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The systematic design, fabrication, and characterization of an isolated, single-mode, 90� bend

phononic crystal (PnC) waveguide are presented. A PnC consisting of a 2D square array of circular

air holes in an aluminum substrate is used, and waveguides are created by introducing a line defect

in the PnC lattice. A high transmission coefficient is observed (�1 dB) for the straight sections of

the waveguide, and an overall 2.3 dB transmission loss is observed (a transmission coefficient of

76%) for the 90� bend. Further optimization of the structure may yield higher transmission efficien-

cies. This manuscript shows the complete design process for an engineered 90� bend PnC waveguide

from inception to experimental demonstration. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4966463]

PnCs are periodic structures capable of selectively trans-

mitting and controlling the propagation of acoustic waves.1

They can also exhibit bandgaps, where the propagation of

such waves within a range of frequencies is forbidden in all

directions.2 By introducing defects that distort the perfect

array, isolated propagation modes can be created in the

bandgap whereby one can realize PnC-enabled devices, such

as resonators,3 waveguides,4 90� bends,5 acoustic isolators

and filters,6 and even ultra-high Q cavities that operate at the

material loss limit.7 PnC devices are especially useful in

applications where power availability is an issue, because

they are passive devices and thus require no power. This fact,

combined with the compact miniature sizes of the devices,

makes them attractive candidates for radio-frequency (RF)

applications, such as telecommunications, acoustic imaging,

and focusing, and even mixed-physics devices such as opto-

acoustic modulators and opto-mechanical delay lines.8,9

Various materials have been used to design PnCs, includ-

ing semiconductors, piezoelectrics, polymers, and metals,10–13

with each having various advantages and disadvantages relat-

ing to factors such as operating frequency, material loss, qual-

ity factor, and bandgap formation. Given that the manipulation

of transmitted and/or blocked frequencies depends on the lat-

tice symmetry and the shape and spacing of the inclusions, var-

ious types of lattices, such as square,14 triangular, honeycomb,

and hexagonal,15 with various inclusions ranging from simple

geometrical circular inclusions to fractal16 inclusions, have

been studied using different numerical approaches, including

plane-wave expansion, finite-difference time-domain, and

finite-element method (FEM).17–19

As the miniaturization trend of RF acoustic circuits con-

tinues, there is an ever-increasing need for the efficient

guiding of acoustic signals to various extremities of chips. In

the quest for chip real estate optimization, the guiding

requirements often involve routing waves through a 90�

bend. In this communication, we focus on the design, fabri-

cation, and characterization of PnC waveguides with the ulti-

mate objective of realizing efficient guiding around a sharp

corner. Kafesaki20 and Khelif21 showed theoretical demon-

strations of straight waveguides using phononic crystals with

minimal losses; however, there are hardly any experimental

demonstrations of RF acoustic waveguiding through a

bend.22

Our PnC consists of a 2D square array of cylindrical air

inclusions drilled into an aluminum slab. The inset of Fig. 1

shows a unit cell of the structure, where a is the lattice con-

stant, t is the thickness of the slab, and r is the radius of the

air holes. To relax the fabrication constraints and provide

rapid fabrication turnaround, a macro-scale lattice was real-

ized where the above parameters (a, t, and r) were set to

8 mm, 4 mm, and 3.84 mm, respectively, resulting in

r/a¼ 0.48 and t/a¼ 0.5. A waveguide was subsequently con-

structed by introducing a line defect in an otherwise perfect

array. It is important to realize that the scaling law of PnCs,

demonstrated repeatedly throughout the literature, allows this

design to be scaled down to micron length scales, thereby

enabling the frequency of operation to be in the MHz23 or

higher. The COMSOL finite element analysis package24 is

used for the numerical analysis, and experimental measure-

ments using piezoelectric transducers are conducted and com-

pared to the theoretical findings. The following is a detailed

description of the methodology employed.

