The proposed approach of terminating the tethers

of TPoS MEMS resonators with ring-shaped PnCs provides

greater robustness to mechanical shock (compared to PnC

ring tethers) while also providing feasible electrical routing

through the PnC structures (compared to etch-hole PnCs).

The effect of the proposed planar PnC rings on Q is further

corroborated experimentally by measurements of delay lines

incorporating the PnCs, which results in a suppression of the

transmission. The above experimental results are supported

by the numerical models presented herein.

This work was supported by a grant from the Hong

Kong Research Grants Council under Project No. CityU

11206115.
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