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In this work, we propose and explore a double-stage phononic crystal (PnC) consisting of a top sus-
pended ZnO layer, an array of sandwiched Si pillars, and a bottom ZnO layer on a Si substrate. The
proposed double-stage PnC exhibits interesting behavior of routing the incident surface acoustic waves
(SAWs) based on polarization and frequency, so that it can be considered as an efficient building block for
alternative multistage SAW components. Here, we design the double-stage PnC to behave as an efficient
vertical SAW splitter in a Mach-Zehnder interferometer, using the excitation of appropriate surface-
coupled modes through the periodic locally resonating pillars. Benefiting from the acoustoelectric effect
in ZnO, the exposed top ZnO layer serves as the sensing branch, and the bottom ZnO layer serves as
the reference branch in the presented vertical Mach-Zehnder interferometer. The vertical configuration
of the proposed design allows exposure of the top ZnO layer to external stimulations, such as exposure
to ultraviolet illumination or a hydrogen environment, while protecting the underlying parts from being
exposed. This structural aspect simplifies the experimental implementation of our design in comparison
with the conventional planar Mach-Zehnder interferometers by avoiding the necessity of in-plane focus-
ing of external stimulation on the sensing branch. Our optimized Mach-Zehnder interferometer shows an
output transmission signal of —8 dB and a high extinction ratio of 23 dB at 8.6 GHz when the conductivity
of the top ZnO layer is increased from about 1 S/m to 100 S/m via external stimulation. Here, we propose
a highly sensitive miniature vertical surface acoustic Mach-Zehnder interferometer, which may open up

alternative horizons for future multistage SAW components.

DOI: 10.1103/PhysRevApplied.19.024071

I. INTRODUCTION

Surface acoustic wave (SAW) devices with miniature
micrometer-scale dimensions were first introduced in 1965
to replace bulky electromagnetic elements (millimeter to
meter scale) in radar applications, taking advantage of
slow elastic phonons instead of high-speed photons [1].
Since then, SAW devices have attracted the interest of
researchers in various application fields, including different
sensor types [2—4], on-chip rf filters [5], microfluidics [6],
quantum technology [7], acoustoelectric and acousto-optic
components [8—10], and nonreciprocal SAW components
[11-13]. On the other hand, phononic crystals (PnCs)
allow the control of propagation characteristics of acous-
tic and elastic waves in applications such as filters [14],
demultiplexers [9,15,16], sensors [17,18], thermal trans-
port engineering [19,20], energy harvesting [20,21], and
resonators [22]. PnCs for controlling SAWs can be realized
by placing holes or pillars on the surface of a substrate.
However, pillars have the advantage of behaving as local
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resonators at specific acoustic frequencies, opening low-
frequency local surface resonance gaps [23,24], in addition
to conventional Bragg gaps at higher frequencies.

It is known that elastic wave propagation in piezoelec-
tric semiconducting materials, such as ZnO, gives rise to
a traveling electric field [25] and the acoustoelectric (AE)
effect, which modulates both the velocity and attenuation
of elastic wave propagation. It has been proved that taking
advantage of the AE effect in piezoelectric semiconducting
materials, embedded as delay lines in SAW devices, allows
modulation of the output device behavior by controlling
the electrical conductance (o) through external stimulation
[26]. The AE effect has been exploited to realize sensitive
SAW devices in applications such as hydrogen [27], ultra-
violet (UV) light [28], and biological [29] sensors, as well
as tunable elastic waveguides and demultiplexers [9,14].

In this research, we propose a highly sensitive verti-
cal surface acoustic Mach-Zehnder interferometer, suitable
for detecting external stimulation such as UV illumina-
tion or exposure to environmental gases such as hydrogen.
Our proposed vertical Mach-Zehnder device consists of a
Si-pillar-based PnC as the elastic wave splitter, which is
sandwiched between two ZnO layers. The top ZnO layer
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serves as the suspended sensing branch, exposed to exter-
nal stimulation, while the bottom ZnO layer serves as the
reference branch. The presented double-stage PnC enables
the potential for efficient splitting or routing of the incident
SAWSs, which may lead to alternative SAW devices for dif-
ferent applications, such as sensors or acousto-optic com-
ponents. Our presented CMOS-compatible, highly sensi-
tive vertical surface acoustic Mach-Zehnder design in the
gigahertz frequency range benefits from a high extinction
ratio, acceptable transmission signal, and simple imple-
mentation without the need for exerting local external
stimulation, and can open an alternative horizon in efficient
real-time detection applications.

