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Active wave-guiding of piezoelectric phononic crystals
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(Received 20 June 2011; accepted 9 August 2011; published online 25 August 2011)

By numerical simulations, we show that active wave-guiding can be realized in a stop band
frequency range of a phononic crystal (PC) if piezoelectric inclusions in the PC are electrically
controlled. The advantages of the wave-guiding are that no permanent geometry or material change
is needed and that somewhat arbitrarily shaped waveguides can be formed actively in PC
structures. The analysis with supercells consisting of piezoelectrically coupled and decoupled
inclusions shows that symmetric wave modes confined within the waveguide formed by decoupled
inclusions are most responsible for wave transmission. © 2011 American Institute of Physics.

[doi:10.1063/1.3630231]

Phononic crystals (PCs) exhibit interesting, useful phe-
nomena such as band gap phenomena,' wave focusing,” and
negative refraction.” In particular, PC structures with crystal
defects have recently received much attention because they
allow the formation of propagating wave modes within a
stop band frequency range of a PC structure and thereby the
defected region can be used as a waveguide. Khelif er al*
experimentally demonstrated the guiding of acoustic waves
by removing rods from periodically arranged steel rods
immersed in water. Pennec ef al.® analyzed the wave-guiding
phenomena in a PC structure made up of cylinder dots on a
thin plate having different geometries or materials. Oudich
et al’® studied guided modes in locally resonant phononic
crystal waveguides having various widths. More results on
phononic crystal waveguides may be found in Refs. 7—11.

If a PC waveguide is actively created, i.e., tunable, per-
manent installation of a defect can be avoided. In fact, PC-
based tunable waveguides can be achieved if an active mate-
rial is used as an inclusion material. Some attempts'*~'> to
control band gaps by piezoelectric and/or magnetostrictive
materials were made earlier. However, no investigation has
been reported to use active piezoelectric materials for active
wave-guiding, i.e., for forming somewhat arbitrarily shaped
waveguides within a finite PC structure. Here, we propose
active wave-guiding by controlling piezoelectric coupling
effects of some of the piezoelectric inclusions in a PC struc-
ture. The main advantage of using piezoelectric inclusions
for active wave-guiding among various active materials is
that the coupling effect of each piezoelectric inclusion can
be controlled independently by connecting a separate circuit
to each of the piezoelectric inclusions forming a waveguide.
After showing the feasibility of the suggested active wave-
guiding approach by numerical simulations, we will then
investigate the physics explaining how the active wave-guid-
ing is possible. For the investigation, an emphasis is put on
the guided modes formed within an actively created
waveguide.
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The PC structure considered in this work has PZT (lead
zirconate titanate)-5A rods embedded in a bulk silicon ma-
trix:'® see Fig. 1(a). The constitutive equation of a piezoelec-
tric material can be written as

T=cS —e'E,D =eS+<E, 1))

where T, S, E, and D represent stress, strain, electric field,
and electric density, while the coefficients c, e, and € denote
the elastic stiffness, piezoelectric coupling coefficient, and
electric permittivity, respectively. Here, the coupling coeffi-
cient e can be regarded to vanish, resulting in a decoupled
state when the external electrical circuit connected to the pie-
zoelectric rod is closed. Obviously, the dispersion relation of
the PC will be different depending on the piezoelectric stiff-
ening effect affected by the piezoelectric coupling state.'*'?
Under the assumption of the piezoelectric polling in the z
direction, one can mainly focus on out-of-plane displacement
modes because in-plane modes are not affected by the piezo-
electric coupling state.' 2

The dispersion curves of the PC with piezoelectrically
coupled and decoupled inclusions (will be referred to as the
coupled and decoupled PC) calculated by the finite element
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FIG. 1. (Color online) (a) Schematic illustration of a PC structure
(a: 16 mm, r: 6 mm) having piezoelectric rod inclusions, forming a tunable
straight waveguide. (b) The dispersion relations of the coupled PC and (c)
those of the decoupled PC. (The non-zero values of the coupling coefficient
of the used PZT-5A are e3; =e3; = —5.3576, e33 = 15.7835, and
e15 = exq = 12.2947 (unit: C/m?).)
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method'” are shown in Figs. 1(b) and 1(c). From the disper-
sion curves in the frequency range between 174 and 197 kHz
(between the blue dotted lines in Figs. 1(b) and 1(c)), only
deaf modes'® exist in the coupled PC while both deaf and
propagating modes exist in the decoupled PC. Since such
deaf modes cannot be excited by incident plane waves, no
wave can actually propagate through the coupled PC while
the decoupled PC allows an incident plane wave to pass
through. To demonstrate how this finding can be used to
form an active, somewhat arbitrarily shaped waveguide, nu-
merical simulations were performed.

