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ARTICLE INFO ABSTRACT

Keywords: Reconfigurable phononic crystals (PnCs) and related devices are highly attractive because of their flexibility for
Phononic crystal different applications. We present the design procedure for a tunable acoustic resonator based on a 2D PnC,
Resonance consisting of a periodic array of piezoelectric rods of radii 175 pm as inclusions arranged in air background. A
Defect

single point defect devised by a rod of radius 161 um, replacing one of the inclusions, plays the role of the
acoustic resonator, leading to a defect frequency in the phononic band gap (f; = 432kHz). Applying a ~1%
strain to the defect rod, via an external voltage, tunes the defect resonant frequency within the phononic band
gap. It is shown that the maximum tunability and the frequency shift depends on the defect size, and is achieved
about Af; = 440 Hz for the defect with the expense of descending quality factor. Considering the pattern of the
localized pressure field, we introduce a multi-defect structure with five symmetric defect rods, corresponding to
the maxima of field distribution. It is shown that maximum frequency shift of the dominant defect frequency is
achieved about Af; = 1.14 kHz for defect radius of 161 um, when all five defect rods are strained. The proposed
tunable filter based on multi-defect structure results in an enhancement of about 2.6 times in the maximum
frequency shift, in comparison with the single defect structure, and introduces a promising approach for rea-
lizing tunable acoustic devices.

Localized mode

1. Introduction

Phononic crystals (PnCs) are periodic arrays of scatterers in a host
medium, creating the phononic band gaps due to Bragg reflections. It is
well established that wave propagation in PnCs is influenced by elastic
characteristics of both the scatterers and the host medium, including
mass density and elastic parameters [1,2]. Adding a defect to a PnC can
result in at least an allowed mode within the band gap. Depending on
the type of defect, this acoustic mode can be either localized [3] or
propagating [4]. Such properties have been widely investigated in order
to realize various acoustic devices such as filters [5], waveguides [6,7],
lenses [8], and demultiplexers [9].

The opportunity to realize tunable PnCs after manufacturing is
highly attractive because of high flexibility and reconfigurability. In
this line of research, tunable filters, waveguides or resonators can be
implemented and controlled by an external stimulus. There are nu-
merous reports that are based on changing shape or structure of the
crystal [10-12], or varying elastic parameters of the applied material
[13-19]. Realizing tunable phononic crystal by exerting mechanical
stress and deformation can be applicable by physical contact with the
crystal and involves external mechanical instrumentations [10-12].
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Magnetoelastic coupling is one the latest mechanisms to change the
elasticity [13,14], and magnetic permeability tensors and the behavior
of the phononic crystal, as a function of the applied external magnetic
field. This approach opens up new horizons in the field but suffers from
necessity of providing high external magnetic field that enforces high
volume and is in contrary to integration goals. Other groups that have
worked on changing elasticity have proposed varying temperature or
IR-irradiation [15-17], suffering from high power consumption and
response time. Among the related reports, there are few works that use
piezoelectric materials to tune the PnC behavior by applying an ex-
ternal electric field [18,19]. Electrically controlled piezoelectric PnCs
can show fast response and are excellent for dynamic stimulations,
while being suitable for integration goals simultaneously.

Here, we propose electrically controlled acoustic resonators, based
on defect modes in PnCs. The PnC platform consists of an array of PZT
rods in air medium. Applying an external electric voltage to the selec-
tive defect rods can lead to the desired tunable defect bands for the
structure. For this purpose, we have simulated the presented resonator
designs to achieve an optimized tunable resonator.
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2. Simulation method

Study of acoustic wave propagation in a periodic medium is based
on the equations of motion. In the general case of an arbitrary in-
homogeneous elastic medium, the equation of motion for the compo-
nents of the displacement vector contains both the longitudinal and
transverse velocities [20,21]. Here, a 2D PnC, including PZT rods in air
background, is studied in which wave propagation is predominant only
in the fluid. Since wave in fluid medium, like air, cannot propagate in
transverse direction, solid rods can be considered as fluid media with
high stiffness and specific mass consequently [8]. Then, the wave
equation is simplified as:

€22 = Vo)

ar? @
where C;; = pc? is the longitudinal elastic constant, p is the mass
density, ¢, is the longitudinal velocity, p is the acoustic pressure, and V
is 2D nabla. We have utilized 2D finite element method (FEM) to solve
Eq. (1) numerically, and evaluate acoustic wave propagation, trans-
mission spectra and acoustic pressure field distributions in the in-
vestigated PnCs versus plane wave incident acoustic pressures with
amplitude of 1Pa. These simulations have been done by COMSOL
Multiphysics software. Transmission spectra of the PnCs are defined as
T = |Wo,,t/W,n|2, wherein Wy, and Wy, are the incident and output
acoustic energies that are achieved by:
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where S; and Sg are the input and output surfaces of the relating PnC.
All boundaries, except input and output ports, are assumed sound hard
boundaries with zero normal derivative of the acoustic pressure at that
boundary. The input and output ports are assumed radiation boundaries
with zero reflection.