II. THEORY AND IMPLEMENTATION OF
SIMULATION

It is well known that surface local resonators on a
substrate can be coupled to SAWs at certain resonance
frequencies. Accordingly, PnCs consisting of an array of
local resonators, such as pillars, can lead to low-frequency
surface-coupled guiding modes with dispersion behav-
ior depending on the elastic coupling between the res-
onators. The weaker elastic coupling leads to the less
dispersive surface-coupled bands, and a probable local
resonance band gap is opened at low frequencies. Con-
versely, stronger elastic coupling between the individual
resonators results in highly dispersive bands, and the clos-
ing of the local resonance band gaps. Elastic coupling can
generally be tuned by the interspacing distance between
the resonators, which is the basic principle of designing
coupled-resonator surface acoustic waveguides with tun-
able guiding mode dispersion and pass band FWHM [14].
Here, we introduce a suspended top layer on the pillar
array to add a second degree of freedom to tune the elastic
coupling between the resonators with a fixed interspacing
distance. Thus, we expect stronger elastic coupling and
more dispersive surface-coupled modes when increasing
the thickness of the top layer. This double-stage PnC-based
configuration can allow the emergence of a higher num-
ber of surface-coupled modes with different contributions
from the bottom and top surfaces. In other words, we can
achieve different low-frequency surface-coupled modes in
which the elastic wave is dominantly propagating on the
bottom or top surface, or both simultaneously. This behav-
ior can be applied as a vertical SAW splitting behavior
in which pillars couple the elastic wave to the bottom or
top surface with a frequency-dependent coupling strength.
Here, we elaborate the full behavior of the proposed
double-stage PnC as the vertical splitter in our SAW Mach-
Zehnder design. In this case, splitting portions are equal, so
that the top and bottom surfaces act as the two waveguides
for SAW propagation. In such a Mach-Zehnder design,
the bottom surface is protected from the external stim-
ulation, such as light illumination or gas absorption, by

the top layer. Hence, the output behavior can be strongly
affected by slight variations in the elastic properties of the
top layer in response to external stimulation. Here, we pro-
pose the AE effect of piezoelectric layers, such as ZnO,
as the transduction mechanism in the top branch. Hence,
the ZnO conductivity (o) is assumed to be modulated in
the top layer when exposed to external UV illumination or
gases like hydrogen [25]. To calculate the band structure
of the proposed double-stage PnC we assume a unit cell
with lattice constant a consisting of cylindrical Si pillars,
with radius » and height 4,,, connecting the top and bottom
ZnO thin films [Fig. 1(a)]. Moreover, the thicknesses of the
top and bottom ZnO thin films are 4, and 4,4, and the sub-
strate is made up of Si with thickness /. Periodic boundary
conditions (PBCs) are assumed along the £x and £y direc-
tions, as shown in Fig. 1(a), while the boundary condition
at the bottom of the substrate (—z direction) is assumed to
be fixed. To investigate the SAW transmission behavior of
the proposed double-stage PnC structure, a supercell with
11 rows of pillars along the SAW propagation (+x direc-
tion) is considered, as shown in Fig. 1(b). Sidewalls of the
supercell along the £y directions are assumed to be PBCs,
while sidewalls along £+x and —z axes are assumed to be
perfectly matched layers (PMLs) to effectively suppress
the boundary reflections. Here, we consider a SAW line
source on the surface of the bottom ZnO thin film, which is
labeled In in Fig. 1(b). Moreover, we consider the double-
stage PnC in Fig. 1(b) as a three-output terminal compo-
nent, and define three different output cut lines as FD, FU,
and RU to calculate the corresponding transmissions. To
achieve the transmission (7), we calculate the integral of
the elastic potential energy along the output cut lines by
Eq. (1), normalized to the input elastic potential energy.