Fig. 2(a) shows the finite element modeling for a straight
waveguide formed by three finite arrays of the decoupled PC
surrounded by the coupled PC. The total number of PZT-5A
rods embedded in a silicon matrix is 25 x 25. To form a
waveguide for a selected frequency of 185 kHz lying in the
band gap of the coupled PC, a closed electric circuit is con-
nected to each of all PZT-5A rods located along the desired
wave path while the surrounding coupled PC provides a stop
band due to the imposed open electric circuit condition. The
upper left figure in Fig. 2(b) shows that the incident wave
propagates mainly through the decoupled PC region colored
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FIG. 2. (Color online) (a) Finite element model for simulating wave trans-
mission in a tunable PC having unit cell shown in Fig. 1(a). Here, the case
of a linearly formed waveguide is illustrated. (b) The von Mises stress distri-
butions for four different waveguides that are actively created by controlling
the electric circuit states for all piezoelectric rods.
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yellow. This is mainly because the coupled PC surrounding
the waveguide has a stop band, resulting in the confinement
of the wave within the decoupled PC region. Also, the three
remaining figures in Fig. 2(b) demonstrate that quite arbitra-
rily shaped decoupled PC waveguides can be indeed formed
by controlling the piezoelectric coupling states of the corre-
sponding piezoelectric rods. Although the results in Fig. 2(b)
were based on PC having infinite thickness, the numerical
simulations with PC plates having a finite thickness of 2 mm
subject to an anti-symmetric flexural guided wave excitation
also exhibited high tunability of the PC structure. Thus, the
findings from this study can be also applied to thin plate PC
structures.

To investigate how incident plane waves can propagate
through the decoupled PC region, the characteristics of the
guided modes are investigated by employing the supercell
shown in Fig. 3(a), as done in Ref. 10. Figs. 3(c) and 3(d)
show the dispersion curve of the guided modes for the fre-
quency range corresponding to the stop band of the coupled
PC while Fig. 3(b) shows the mode shapes of the modes.
In Fig. 3(b), the symbols “Sn” and “An” denote the nth
symmetric and anti-symmetric modes with respect to the
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FIG. 3. (Color online) (a) A supercell consisting of the silicon matrix and 8
piezoelectric rods. Three central rods are in a piezoelectrically decoupled
state while the others, in a coupled state. (b) Mode shapes of the supercell
with dominant out-of-plane displacements within the actively created wave-
guide. (c) Dispersion curves of symmetric guided modes and (d) those of
anti-symmetric guided modes. (e) Transmission of the PC structure having a
straight waveguide.
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horizontal axis passing through the center of the 3 decoupled
PC region. The mode order number, n, is so arranged that
modes with larger numbers have more sign changes in their
out-of-plane displacement distributions. Note that since only
the S1, A2, and A4 modes exist at the target frequency of
185 kHz, other mode shapes shown in Fig. 3(b) are plotted at
different frequencies: S2, S3, and S4 at 178 kHz while Al
and A3 at 183 kHz. Nevertheless, within the frequency
range, the patterns of the modes are almost the same.

To check the transmission through the actively created
waveguide, a measure of transmission defined as
T = |Ur|/|U;| (Ref. 19) is plotted in Fig. 3(e). Here, Ur is
the averaged out-of-plane displacement of the transmitted
wave calculated at the output port of the active waveguide'®
while U, the counterpart at the input port. For the simulation
of T, 15 layers of the supercell in Fig. 3(a) are placed along
the x direction as in Ref. 10, and a plane wave having out-of-
plane time-harmonic displacement motion is assumed to be
incident on the left end of the actively created waveguide.
To calculate U;, the two-point method” is employed, and it
is remarked that although T may exceed unity, it describes
the physics of wave transmission properly.]9

By using the results obtained in Figs. 3(b)-3(e), the
following findings regarding the wave transmission through
the actively created waveguide are summarized:

1. Guided modes confined mainly in the waveguide are
created upon switching on the electric circuit connected
to piezoelectric rods lying in a selected waveguide.

2. Although all branches participate in carrying the plane
wave, the S1 mode plays the dominant role because its
out-of-plane displacement mode shape along the y direc-
tion resembles most the plane wave. However, other
modes can significantly participate in wave transmission
for an angled waveguide.

3. Lower modes have shorter wavelengths in the propagat-
ing x direction than higher modes. For instance, the
wavelength of the S1 mode is approximately 2a/3 while
that of the S4 mode, 2a. This indicates that the S1 mode
belongs to a higher Brillouin zone while the S4 mode, to
a lower Brillouin zone and also that the S1 branch starts
from a lower cut-off frequency than the S4 branch.

4. The S1 mode has a zero group velocity around 192 kHz,
from which a partial band gap is formed. This explains
why the transmission shown in Fig. 3(e) drops rapidly
around the frequency of 192 kHz.

A few more remarks on other branches that are not
marked with Sn or An may be made. The branches expressed
in thick gray lines in Figs. 3(c) and 3(d) result from the deaf
modes of the coupled PC while other gray branches are due
to the imposition of the periodic condition along the y axis.
(Therefore, all of these branches do not participate in wave
transmission along the waveguide.) Finally, the simulation
with narrower waveguides, i.e., with the reduced number of
the piezoelectric rods forming the waveguide from 3 to 1,
shows that only the lowest few modes (S1, S2, and Al)
remain to survive due to the increase of the cut-off frequen-
cies. This result agrees with the previous study'® which
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showed the disappearance of higher modes with a narrower
PC waveguide. However, the transmission in narrower wave-
guides would be considerably reduced, especially in case of
bent waveguides.

This study suggests that if piezoelectric inclusions are
used to form a PC, one can form quite arbitrarily shaped
waveguides actively. Because the coupled PC has a stop
band only along the I' — X direction in the selected fre-
quency range, a waveguide can be composed only of vertical
and horizontal segments. Nevertheless, the use of piezoelec-
tric materials allows relatively easy control of the piezoelec-
tric coupling state independently for each piezoelectric rod,
so fine wave-guiding can be possible. The proposed wave-
guiding approach may be utilized to make elastic wave
routers. The dispersion and wave mode analyses with a
supercell explain how incident plane waves can propagate
through the waveguide.
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