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Coupled slow waves, slow acoustic waves, and electromagnetic waves are simultaneously achieved based on a piezo-
electric material, in which a line defect is created within a honeycomb lattice array of cylindrical holes etched in a LiNbO3
slab. Finite element simulations in frequency domain and time domain demonstrate that a highly localized slow mode is
obtained in the defect. Owing to the piezoelectricity of LiNbO3, acoustic and electromagnetic waves are coupled with each
other and transmit along the line defect. Therefore, in addition to a slow acoustic wave, an electromagnetic wave with a
group velocity even lower than conventional acoustic waves is achieved.
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1. Introduction

Slow light refers to the phenomenon in which light travels
at a group velocity considerably lower than the light speed in
a vacuum, which can outperform fast light in various aspects,
such as optical pulse compression, nonlinear enhancement,
optical switching, optical buffers or storage, among others. -]
The primary mechanism to realize low group velocities is to
obtain small slopes in the frequency dispersion diagram on the
edge of the Brillouin zone of a certain medium. Slow light de-
vices have been created based on surface plasmon polaritons
(SPPs),3! high-quality-factor resonators,!*! and defective pho-
tonic crystals.!>% Compared to light, acoustic waves in solids
are considered to be richer in physics because of their full
vector character and the mixing of longitudinal and transverse
modes.[”! Therefore, encouraged by the tremendous progress
in the research of slow light, acoustic slow waves (ASWs)
and acoustic confinement or trapping phenomena (ACT) were
also given high consideration. ASWs were originally obtained
within a corrugated metawire,®! and the mechanism of which
was an analogy with SPPs in light and electromagnetic waves.
Then, an acoustic metamaterial with periodically corrugated
grooves at a solid surface was presented, which realized the
ACT of surface modes at different frequencies, and thus, it
was defined as rainbow trapping.l’! Recently, an ultraslow-
fluid-like particle employing an artificial high refractive in-
dex was presented to achieve intense Mie resonances for low-
frequency airborne sound, which exhibits potential in sound
insulation!!! and directional sensing.!'!! In addition, a three-
dimensional helical-structured acoustic metamaterial with de-
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signed inhomogeneous unit cells was used to realize a non-
dispersive, high effective refractive index, in which the wave-
front revolution plays a dominant role in reducing the group

(121 Moreover, an anomalous Floquet topological in-

velocity.
sulator for sound was presented, which also produced a high
refractive index.[!'3] Moreover, arrays of detuned Helmholtz
resonators were used for achieving ASWs transmitting along
a tube,['*13] which can be obtained in a narrow band between
the resonant frequencies of two sets of resonators with differ-
ent structural parameters. Furthermore, an acoustic metama-
terial was designed based on a simple and compact structure
of one string of side pipes arranged along a waveguide, which
simultaneously produced negative group velocities and slow
waves.!!®! By analogy with the defective photonic crystal, de-
fects were induced in phononic crystal, and then, localized
modes were created in the band gaps of the original phononic
crystals devoid of defects.!!”] According to this mechanism,
one-dimensional ASWs were first obtained with a point defect
induced in a one-dimensional structure.!'8! In addition, ASWs
at audio frequencies were obtained in a line defect fabricated
in a triangular array of aluminium cylinders.!'”! Despite these
approaches leading to the ASWs and ACT, they have not been
realized in on-chip devices, while their counterparts for slow
light have been reported. [+-2°]

Piezoelectric materials are widely applied in the fabri-
cation of on-chip acoustic devices based on the technology
of Miro-Electromechanical Systems (MEMS),?1-23] as filters,
resonators, sensors, and the like. Although piezoelectricity-
based phononic crystals with or without defects were pre-
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sented for the realization of acoustic forbidden bands[?*-271

and guiding-wave modes, 83! the ASWs and ACT have not
been created based on piezoelectric materials.

In this study, we present a defective periodical structure
based on an LiNbOj slab, in which the ACT and ASWs can
be achieved, resulting in a signal expanding in the time do-
main and a group velocity more than 17 times lower than the
velocity of the conventional flexural plate mode transmitting
in an LiNbOj3 plate. Furthermore, owing to the coupling of
acoustic fields and electromagnetic fields in the LiNbO3 piezo-
electric material, slowdown and trapping for electromagnetic
waves can also be achieved. Therefore, slow acoustic waves
and electromagnetic waves are simultaneously realized in the
structure. In particular, by virtue of the extremely large differ-
ence between the velocities of elastic waves and electromag-
netic waves, the slowdown of the electromagnetic wave in this
structure can be considerably larger than those in pure electro-
magnetic devices, which produces an electromagnetic wave
with the group velocity even lower than that of the conven-
tional acoustic waves in solids. Therefore, simultaneous ma-
nipulations of acoustic fields and electromagnetic fields can be
realized based on the presented piezoelectricity-based on-chip
structure.