Elastic Potential Energy = ui + uf + Mi (1)

where u, ,, ; are the displacement components.
To evaluate the shear horizontal (sagittal) transmission,
we consider the shear (sagittal) polarized source with
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FIG. 1. (a) Unit cell of the PnC used for calculating the band

structure. (b) Supercell of the finite PnC with 11 rows of pillars
along the wave propagation direction (4x) used for calculating
the transmission spectrum.
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TABLE I. Parameters of the unit cell and supercell structures
shown in Fig. 1.

Parameter Symbol Value (nm)
Pillar radius r 85

Pillar height hy, 100

Lattice constant a 200

Top ZnO layer hy 150
Bottom ZnO layer hg 200

Si substrate thickness h 800

©

displacement
direction(s).

The PBC obeys the Bloch-Floquet theorem for elastic
waves as follows [30]:

component(s) in the y (x, 2)

wi(x 4+ a,y + a) = u;(x, y)e " katha, (2)

where k, and k, are the Bloch wave vectors.

The values of all the structural parameters are summa-
rized in Table 1. The lattice constant of the PnC is set at
200 nm to achieve the surface-coupled splitting behav-
ior in the gigahertz frequency range. We have presented
a comprehensive investigation of the structural parameters
of a single-stage PnC (r, 4,) in our previous work, which
leads us to choose similar dimensions here (Table I) to
achieve reasonable transmission values [11]. Moreover, it
should be noted that the thicknesses of both top and bottom
ZnO layers (h,, hy) are found through optimization of the
behavior of the final proposed SAW Mach-Zehnder device,
which is discussed in the next section. However, consid-
ering that the surface elastic waves penetrate about one
wavelength into the substrate, we assume A+ hy; = 5a to
avoid the SAW confinement effects in the substrate along
the z direction.

It is well established that for linear nonpiezoelectric
materials, such as Si, two coupled equations, Egs. (3) and
(4), govern the elastic wave propagation [14],

1
Sy = 5(3/' u; + i), 3)
Ty = CySy, 4)

where Sj;, Tj;, and Cj; show the strain, stress, and the elas-
tic stiffness components along i,j =x,y,z directions. Si is

J

a symmetric crystalline semiconductor material, and has
three independent anisotropic elastic constants including
C11=165.7,C1,=63.9, and C44 = 79.9 GPa, and the mass
density of p =2331 kg/m? [30].

On the other hand, in piezoelectric semiconductors, such
as ZnO, propagation of the elastic waves coincides with a
strain-induced electric field. Hence, elastic wave propaga-
tion in ZnO can be described by the coupled equations (5)
and (6) [31],

T=CS—¢eE, (5)
D = eS — ¢E, (6)

wherein e, ¢, D, and E are the piezoelectric coupling
and dielectric matrices, and the electric displacement and
electric field, respectively.

According to AE effect in piezoelectric semiconduc-
tor materials like ZnO, variation of carrier concentration
and the consequent conductivity variation affect the elastic
wave propagation. This effect is attributed to the screened
electric field associated with the elastic wave propagation
by the free carriers. The acoustoelectric effect leads to a
modulation of elastic wave velocity and attenuation by the
carrier concentration or the correlated conductivity value.
Assuming plane wave propagation for D and £ in a con-
ductive volume, Eq. (7) describes the relation between
the current density (J) and the electric displacement and
electric field [14],

p=-Ly=_tsE, 7
o) 1)

wherein o is the conductivity of the piezoelectric semicon-

ductor and w is the angular frequency andj = +/(—1).
Defining an effective AE elastic matrix (C') for the

piezoelectric semiconductor, Egs. (5)+7) can be combined

to describe the coupling effect between strain and stress

as [31]

T=CS. (8)

For ZnO, as an anisotropic crystal, elastic matrix
elements are C;;=Cy =209.71, Ci,=121.14, C;53=
C23 = 10539, C33 =21 119, C44 = C55 = 4237, and C66
=44.24 GPa, and the mass density is p =5680 kg/m?.
Accordingly, the effective AE matrix is established as [14]

_C11 + €%1Y33 Cpp + €§1Y33 Ciz + €§1Y33 0 0 0
Cio + €3, V33 Cii + €3, V33 Cx +e31e33t33 0 0 0
[C] = Cis +esiensYss Coz+esiestss Ciz+e3;)a 0 ) 0 0 )
0 0 0 C44€15Y22 0 0 ’
0 0 0 0 Cu+elY 0
0 0 0 0 0 Ces |
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wherein Y is a 3 x 3 matrix with elements defined by Eq.
(10),

1
G /w)o+en 0 0
1
Y= 0 om0 (19)
1
0 0 (i /w)o+e33

All simulations to achieve the band structures and trans-
missions are carried out using the finite-element method.

