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ABSTRACT
In this study, we examined the dispersion profiles and surface acoustic wave attenuation properties of polygonal cavity-type
phononic crystals in relation to changes in the number of vertices. Both band analysis and transmission spectrum calculations are
performed using finite element method simulations. The findings indicate an increase in the number of vertices of phononic crystal
results in an increase in local resonance bandgap frequencies and corresponding transmission peaks. Furthermore, the phononic
crystal bandgap widens from 7.3 MHz to 11.1 MHz as the number of vertices increases from 3 to 14, as demonstrated by the
obtained dispersion profiles. Comparable features are observed in the transmission spectra for alternating polygonal cavity-type
phononic crystal periodic grooves. Additionally, the ability of the surface acoustic wave attenuation is affected by the phononic
crystal shape, and the resonance frequency of the phononic crystals can be adjusted by changing the number of vertices.
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1. INTRODUCTION

The ability to manipulate biological or inorganic objects
without physical contact has long been a desired goal.
Electromagnetic and acoustic waves have emerged as the
most effective means to achieve this aim (Collins et al.
2016). Surface acoustic waves (SAWs) have gained significant
attention in various research and application areas, including
delay lines (Topaltzikis et al. 2021), filters (Su et al. 2021b,a),
microfluidics (Xie et al. 2020; Qian et al. 2020; Agostini et al.
2019), gas-detection (Kumar & Prajesh 2022; Hekiem et al.
2021), mass detection (Wang et al. 2019), and bio-detection
(Zhang et al. 2015; Kidakova et al. 2020) applications. The
widespread use of SAW devices arises from their versatility
across different fields of research and application. Phononic
crystals (PnCs) are structures that offer acoustic bandgaps
based on the material’s periodicity and geometry, similar
to photonic crystal slabs (Kushwaha et al. 1994; Sigalas &
Economou 1993; Mead 1996; Kushwaha et al. 1993; Guo
et al. 2023; Li et al. 2020). Pillar arrays have emerged as the
most prominent geometry for PnCs, with a broad range of
application areas (Achaoui et al. 2011, 2013; Jin et al. 2021).
Piezoelectric phononic crystals (PPnCs) have also gained
attention due to their physical properties and applications in
waveguiding (Oh et al. 2011; Vasseur et al. 2007; Zhang et al.
2020; Korozlu et al. 2022), bio and mass sensing (Gharibi et al.

2019; Gharibi & Mehaney 2021; Schmidt et al. 2016), energy
harvesting (Cao et al. 2019), and microfluidics Bourquin et al.
(2011). The geometric parameters of PPnCs, such as locally
resonance and/or Bragg bandgap, determine their performance
and versatility.

Recent studies have shown that using cavity-shaped metama-
terials as piezoelectric phononic crystals can lead to broader
SAW bandgaps (Ash et al. 2017; Pouya & Nash 2021). The
geometrical parameters, including cavity radius, pillar height,
and groove depth, play a crucial role in determining the
frequency range where the phononic crystal will be effective
(Kuruoğlu 2022). Therefore, obtaining the proper geometrical
parameters and understanding their effects on the acoustic
bandgap is crucial for superior phononic device applications.

In this paper, we introduce the band profile and the SAW at-
tenuation characteristics of the PPnCs, which have been mod-
elled with the various number of vertices from 𝑛=3 to 𝑛=14.
A series of Finite Element Method (FEM) simulations were
conducted to analyze and correlate the acoustic field behaviour
based on the number of pillar vertices of the PPnCs by using
the COMSOL Multiphysics Software.
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Figure 1. a) 3D unit cell used for the simulation of the band profile, b) Cross-sectional view of the unit cell and the wavevector path for the square arrayed PPnCs
and c) the 3D FEM model that simulated the SAW attenuation characteristics of the PPnC array.

2. METHODS

To examine the band structures of polygonal cavity-type PP-
nCs and SAW transmission spectra with different numbers of
PPnC vertices, FEM simulations were conducted. These simu-
lations utilized COMSOL Multiphysics 6.1, which incorporates
the piezoelectricity module to couple the elastic wave equation
and Maxwell’s related equation (Gauss’ law). This allows the
determination of stresses and electrical potential distributions
over piezoelectric materials.