2. Model and theory

To design the on-chip device to create the coupled slow
waves, first, a periodical structure is established on the basis of
an LiNbOs slab, in which a honeycomb lattice array of cylin-
drical holes is etched. The thickness, width, and length of the
slab are d = 12 pm, b = 197 pm, and / = 700 pm, respectively.
The material parameters of LiNbO3 are listed in Table 1.13!]

Figure 1(a) shows one unit cell in the periodical structure,
in which the x-axis is along the longer diagonal of the smallest
hexagon built up by the etched holes and the z-axis is perpen-
dicular to the surface of the slab. The geometric parameters of
the structure are the lattice constant of a = 15 pum, the radius
of the cylindrical hole, r = 6.4 um, which is the slab from the
top to the bottom. The filling ratio of the structure is defined as
FR = 4v/37r% /94>, which is 44% according to the designed
parameters. In addition, two identical thin aluminium sheets
are attached to the top and bottom of the slab as electrodes to

Table 1. Parameters of LiNbO3 material adopted in the simulations.

Value

Elastic constant ¢ 203x 100 N/m? ¢4
cr2 53x10°°Nm? ¢33
ci3 75x1019N/Mm?  cyy

Value
0.9 x 101 N/m?
24.5 x 1010 N/m?
6.0 x 10" N/m?

Property

Piezoelectric constant  ej5 3.7 C/m? e 2.5 C/m?
€3l 0.2 C/m? e 1.9 C/m?
Dielectric constant €1/ 84 €3/ 30
Density P 4700 kg/m>

excite electric signals. Figure 1(b) shows the irreducible Bril-
louin zone of the honeycomb lattices in the structure. The
finite element simulations with COMSOL Multiphysics are
used to calculate the dispersion and frequency bands of the
periodical structure. By scanning the wave vector along the
edge of the irreducible Brillouin zone and solving the eigen-
value problems for each wave vector, the eigenfrequencies of
the periodic structure can be obtained as well as the dispersion
curve. Figure 1(c) shows the simulated band structure of the
piezoelectric phononic crystal along the edge of the irreducible
Brillouin zone, which exhibits a wide complete band gap from
89 MHz to 111 MHz for the coupled acoustic-electromagnetic
wave. The intended design of the structural parameters en-
sures that the band gap is located in the working frequency
ranges of the majority of ultrasonic devices, which makes it
compatible to conventional MEMS devices.
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Fig. 1. (color online) (a) A unit cell of the phononic crystal based on an
LiNbOj3 slab with periodically etched cylindrical holes; » and a are the
radius of the holes and the lattice constant, respectively. (b) The irre-
ducible Brillouin zone for the hexagonal lattices. (c) The band structure
of the phononic crystal slab with hexagonal lattices calculated by COM-
SOL with the parameters of d = 12 pm, a = 15 pm, and r = 6.4 pm.
The shaded part indicates the complete phononic band gap obtained in
the structure.

To achieve the effects of slow wave and trapping, a line
defect is induced into the periodical structure by filling one
row of holes in the etched LiNbOj3 slab, as shown in Fig. 2(a).
The line defect is parallel to the x axis, which is the propaga-
tion direction of the coupled waves in the slab. The x and z
axes are consistent with the x and z crystallographic orienta-
tions of LiNbOj3. Because of the piezoelectricity of LiNbO3,
the acoustic and electromagnetic waves are coupled in the slab,
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which can be expressed by the wave equations for acoustic and

electromagnetic waves, respectively!3!]