To achieve band structure of the PnC we have applied plane wave
expansion (PWE) method. Considering the periodicity of the crystal
structure, we can apply Bloch theorem and Fourier series [8] of p’l(r)
and C;; (1), to achieve:
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where G is the 2D reciprocal lattice vector, K is a 2D Bloch vector, o is
eigenvalue and p, (G) is eigenvector. Structure factor, F(G), is given for
the rods in PnC by [8]:

2f1(Gry)

&= )

where J;(x) is the Bessel function of the first kind of order one,
2
f= n(%’) is the filling fraction of rods (with radius rp), and a is the

lattice constant in the square lattice. We have solved the eigenvalue
equation (Eq. (3)) in order to calculate the band structure of the PnC.

3. Results and discussion
3.1. Tunable resonator based on a single point defect

Fig. 1(a), shows the achieved transmission spectrum of a prefect
11 x 11 phononic crystal. The inset displays the top view scheme of the
investigated 2D phononic crystal, which consists of PZT-4D rods
standing in air background. The rods have a radius of ro = 175 pum,
while the lattice constant is a = 490 um. The material parameters are
Pair = 1.2kg/m>, C, = 343 m/s, while Poisson ratio (v) and Young’s
modulus (E) of PZT are 0.33 and 62 GPa, respectively. It is also notable
that the length of PZT rods (L) are assumed very long in comparison
with the investigated acoustic wavelength (L > 10\ = 1cm). To
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evaluate transmission spectrum of this PnC (according to Eq. (2)), S;
and So are assumed the incident and output boundaries as shown by red
dashed lines in the inset. Fig. 1(a) reveals that incident frequencies
between 224 kHz and 436 kHz are not permitted to transmit the perfect
PnC.

Part (b) in this figure displays the band structure of this crystal,
which has been achieved by PWE method and illustrates an acoustic
band gap between 387 kHz and 433 kHz in this figure. It can be ob-
served that the calculated transmission band gap in part (a) agrees with
the band gap in the X direction of band structure in part (b), corre-
sponding to the direction of the incident plane wave (black arrow in the
inset of Fig. 1(a)). The inset of Fig. 1(b) manifests the high symmetric
points in the first Brillouin zone of the lattice.

Then, we have included a point defect in the middle of PnC and
investigated the characteristics. The dimensions (ry, a) of the defected
crystal are the same as the previously investigated perfect crystal, ex-
cept that the central rod serves as the defect rod with a different radius
(rq) as shown in the inset of Fig. 2(a). Moreover, the inset indicates S;
and Sp by red dashed lines, which are assumed as the incident and the
defect boundaries respectively. Fig. 2(a) indicates the achieved re-
sonance spectrum at the point defect of a 11 x 11 PnC, when
rg = 161pum (rq < ro). Fig. 2(b) illustrates the full range spectrum in
logarithmic scale. Red arrows in both parts (a, b) highlight the defect
frequency in the band gap.

Fig. 2(c) shows the relating band structure, in which the red-dashed
band corresponds to the defect band. This picture was simulated by
defining a super-cell, as shown in the inset of part (a), and using PWE
method. The nearly flat band nature of the created defect band reveals
nearly zero group velocity for the relating acoustic mode. Hence, the
created defect mode is expected to be localized and resonating at the
defect position. Part (d) in this figure illustrates the pressure field dis-
tribution for the defect frequency (fy), which confirms creation of the
localized mode.

It is expected that the defect frequency varies by changing the
characteristics of the defect rod in the crystal, such as rod dimension.
On the other hand, PZT is a well-known piezoelectric in which external
electric field can induce strain and a change in the dimension of the
defect rod. Regarding this, we assume an exerted radial strain (¢ = 1%)
to the defect rod in order to control the defect frequency, and shift the
resonance frequency consequently. The proposed structure for the de-
fect rod is depicted as the inset of Fig. 3 schematically, which allows the
required radial strain with the minimal internal stress by applying bias
voltage (Vpi,s) to the electrodes. Fig. 3 exhibits the resonance spectrum
of the described defective PnC, where the defect peaks before (blue-
solid' peak) and after (red-dashed peak) exerting strain are magnified.
It can be observed that the defect peak shifts to higher frequencies for
about 440 Hz, after exerting 1% strain to the defect rod. This reveals a
tunability of about + 440 Hz for the proposed acoustic resonator, when
ra/To = 0.92. It is notable that the required Ary = 1.6 um (equal to
e = 1%) for the defect rod with ry/rp = 0.92, can be achieved by ap-
plying a bias voltage of about 5kV to the proposed structure in the
inset. It is worth mentioning that we neglected the strain-induced
modulation of the defect rod’s stiffness because the reported maximum
modulation of Young’s modulus for ¢ = 1% in PZT results in negligible
change in the presented transmission and band structure data [22]. This
observation is attributed to the inherently extensive difference between
the Young’s modulus of PZT and air as the background.