To facilitate a comparison with the research conducted by
Ash et al. (2017), a two-dimensional (2D) PPnC in the form
of a square lattice was utilized. As depicted in Figure 1a, the
square arrayed PPnCs were modelled by fixing the groove depth
(ℎgrv) to 6𝜇𝑚, groove top radius (𝑟o) to 5𝜇𝑚, pillar bottom ra-
dius (𝑟i) to 3𝜇𝑚, and lattice constant (a) to 12𝜇𝑚. The pillar
height (ℎpillar) was defined as the same as the groove depth. The
wall inclination angle (𝜃) was set to 10◦.2, which has been ex-
perimentally reported for 128◦ Y-cut X-propagating (YX-128◦)
lithium niobate (LiNbO3) (Yavuzcetin et al. 2011). This cut was
defined in COMSOL using Euler angles (𝛼, 𝛽, 𝛾)=(0,38◦,0). The
use of Euler angles is more convenient than the transformation
of elasticity and coupling matrices of Z-cut LiNbO3.

To determine the eigenfrequencies of the polygonal cavity-
type PPnCs and their corresponding transmission spectra as
a function of the number of vertices, FEM simulations were
conducted on the irreducible Brillouin zone (BZ) in the first BZ,
with the wavevector k being swept along the Γ → 𝑋 → 𝑀 → Γ

path for the square array. A 3D schematic of the modelled PPnC
unit cell is depicted in Figure 1b, where Bloch-Floquet periodic
boundary condition (PBC) was defined for both opposing sides
of the unit cell, and the bottom side of the unit cell was defined
as a fixed constraint surface. The piezoelectric slab height was
set to ℎslb = 200𝜇𝑚, and the local resonance bandgap (LRBG)
resulting from the resonance vibrations of the core column
was found to be below the expected Bragg bandgap [19]. The

LRBG edge frequencies and width can be adjusted by varying
the number of vertices of the PPnCs.

To obtain the transmission spectra for each number of ver-
tices, frequency domain FEM simulations were conducted to
generate Rayleigh-type SAWs using interdigitated transducers
(IDTs) as the standard means of radio frequency (RF) SAW gen-
eration. The SAW transmission spectra were simulated for two
facing identical IDTs and a PPnC array in between, as shown
in Figure 1c. To work in a broad frequency range, chirped IDTs
were modelled with a finger width range of 7.5 𝜇𝑚 to 12.5 𝜇𝑚,
with a step increase of Δ𝜔 = 0.5𝜇𝑚, and the number of finger
pairs in each IDT set to 𝑁IDT =11. The PPnC array consisted
of 15 periodic units equally spaced from the IDT fingers, ly-
ing along the [10] direction. The IDT on the left was defined
as the source to propagate SAW, while the right-side IDT was
used to probe the transmitted signal through the floating po-
tential (𝑉probe). SAW transmittance (𝑆21) was calculated using
the 𝑆21 = 20×log10(𝑉probe/𝑉applied) where 𝑉applied=50 V was
the RF amplitude (Ulug et al. 2022). To minimize unwanted re-
flections, low-reflecting boundaries (LRB) were placed on the
bottom side of the model, and perfectly matched layers (PML)
were placed at the edges of the model in the direction of SAW
propagation. Periodic boundary conditions (PBC) were used
for the sides parallel to the SAW propagation direction, allow-
ing only one row of the PPnC to be modelled while the rest
were replicated infinitely through the PBC.

3. RESULTS

The band profiles of triangular (n=3) and tetradecagonal cavity-
shaped PPnCs, which represent the two external investigated
cases in the present work, were plotted as can be seen in Fig-
ure 2a and b, respectively. The red dashed lines represent the
Rayleigh SAW modes of the bulk slab without perturbation,
while the dispersion lines of other leaky SAW modes are omit-
ted. The shaded regions in red and green indicate the excluded
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ranges of these leaky modes. The two lowest bands are associ-
ated with the bending and expansion modes of the core pillar,
and hence, they are flat as stated in Jin et al. (2021). In contrast,
the third band consists of the anti-resonant modes of the outer
grooves. So all these modes are labelled as A, B and C, respec-
tively and the corresponding displacements were given as inset
in Figure 2.
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Figure 2. Band profile of a) triangular (𝑛=3) cavity type and b) tetradecagon
(𝑛=14) type PPnC and corresponding displacements in the resonance frequen-
cies.