III. OPERATIONAL PRINCIPLE OF THE
DOUBLE-STAGE PHONONIC CRYSTAL

Figures 2(a)2(c) show the calculated band struc-
tures for the first 35 bands of the unit cells shown in
Figs. 2(g)-2(i), which correspond to the bare Si substrate,

Frequency (GHz)

ZnO-coated Si substrate, and the single-stage PnC consist-
ing of a Si pillar array on the ZnO/Si substrate, respec-
tively. The inset of Fig. 2(a) shows the irreducible path
in the first Brillouin zone of the investigated PnCs with a
square lattice. Figures 2(d)—2(f) display the band structures
for the double-stage PnC with the top ZnO layer thickness

(h,) of 50, 100, and 150 nm, respectively. It is notable
here that the conductivity of top and bottom ZnO layers
are assumed to be zero (o, =0 ,;=0) as the extreme limit
of the intrinsic conductivity in such a wide-gap semicon-
ductor. This intrinsic condition corresponds to an absence
of any external stimulation that can modulate the con-
ductivity of the top ZnO layer, such as exposure to UV
illumination or a hydrogen environment. Moreover, all the
bands are depicted in colors showing their sagittal-to-shear
polarization ratio. To achieve this ratio at each point of the

Frequency (GHz)

(=)
Sagittal-to- shear ratio (dB)

800

500 nm

200

0

FIG. 2.

Reduced wave Vector (ka/2m)

U

Reduced wave Vector (ka/2m)

200

)]

(a)~(c) Band structures of the unit cell shown in (g)—(i), respectively. Inset in (a) shows the irreducible first Brillouin zone of

the square lattices. (d)~(f) Band structures of the unit cell shown in (j) with different thicknesses of the top ZnO layer, corresponding
to &, =50, 100, and 150 nm, respectively. (g) Unit cell corresponding to bare Si substrate. (h) Unit cell consisting of a ZnO thin film
on the bare Si substrate. (i) Unit cell consisting of a Si pillar on ZnO/Si substrate. (j) Unit cell of the double-stage PnC, consisting of
Si pillars sandwiched between a top suspended ZnO layer and a bottom ZnO layer on Si substrate.
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bands, we calculate the maxima between the integral of
sagittal displacement components (x-z plane) to the inte-
gral of the shear displacement component in the unit cell.
The dark gray area in the band structures covers the bulk
modes with higher velocities, and the rest indicates the
surface elastic modes with lower group velocities. The
interface between the bulk and surface modes is defined
by the sonic cone, corresponding to the bulk modes with
the lowest velocities.