Then, we have studied the effect of defect dimension on the strain-
induced tunability of the resonance frequency. For this purpose, we
simulated single defect structures with different r; values, and in-
vestigated the defect frequency shift (Afy) versus exerting ¢ = 1%. Fig. 4
indicates the strain-induced Afy versus ry/ro (blue-solid curve), when ry

1 For interpretation of color in Fig. 3, the reader is referred to the web version
of this article.
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Fig. 1. (a) Transmission spectrum of the investigated PnC.
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Inset illustrates the top view of the crystal, schematically. (b) Band structure of the investigated PnC.
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is changed from 70 um to 270 pm. It is shown that for ry < r, blue shift
is resulted (Afq > 0), while for ry > ry we have red shift of defect fre-
quencies (Afy < 0). It is obvious in this figure that when ry/ry goes to
unity, defect frequency in the band gap begins to disappear, and no Afy
can be defined consequently (shadowed zone). The worthy point here is
that the maximum strain-induced frequency shift is achieved
Afy = +440Hz, when rg = 161 pm (r4/ro = 0.92). However, it should
be considered that there is a trade-off between the maximum Af; and
the quality factor (Q) of the defect peak. It is expected that when rg/rp
goes around unity, the crystal resembles a perfect crystal, the defect
peak tends to disappear by merging to the pass band, and the quality
factor decreases. For clarifying this trade-off, we have superimposed the
variation of the quality factor (red-dashed curve) in Fig. 4. It is ob-
viously observable that rg/rp = 0.61 is the optimum point, where both
Q and Af; are maximized simultaneously, for ¢ = 1%. This optimum
point allows a high quality factor acoustic resonator, with a highly
tunable strain-induced resonance frequency.

10

@

3.2. Tunable resonator based on a multi-defect structure

At this stage, we have studied a multi-defect PnC with a symmetric
defect configuration, which includes 5 defect rods (green rods) at the
center of a 11 x 11 crystal, as shown in the inset of Fig. 5(a), sche-
matically. Moreover, the inset indicates S; and Sp by red lines, which
are assumed as the incident and the central defect rod’s boundaries (rod
No. 3) in the multi-defect configuration. We have chosen this multi-
defect structure in correspondence with the pattern of the field dis-
tribution relating to the discussed single defect structure. In other
words, the defect rods are selected at the positions of pressure field
maxima in Fig. 2(d). Hence, we expect that this structure shows sig-
nificant sensitivity to the equal exerted strain, and an improved tun-
ability can be obtained consequently. It should be noted that we have
studied tunability of the described multi-defect structure for both (i)
rg=161um (rg/ro = 0.92), and (ii) rg = 106.75um (rq/ro = 0.61).
According to the aforementioned discussion on the single defect
structure in Fig. 4, the first case corresponds to the achievable max-
imum frequency shift, while the second case relates to the optimized
point where both frequency shift and quality factor values are
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Fig. 3. Resonance spectrum of the single defect structure (with ry/ro = 0.92)
shifts to higher frequencies for about 440 Hz, by exerting 1% strain to the defect
rod. The inset shows the proposed structure for exerting strain to the defect rod
schematically.
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Fig. 4. Variation of Af; (solid-blue curve) and Q (dashed-red curve) for the
defect band, versus rq/ry, for ¢ = 1%.(For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

maximized simultaneously. The other structural parameters are the
same as the previous part, for single defect. Parts (a) and (b) of Fig. 5
display the resonance spectrum of the investigated multi-defect crystal
with rg/ro = 0.61 in linear and logarithmic scales respectively, where
two defect bands in the band gap are shown by red arrows.

Part (c) shows the pressure field distribution for f;; = 426.14 kHz,
the symmetric defect mode, which reveals similar distribution pattern
to the investigated single defect structure, but stronger localization
around the defect sites (as compared with Fig. 2(c)). Fig. 5(d), also
depicts the non-symmetric pressure distribution for the second defect
(faz = 433.13kHz).