A three-dimensional COMSOL Multiphysics model was

created to determine the bandgap frequency range corre-

sponding to the chosen PnC parameters. The dispersion rela-

tion of the first symmetric Brillouin zone of the structure was

calculated using eigenfrequency analysis, and is shown in
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Fig. 1. The structure was simulated by utilizing a free bound-

ary condition in the z-direction and periodic boundary condi-

tions in the x- and y-directions. All possible modes of

propagation were considered, i.e., in-plane, out-of-plane

transverse, and longitudinal modes. Examining the band dia-

gram, it is clear that this arrangement provides a wide

bandgap from 149 to 202 kHz in which correspond to 0.27 to

0.366 in normalized frequency (X¼xa/2pCt, where x is the

angular frequency and Ct is the transverse sound velocity) in

which acoustic waves are not allowed to propagate in the

crystal, resulting in 30% gap-to-midgap ratio. This large

bandgap allows for designing devices to guide mechanical

vibrations over a wide frequency range.

The experimental setup consists of a function generator,

digital oscilloscope, Butterworth filter, and piezoelectric

transducers. Two wide-bandwidth piezoelectric transducers

are mounted on either side of the devices to send and receive

mechanical waves. Sinusoidal voltages are applied to the

source transducer using the function generator, launching

longitudinal and transverse waves. The waves propagate

through the PnC device and are received by an identical

transducer that is placed on the opposite side to sense the

transmitted elastic waves and convert them back into a volt-

age signal that is detectable with the digital oscilloscope.

Also, a 4th order Butterworth filter is placed after the receiv-

ing transducer, but before the oscilloscope, to reduce noise.

The setup is first calibrated to adjust for ambient vibrations

and impedance mismatch, then a reference signal is gener-

ated using an aluminum slab of the same geometrical enve-

lope as the PnC devices. This reference signal is then used

to normalize the transmission coefficients for all subsequent

measurements of PnC devices. Two sets of experiments

were performed, one with the perfect PnC lattice and

one with the distorted lattice containing the line defect

waveguide.

First, the perfect PnC was fabricated and tested; the

results are shown in Fig. 2. It can be seen that the transmis-

sion coefficient drops between X¼ 0.26 and X¼ 0.34 in nor-

malized frequency, indicating a wide and deep bandgap

where incident waves are reflected. A frequency domain

analysis was performed to reinforce the eigenfrequency

analysis and calculate the transmission coefficient for the

PnCs.25 The FEM results are in good agreement with experi-

mental results, however FEM shows a deeper bandgap. This

is expected, and can be attributed to insertion and material

losses in the experiment which are not accurately represented

in the simulation. In addition, the PnC lattice is assumed to

be infinite in the FEM simulation, which results in a wider

and deeper bandgap as compared to the finite-sized lattice

that was actually fabricate and tested.

A straight waveguide is created by introducing a line

defect in the crystal along the propagation direction. PnCs

containing such line defects have been shown to guide elastic

waves efficiently.26,27 The defect width, w¼ (1þ a) a� 2r,

is defined as the separation distance between the edges of the

two neighboring air holes on either side of the defect relative

to the lattice constant a, where a is a scaling parameter. In

this way, the width of the waveguide can be tuned with

respect to lattice constant. For a¼ 0, we retrieve a perfect

PnC (no defect) and for a¼ 1 we obtain the so-called W1

waveguide defined as a PnC plate where one row of holes is

left out, i.e., Al remains in that row of holes.28

Figure 3 shows the band diagrams of the PnC samples in

C-X direction (waveguiding direction) for various values of

FIG. 1. Finite element analysis of the band structure of a bulk 2D square

array of circular holes in Al-air phononic with r/a¼ 0.48 and t/a¼ 0.5. A

unit cell of the structure is shown in the inset.
FIG. 2. Experimental (red) and numerical (black) transmission response of

the Al-air PnC with r/a¼ 0.48 and t/a¼ 0.5. (Inset) Image of actual perfect

PnC.

FIG. 3. Band structure along the C-X direction of phononic crystals with (a)

a¼ 0 (perfect PnC) and also PnC devices containing a waveguide with (b)

a¼ 0.01 (c) a¼ 0.1 (d) a¼ 0.5. (Top) schematic of the defect width (w).
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a. Modes shown in black are those resulting from the intro-

duction of the line defect. To ensure an efficient waveguide,

a well-isolated defect mode is necessary. As can be seen, the

choice of a¼ 0.1 produces a sufficiently isolated mode com-

pared to the rest the cases and is shown in red. (Fig. 3(c)).

The a¼ 0.1 waveguide was then fabricated and tested.