We show the constant frequencies of 5, 8, and 10.5 GHz
by horizontal dashed lines in all the band structures. As it
is shown in Fig. 2(a), the Si substrate only supports two
pure sagittal surface bands in the I'-X direction, as we pre-
sented in our previous report [11]. Adding a ZnO thin film
on top of the Si substrate [Fig. 2(h)] leads to the emer-
gence of more surface modes with both sagittal and shear
polarizations, as shown in Fig. 2(b). It can be observed
that the first and second surface bands are purely sagittal
and purely shear polarized in the I'-X direction, respec-
tively. Moreover, the ZnO/Si substrate leads to a negative
slope or negative group velocity along the I'-X direction
in some surface bands, such as the third and fourth ones in
Fig. 2(b). These negative group velocities force the phases
of elastic waves to propagate in opposite directions, and
can be used to design lenslike behavior to focus the elas-
tic waves in specific directions [32]. It can be observed
in Fig. 2(c) that by adding pillars on top of the bottom
ZnO layer, the negative group velocity of the surface bands
vanishes and the low-frequency surface-coupled bands are
nearly isolated, as compared with Fig. 2(b). In this PnC,
surface-coupled modes are constructed between resonat-
ing modes of pillars and the surface modes of the substrate.
The localized resonating behavior of the emerging surface-
coupled modes leads to lower dispersive modes and flatter
bands, and leads to the observed partial isolation of the
lower bands in Fig. 2(c). Finally, by adding the top ZnO
layer on the pillars in Fig. 2(j), the negative slope reappears
in some of the intermediate surface bands [Figs. 2(d)-2(f)].
For instance, the negative slope emerges in the fifth to
eighth bands along the I'-X direction in Fig. 2(e). It is
shown in Figs. 2(d)-2(f) that increasing 4, leads to low-
frequency surface-coupled bands with higher dispersive
behavior, which can be attributed to stronger elastic cou-
pling between the local resonating pillars through the top
ZnO layer. Moreover, the polarization purity of the low-
frequency surface-coupled bands increases for thicker top
ZnO layers, which is again related to the stronger coupling
between the resonating pillars that can break the degen-
eracy in the bands, splitting them into individual highly
dispersive single-mode surface-coupled bands, which are
dominantly sagittal or shear. The other observation is the
emergence of a higher number of surface modes for thicker
top ZnO layers, which is related to the emergence of
new elastic modes across the top ZnO layer that can take
part in new coupled elastic modes in the whole structure.

Another phenomenon that should be noted is the polar-
ization exchange between two modes that approach each
other. For example, the first two bands in Fig. 2(e) have
shear and sagittal polarizations at the I point, while,
after approaching at around 2 GHz, they exchange their
polarizations.

To evaluate the effect of conductivity variations on
the eigenmodes of the investigated double-stage PnC, we
consider the upper and lower extreme limits of the conduc-
tivity value exclusively, in which the frequency-dependent
term in Eq. (8) vanishes and allows calculation of the
related band structures. On the other hand, considering the
UV penetration depth of about 100 nm in ZnO, the top
ZnO layers thicker than about 100 nm in the double-stage
PnC can totally absorb the UV illumination and prevent
the bottom ZnO layer from being affected by the external
stimulation. Moreover, we approximate the conductivity
modulation through the top ZnO layer thickness to be
uniform.

Figures 3(a) and 3(b) show the band structures of the
double-stage PnC [Fig. 1(a)] with A,=150 nm for the
lower (o, =0) and upper (o, = c0) extreme conductivity
limits of the top ZnO layer. It is notable that we assume
the conductivity of the bottom bare ZnO layer to be fixed
at o 4= 0 regardless of external stimulation. As it is shown
in Figs. 3(a) and 3(b), when o, is increased from 0 to
00, nearly all the surface modes are downshifted by about
100 MHz without any other significant variation, which is
in agreement with our previous results on the line-defect
guiding modes in a single-stage PnC [14]. Figure 3(c)
shows the total displacement for the points 4, B, C, D, E,
and F' in Fig. 3(a), wherein 4, C, D, and E correspond to
different surface modes at the X point, and the correspond-
ing displacements are mostly confined around the two ZnO
layers and pillar. F corresponds to a bulk mode at the X
point, in which the elastic energy is mostly spread through
the substrate. Points B;—Bs show the intersection of the
surface-coupled bands with the horizontal dashed line in
Fig. 3(a), revealing simultaneous excitation of the corre-
sponding eigenmodes [Fig. 3(c)] for the incident excitation
frequency of 5 GHz. It can also be observed in Fig. 3(c)
that the elastic energy can be localized in the top ZnO layer
(point A), the bottom ZnO layer (point D), the top and bot-
tom ZnO layers (point C), and both the ZnO layers and
pillar (point £), depending on the incident frequency. Fig-
ures 3(d) and 3(e) show the displacement components for
modes By and B, wherein x and z displacement compo-
nents are dominant for sagittal-polarized modes like B, and
the y component is dominant for a shear-polarized mode
like B,. These data are in agreement with the presented
sagittal-to-shear ratio depicted by band colors in the band
structures. Moreover, Figs. 3(f) and 3(g) show the total
displacement profiles relating to constant frequencies of 8
and 10.5 GHz in Fig. 3(a), revealing three and two excited
surface modes, respectively. Using two-dimensional (2D)
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FIG. 3.