Now, we study different configurations to exert strain to the pro-
posed multi-defect structure. For this purpose, we have applied strain to
one of the defect rods, then two, three, four and all five defect rods,
subsequently (see parts (a) to (i) in Table 1). The first row displays the
cropped view of the investigated 11 X 11 defected PnC around the
multi-defect structure, where green rods are the relaxed defect rods,
and red rods are the stimulated defect rods with ¢ = 1% in each con-
figuration. Blue rows in Table 1 summarize the Af; and Q results for
each investigated configuration, when ry/rp = 0.92. Green rows present
the similar results for the optimized dimension, when ry/ro = 0.61. It is
notable that the tabulated results are related to the first symmetric
defect band (f; = 426.14kHz) of the investigated multi-defect struc-
ture.

11
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First, we consider the strained configuration (a), where rod No. 1
(Fig. 5(a)) is strained. It should be noted that exerting strain to rod
numbers 1, 2, 4 and 5 lead to nearly the same frequency shifts, due to
symmetry of the investigated multi-defect structure. Configuration (b),
corresponding to the case when strain is applied to defect rod No. 3,
leads to a higher frequency shift in comparison with the previous
configuration. The next two configurations are related to the cases
when strain is applied to two of the defect rods, which are highlighted
by red rods in configurations (c) and (d) in Table 1. The tabulated re-
sults show higher frequency shifts in these latter two cases in com-
parison with previous ones, due to controlling more sensitive sites of
the multi-defect structure. As expected, the behavior of the multi-defect
structure is sensitive to the sites where pressure field is localized (sites
1-5 in Fig. 5(a)). Similarly, configurations with three and four strained
defect rods indicate enhanced frequency shifts, respectively (config-
urations (e)-(h) in Table 1). Finally, the configuration with 5 strained
defect rods is illustrated as configuration (i) of Table 1, which has re-
sulted in the highest frequency shift. In other words, when all the de-
fective and sensitive sites are strained a considerable frequency shift is
achieved, which is enhanced by a factor of about 2.63, comparing with
the single defect structure (Fig. 3). The proposed tunable acoustic re-
sonator is promising for different application fields such as re-
configurable sensors and filters for sound navigation and ranging
(SONAR) techniques, or energy harvesting. Among these potential ap-
plications, energy harvesting from ultrasonic sources for implantable
biomedical devices is an attractive candidate for our proposed re-
sonator. The proposed structure seems especially promising for the
biomedical devices with high cost or high risk accessibility. In this re-
gard, we can refer to a report on microfabricated PZT diaphragm array,
which has been utilized to realize self-powered biomedical devices that
harvest energy of the incident ultrasonic wave [23]. Their structure
suffer from low efficiency energy conversion, which can be overcome
by the ability of wave localization in our proposed miniature PnC
structure. For this purpose, energy harvester can be embedded in the
designed PnC-based cavity, so that the resonance frequency of the
micro-harvester is matched with the resonance frequency of our
acoustic resonator [24]. Moreover, the filtering behavior of the sur-
rounding PnC can prevent the harvester from being influenced by any
other undesired environmental wave with forbidden frequency.

4. Conclusion

Here, tunable acoustic resonators have been introduced and in-
vestigated, based on defect sites in PnC. The proposed phononic crystal
consists of PZT rods standing in air medium, while defect rods are as-
sumed by the same material but different radii. Defect rods lead to
defect bands in the band gap, which depend on the dimension and
structure of the defect. Regarding the piezoelectric property of PZT,
electrically controlled radial strain can be exerted to the defect rods
that lead to tunable defect bands, or resonance frequency. Considering
the pattern of the localized pressure field, we introduced single defect
and multi-defect structures, and demonstrated that the maximum fre-
quency shift is enhanced by a factor of about 2.63 for the multi-defect
structure. Moreover, we have optimized the size and the strain con-
figuration to compromise between the frequency shift and quality
factor of the defect band. The proposed reconfigurable resonator is
highly attractive because of its operational flexibility after manu-
facturing, and can lead to emerging new generations of tunable devices
such as sensors, filters and energy harvesting applications.
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Fig. 5. The resonance spectrum of the multi-de-
fect structure with two defect bands in: (a)
linear, and (b) logarithmic scales. The inset of
part (a) shows the top view of the investigated
multi-defect PnC, where green rods present the
defect rods with ry/ro = 0.92. (c), (d) Pressure
distribution patterns of the lower and higher
defect frequencies, respectively.

The achieved Af; and Q results for different strained configurations of the multi-defect structure. First row illustrates the cropped view of the investigated 11 x 11
defected PnC, where red rods represent the strained defect rods with ¢ = 1%, and green rods show the relaxed defect rods. Blue rows correspond to rg/ro = 0.92,

while green rows are related to rg/rp = 0.61.
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