The experimental waveguide transmission response, plotted

in Fig. 4, shows a passband inside the bandgap between

X¼ 0.25 to 0.287, centered at about 0.275, showing 1 dB

of transmission loss, which translates to 90% energy

throughput. This is consistent with the FEM calculated band

diagram of Fig. 3(c) as well as the calculated transmission

shown in Fig. 4. Both the experiment and theory also con-

firm the existence of a complicated transmission band that

can be attributed to the lower defect modes in Fig. 3(c). The

frequency shift between the measured and calculated trans-

mission spectra can be attributed to fabrication imperfec-

tions and the finiteness of the fabricated samples, as well as

slight differences between the theoretical and actual mate-

rial properties such as Young’s modulus (E) and mass

density (q).

While both the upper isolated defect mode and the com-

plex mix of the other defect modes are seen to transmit with

high fidelity, it is imperative for guiding applications to be

able to confine the guided energy along the waveguide axis.

A zoom-in of the band diagram in Fig. 3(c) along with the

associated mode shape at two frequencies is shown in Fig. 5.

As can be seen, the lower frequency defect mode (black) is

crossing bulk crystal modes and as a result is leaky, allowing

the energy to travel through the whole crystal. Conversely, the

higher-frequency mode (red) is well confined, enabling the

guiding of waves only along the waveguide axis, and thus will

form the basis of our 90� bend design.

A bent waveguide was then designed and fabricated

with a¼ 0.1. To create a contiguous 90� waveguide bend,

the lattice was slightly perturbed in the bend region by the

introduction of reduced-size holes. The size of the small

holes were chosen to keep the critical dimension,29 i.e., the

minimum distance between inclusions, constant. In addition,

a 45� chamfer angle was introduced at the outer edge of the

bend between the two perpendicular but otherwise identical

line defects, see the insets of Fig. 6.

The experiment was repeated and the transmission spec-

trum then was extracted and plotted in Fig. 6. A transmission

peak corresponding to the guided mode exists only in the

defected PnC, as compared to the unperturbed lattice at

X¼ 0.32, and corresponds well to the confined isolated mode

at the same frequency in Fig. 4. The increase in the transmis-

sion close to the lower band edge, on the other hand, can be

attributed to the complicated transmission of the lower-

frequency unconfined modes between X¼ 0.25–0.285, as dis-

cussed previously.

Finally, frequency domain FEM analysis was performed

to provide insight into the efficiency of the bent waveguide

and confinement of the mode along the defect. The left inset

in Fig. 6 shows the numerical calculation of the propagation

of the mode at X¼ 0.26 where the wave is not quite local-

ized and mostly reflects back into the input, while the right

inset of this figure shows a localized bent waveguide mode

at X¼ 0.32 where the incident wave propagates along the

first straight waveguide and couples efficiently in the perpen-

dicular direction. Experimental transmission results indicate

FIG. 4. Experimental (blue) and numerical (gray) transmission responses of

the straight waveguide.

FIG. 5. Mode shape for guided modes: Inset shows the lower edge of the

bandgap with the leaky mode that wave travels through the whole crystal

and higher edge of the bandgap that has a confined guiding mode.

FIG. 6. Experimental results for the bent perfect PnC (red curve) and bent

waveguide (purple curve) for the Al-air PnC. (Insets) To accommodate the

90� bend, the lattice is disturbed and a few smaller inclusions that keep the

same critical dimension are added. The total displacement field of the bent

waveguide PnC for (left) leaky mode centered at X¼ 0.26 and (right) iso-

lated mode at X¼ 0.32.
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this mode has a transmission coefficient of �2.3 dB which

corresponds to 76% energy transmission. Since the materials

and dimensions as well as the PnC design here are different

from other reported PnCs, only a qualitative comparison is

possible. Nevertheless, comparing these results with the ones

already published indicates that similar results could be

achieved for different types of PnCs made of different

materials.30,31

In conclusion, guiding and bending was demonstrated

theoretically and experimentally in a planar phononic crystal

composed of a square array of circular air cylinders in alumi-

num. We have shown that a confined guided mode can be

realized by careful manipulation of the PnC lattice.

Transmission as high as 90% was realized in the straight

waveguide, and more than 76% in the 90� bent case. The

experimental results were in good agreement with the

numerical analyses. This isolated, single-mode 90� bend

offers a paradigm based on bulk acoustic waves (BAW) for

the design of next generation RF filters.
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