(a),(b) Band structures corresponding to the unit cell of double-stage PnC with o, =0 and o, = o0, respectively. (c) Total

displacement profiles corresponding to points A—F shown in (a). (d),(e) Displacement components corresponding to the eigenmodes
of point B; and B,, respectively. Total displacements at constant frequencies of (f) 8 GHz and (g) 10.5 GHz in (a), decomposed to

different surface-coupled eigenmodes.

pillar-based PnCs opens the opportunity for implementing
the proposed 2D double-stage PnC with various designs,
which can allow high degrees of freedom for elastic wave
manipulation and routing, including selective coupling of
the incident wave to the upper and bottom guiding layers,
while rotating the propagation direction and converting the
polarization simultaneously. However, if we aim for just
the coupling effect of the incoming elastic wave to different
paths, we can apply a one-dimensional double-stage PnC,

consisting of a Si grating (along the x axis) instead of pil-
lars, and achieve similar displacement profiles at slightly
different frequencies.

Based on the results in Fig. 3, we can select for desirable
behaviors of the proposed double-stage PnC among the
different possible applications. To design a vertical SAW
splitter with the capability of dividing the elastic energy
into the top and bottom ZnO layers, eigenmodes of point
C in Fig. 3(a) should be excited so that SAW waves can
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(a) Isofrequency contours of the unit cell in Fig. 2(j) at 5 GHz. (b) Propagation of elastic wave in the bottom ZnO layer as a

consequence of a sagittal-polarized point source, assumed at the surface of the bottom ZnO layer (shown by the white dot). (c) Total
displacement profile of the supercell along I'-X direction for sagittal line source at 5 GHz. Parts (d)~(f) display the same content as

parts (a)(c), but at constant incident frequency of 8 GHz.

propagate in both the top and bottom ZnO layers along
the x direction. Eigenmodes like point 4 and D support
SAW propagation in one of the ZnO layers dominantly, so
that their excitation can be used for efficient coupling of
the elastic wave from one layer to another. This applica-
tion can lead to alternative vertical acoustic via (analogue
of electric via), in applications like active acousto-optic
components in integrated photonic chips.

To elaborate the presented double-stage PnC behavior,
we plot the isofrequency contours at o, =0, for 5 and
8 GHz in Figs. 4(a) and 4(d). The isofrequency plots are
obtained through calculation of eigenfrequencies for all
possible combinations in the k,-k, plane, and finding their
intersections with constant frequencies. The color in these
isofrequency contours denotes the sagittal-to-shear polar-
ization ratio at that point, and the filled green regions
correspond to the bulk modes. I', X, and M show the high
symmetry points of the first Brillouin zone in Fig. 4(a), and
the displayed data in this figure are in complete agreement
with the discussed band structure in Fig. 3(a). Figures 4(b)
and 4(e) show the elastic wave propagation from a central
sagittal point source on the bottom ZnO layer in the pre-
sented double-stage PnC, wherein we assume 30 rows of
pillars in both the x and y directions. These figures dis-
play the in-plane (x-y plane) displacement profiles on the
surface of the bottom ZnO layer, which are similar to the
displacement distributions on the top ZnO layer. It can
be obviously observed in Fig. 4(c) that sagittally excited

elastic waves propagate nearly isotropically at 5 GHz,
which is consistent with Fig. 4(a). At 8 GHz, Fig. 4(d)
reveals a band with negative group velocity around the X
point along the I'-X direction, which can lead to a sup-
pressed elastic wave propagation along the x direction,
as shown in Fig. 4(e), in which the elastic wave is com-
pletely focused in the I'-M direction. Figures 4(c) and
4(f) demonstrate the cross section (x-z plane) of the total
displacement of the corresponding supercells with sagit-
tal line sources along the x direction at 5 and 8 GHz,
respectively. Here, the input line source and the forward
(+4x direction) output on the top and bottom layers are
labeled as In, FU, and FD, respectively. Figure 4(c) demon-
strates the excited elastic waves propagating along the
+x direction in both the top and bottom ZnO layers at
5 GHz. However, Fig. 4(f) reveals the dominant elastic
wave propagation in the opposite direction (—x) through
the top ZnO layer at § GHz. Here, the reverse output on the
top ZnO layer is labeled as RU. Therefore, the proposed
double-stage PnC has the capability to guide different
surface-coupled modes anisotropically through excitation
of different eigenmodes, depending on polarization and
frequency.