The horizontal hatched highlighted stripes in Figure 2a and b
represent the local resonance bandgap region of the PPnC unit
cell. As the number of vertices increases, the LRBG broadens
and its central frequency 𝑓c is shifted to higher values.

In order to obtain an explicit knowledge of the effect of the
number of vertices in the band profile, a series of band profiles
were studied from 𝑛=3 to 𝑛=14 where the 𝑛 is the number of
vertices. In Figure 3, band behaviours in the BZ were plotted
for each PPnC vertices type. The LRBG-related bands shift to
the higher frequencies up to 𝑛=6, while no band profile change
was observed afterward.

The BG characteristics as a function of the number of ver-
tices were plotted as in Figure 4a to bring clarity to the ge-
ometry dependence of the polygonal cavity-type PPnCs. The
corresponding frequencies to the BG edges shift to the higher-
frequency regions with the increasing number of vertices and
remain almost fixed for the greater edge number than 𝑛=6. This
behaviour can be attributed to changes in the moment of inertia

(Δ𝐼) with respect to the polygonal cavity shape (Muhammad
et al. 2021; Tateno et al. 2021; Guo & Zhang 2022). Figure 4b
was plotted to emphasize the coherence of the frequency re-
sponse and the moment of inertia of the polygonal cavity type
PPnCs. The moment of inertia difference, which equals to the
moment of inertia of the cavity, represents the same trend as the
resonance frequencies. It is also stated from the 1st derivatives
of the moment of inertia and mass of the cavity as can be seen
in Figure 4c, the governing factor is the extracted mass for both
moments of inertia and the resonance frequency.
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Figure 3. The band structures of the square array polygonal cavity-type PPnCs
for the different number of vertices.
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Figure 4. a) Changes in the frequencies at the edges of the LRBG with respect to
the number of vertices of polygonal cavity-type PPnC, b) the moment of inertia
difference (Δ𝐼) of groove and pillar as a function of the number of vertices that
equals to the extracted part to create the cavity and c) 1st derivatives of the
moment of inertia and mass of the extracted part of the polygonal cavity-type
PPnC.
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Figure 5. Transmission spectra of SAWs are presented for the polygonal cavity-
type square PPnC array with varying numbers of vertices oriented along the
[10] direction.

To gain a better understanding of the interaction between
PPnC and SAW, transmission spectra (𝑆21) were obtained. Fig-
ure 5 displays the SAW transmission spectra in the range of 95
MHz to 115 MHz for each number of vertices ranging from 3
to 7. The red dashed line in Figure 5 represents the 𝑆21 spec-
trum of the bare chirped IDT pairs without the PPnC between
them. Each transmission spectrum shows two distinct peaks,
with the major peak at approximately 107 MHz and the mi-
nor peak at around 102 MHz. In comparison to the dispersion
profiles, both 𝑆21 peak intensities increase until the number of
vertices is 𝑛=6. Once the number of vertices increases, the peak
intensity around 107 MHz decreases, which results in a poorer
SAW attenuation performance. Besides, the minor peak inten-
sity remains almost constant for each PPnC geometry. Also, the
major peak frequency shifts through the higher frequencies, as
stated in the band profile characteristics.

4. CONCLUSION

To summarize, the simulation results of band structures and
SAW transmission spectra for polygonal cavity-type PPnCs are
presented as a function of the number of vertices of the PPnC.
The LRBG edge frequencies increase, and the width of LRBG
increases as the number of vertices of PPnC increases. The
attenuation profile tends to increase with the increasing num-
ber of vertices of PPnC, and also, the peak frequency shifts
through to the higher frequencies up to 𝑛=6. All these char-
acterised properties of the polygonal cavity-type PPnCs were
reasoned by the changing extracted mass amount to crate differ-
ent polygonal-shaped cavities, and that makes the investigated
PPnCs suitable for sensing applications through the mass load-
ing effect while PPnCs exhibit overt characteristic responses to
the sub-nano gram mass differences.
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