2%u; 0
VikckrLViju; _pTzZ = —ViKeKjVjaf(f, ()
¢ du;
Vi&'jvjﬁ = VieiL (VLjatj>7 2

where p is the density, and cg;, exj, and g; (i,j = 1-3
and K,L = 1-6) are the elastic, piezoelectric, and dielectric
constants of LiNbO3; material, respectively. u; and ¢ are
the particle displacement and electric potential in the slab,
which are related to the acoustic and electromagnetic fields,
respectively. Then, both fields in the slab can be expressed
in the same form of u; = Ajexp[j(kex+k.z—ot)] or ¢ =
Agexp|j (kex + k;x, — ot)], where k and k; are the wave num-
bers in the x and z directions, respectively; @ and ¢ are the
angular frequency and time, respectively; and A; and A4 are
the amplitudes of the particle displacement and electric poten-
tial, respectively. It can be determined that the acoustic and
electromagnetic fields are coupled with each other in the slab,
and they can be excited by electric or acoustic sources. There-
fore, for the realization of an on-chip device, two aluminium
strips are set up on one terminal of the LiNbO3 slab, working
as a pair of (top and bottom) electrodes. Thus, the coupled
acoustic and electromagnetic fields can be simultaneously ex-
cited by the electric signal exerted on the electrodes, which is
a similar excitation method to those used in conventional on-
chip MEMS devices. Owing to the line defect, the periodicity
along the y direction is broken in the structure, and then the de-
fective structure is considered to be composed of 16 supercells
periodically arranged along the x direction, as shown in Fig. 2.
In the calculation of the band structure, periodical boundary
conditions are applied on both sides of the supercells shown in
Fig. 2(b).
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Fig. 2. (color online) (a) Piezoelectric LiNbO3 slab with a line defect
in the middle: three periods of honeycomb lattices are set up on both
sides of the line defect and 16 periods of the supercells are arranged
along the direction of the line defect (x direction). A pair of aluminium
stripes (top and bottom electrodes) is set up on one terminal of the slab
for inputting excitation signals. (b) A supercell of the structure, with w
being the width of the defect.

The simulated band structure of the wave transmission
along the x direction of the defective structure is shown in
Fig. 3(a). Compared to the band structure shown in Fig. 1(c),
it is observed that several transmitting modes can be excited in

the forbidden band of the original defect-free phononic crystal,
which are the modes induced by the line defect. In particular,
with an optimized width of the line defect w = 15 pm, a unique
mode exhibiting an isolated flat band, which is marked out by
the circles in Fig. 3(a), is achieved. This mode lies in a narrow
frequency band between 102.5 MHz and 103.8 MHz, and thus,
it exhibits an extremely low group velocity v, according to the
definition of vy = d®/dk,, which is a slow wave. In addition,
as shown in Fig. 3(a), based on the designed parameters, this
mode is completely isolated from other guided modes. There-
fore, the mode can be solely excited easily in the LiNbO3 slab
by restricting the exciting frequency in the narrow band, which
ensures the simplification of the practical application.

3. Discussion and result

Figures 3(b) and 3(c) show the profiles of the acoustic and
electromagnetic fields, respectively, in a supercell with the ex-
citing eigenfrequency of 103.5 MHz and at the edge of the irre-
ducible Brillouin zone. It is found that a highly localized mode
is obtained in the line defect, corresponding to the flat pass
band indicated in Fig. 3(a). Furthermore, a frequency-domain
simulation is taken based on the defective structure composed
of 16 supercells. Figures 3(d) and 3(e) exhibit the distribu-
tions of the acoustic and electromagnetic fields in the struc-
ture excited by a sinusoidal electric signal with a frequency of
103.5 MHz. It is demonstrated that both acoustic and electro-
magnetic fields are highly constrained within the line defect,
which are localized modes transmitting along the defect.

To demonstrate the performance of the localized modes,
time-domain simulations are taken to study the transmissions
of the waves in the line defect. A sinusoidal wave enveloped
by a Gaussian pulse with the 3 dB bandwidth of 0.05 us is
used as the excitation, as indicated in Fig. 4(a). The central
frequency of the pulse is chosen to be 103.5 MHz, which is
within the frequency range of the isolated local mode indi-
cated by the frequency-domain simulations. The Gaussian en-
velope contains six cycles of the sinusoidal signal. Figure 4(b)
shows the normalized time domain signals of the acoustic field
extracted from two points (1 and 2). Both points are on the
surface of the slab and in the centre of the line defect, and
the distances between them and the aluminium electrode are
6a and 24a, respectively. It is observed that the envelope
shapes of the extracted signals are similar to that of the ex-
citing signal, which exhibits the propagating process of the
acoustic field in the line defect. The 3 dB bandwidths of the
acoustic signals extracted from both points are approximately
1 ps, which demonstrate that the source pulse is expanded by
20 times in the time domain, compared to the excitation sig-
nal width of 0.05 us. Moreover, figure 4(c) shows the sig-
nals for the electromagnetic field extracted from points 1 and
2, which exhibits similar time-domain distributions to those
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of the acoustic fields. Therefore, it is demonstrated that re-
markable trapping effects induced by multiple scattering in
this periodic structure for both acoustic and electromagnetic
fields are achieved in the structure. The group velocities of the
acoustic and electromagnetic waves can be achieved from the
time difference corresponding to the peaks of the signals ob-
tained at points 1 and 2 indicated in Fig. 4. To more accurately
determine the group velocity, a series of extracting points is
set up along the line defect, in which the distance between the
neighboring points remains 9a.
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Fig. 3. (color online) (a) Dispersion of the structure with the width of
the line defect w = 15 pum, in which the isolated mode with a flat pass
band is marked by circles. The profile of the localized modes with the
frequency of 103.5 MHz for acoustic field (b) and electromagnetic field
(c) in one supercell. (d) Acoustic field (the strain is magnified for clar-
ity) and (e) electromagnetic field at the frequency of 103.5 MHz trans-
mitting along the line defect obtained by the frequency-domain simula-
tions.

Figure 5 shows the transmitting time versus the distances
from the electrode for every extracting point. It is indicated
that the transmitting time is linearly dependent on the dis-
tances, which demonstrates that the pulse signal travels with a
constant group velocity. Then, the group velocity can be ob-
tained from the reciprocal of the slope of the fitted line for the
five extracting points, which is calculated to be vy = 181 m/s
and is in accordance with the group velocity deduced from
the dispersion curve shown in Fig. 3. According to the theory
concerning acoustic transmissions in piezoelectric materials,
it can be obtained that the velocities of ultrasonic waves in the
LiNbO3 slab are 7400 m/s for the longitudinal wave, 3592 m/s
for the surface acoustic wave, and 3046 m/s for the flexural
plate mode with a frequency of 103 MHz. Then, it can be
determined that the group velocity achieved in the presented
structure is less than 1/17 of the velocities of the conventional

acoustic waves in LiNbO3. According to the refractive index
n = 2.32 of electromagnetic waves in LiNbO3, the velocity
of the conventional electromagnetic wave transmitting in a
LiNbOj; slab can be calculated to be 1.29 x 10% m/s. There-
fore, the guided electromagnetic wave in the line defect with a
group velocity of v = 181 m/s is slowed down by more than
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Fig. 4. (color online) (a) Waveform of the pulse signal exerted on the
top electrode at the input terminal of the slab. Normalized amplitudes
of time-domain acoustic field (b) and electromagnetic field (c) extracted
at points 1 and 2 within the line defect, the distances between the alu-
minium electrodes and points 1 and 2 are, 6a and 24a, respectively.
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Fig. 5. (color online) Transmitting time versus the distances from the
electrodes for five extracting points. The solid line indicates the lin-
early fitted result, from which the group velocity can be calculated to be
v = 181 m/s.
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7.10 x 10° times by virtue of the coupling with the slow acous-
tic wave, which demonstrates a considerably higher rate of
slowdown than those obtained in slow wave devices based on
pure electromagnetic fields. Therefore, coupled slow waves,
namely, slow acoustic and electromagnetic waves, can be si-
multaneously achieved in the structure.

4. Conclusions

In conclusion, the phenomena of energy trapping and
slow waves are achieved in an on-chip LiNbO3 slab with a
structure composed of a honeycomb lattice array of cylindri-
cal holes with a line defect. Owing to the piezoelectricity of
the LiNbOj3 slab, the energy trapping and slowdown effects
are simultaneously realized in both acoustic and electromag-
netic waves, which is defined to be double slow waves. It
is observed that the width of the exciting Gaussian signal is
widened by 20 times, indicating an effect of the ACT. Mean-
while, the group velocity of acoustic waves in the structure is
also slowed down by 17 times, which is an ASW. Moreover, by
virtue of the giant difference between the transmitting veloci-
ties of acoustic and electromagnetic fields, the transmission of
the electromagnetic wave coupled with the acoustic wave in
the structure can be remarkably slowed down by 7.10 x 10°
times. Consequently, an electromagnetic wave transmitting
even slower than a conventional surface acoustic wave in a
solid plate is achieved. Therefore, acoustic and electromag-
netic waves can be simultaneously manipulated based on this
on-chip piezoelectric slab, which demonstrates great potential
for MEMS devices such as delay lines and sensors, as well
as electromagnetic devices such as data processors and spec-
trometers.
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