Figure 5(a) depicts the reduced band structure of the
double-stage PnC [unit cell in Fig. 1(a)] in the I"-X direc-
tion beside the calculated shear transmissions through the
output ports of the corresponding supercell [Fig. 1(b)].
Both band structure and transmission calculations are
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carried out for o, = 0 4= 0, when there is no external stim-
ulation. Here, we assume a shear input line source at the In
cut line and calculate the transmission spectra correspond-
ing to the output forward transmissions on the bottom
(FD) and top (FU) ZnO layers in the +x direction, and
the reverse transmission on the top ZnO layer in the —x
direction (RU). Individual transmission spectra in Fig. 5(a)
reveal that the input elastic wave can be coupled to either
the top or bottom ZnO layer at each excitation frequency.

The top and bottom ZnO layers behave like elastic waveg-
uides that are coupled through the pillars, so that they
periodically exchange elastic energy during wave propa-
gation along the x direction. This elastic energy exchange
can be observed in Figs. 5(b)-5(g), depicting the total dis-
placement profiles of the supercell in the cross-section
views (x-z plane). Figures 5(b) and 5(c), 5(d) and 5(e), and
5(f) and 5(g) correspond to incident frequencies of 5, 8§,
and 10.5 GHz, respectively. Here, we assume 11 pillars

(@ 46 ED 4 RU,
~
&)
N’/
>
%)
=
)
=
o
2 6 L i _
<
1 T I 1
T X-30-15 0 -30-15 0 -30-15 0
Reduced wave Transmission
vector (ka/2m) (dB)
[
Z

=5 0 5
Sagittal-to-shear ratio (dB)

FIG. 5.

(a) Band structure of the unit cell in Fig. 1(a) along I'-X direction beside the transmission spectra of the corresponding

supercell [Fig. 1(b)] in the forward (+x) direction on the bottom (FD) and top (FU) ZnO layers, and in the reverse (—x) direction on
the top ZnO layer (RU). Output ports corresponding to transmission spectra of FD (blue spectrum), FU (red spectrum), and RU (orange
spectrum) are highlighted in (b). (b),(d),(f) Total displacement distributions in the cross-section views (x-z plane) of the supercell with
11 pillar rows along x direction at incident frequencies of 5, 8, and 10.5 GHz, respectively. (c),(e),(g) The same content as parts
(b),(d),(e), but with 30 rows of pillars along x direction in the supercell.
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in Figs. 5(b), 5(d), and 5(f), and 30 pillars in Figs. 5(c),
5(e), and 5(g) along the x axis, proving that increasing the
coupled elastic propagation length can switch the outward
elastic energy from FD to FU, or vice versa.

The sinusoidal profile of the coupling between the top
and bottom ZnO waveguides is obviously observed in fur-
ther propagation lengths of coupled elastic waveguides,
such as Figs. 5(c), 5(e), and 5(g). Figures 5(b) and 5(c)
[Figs. 5(d) and 5(e)] show the coupled elastic wave prop-
agation at 5 GHz (8 GHz). Moreover, there are some
specific lengths that the elastic waves can propagate in both
top and bottom waveguides simultaneously with a slight
transmission difference of about 1 dB (FD = —8.8 dB and
FU=-9.9 dB), as shown in Fig. 5(e) for 30 pillars at
8 GHz. This configuration case can serve as a vertical
elastic splitter, which is used in the next section of this
work to design a supersensitive vertical Mach-Zehnder
device. Hence, the dominant output port in elastic energy
transmission depends on the number of pillars (coupled
elastic propagation length) and the excitation frequency.
In Figs. 5(f) and 5(g), it can be observed that elastic waves
are mostly reflected from the top ZnO layer at 10.5 GHz,
so that the dominant output transmission at RU is indepen-
dent of the pillar number. In general, based on Figs. 3—5
the routing propagation path of the elastic wave in the
proposed vertical PnC can be controlled by geometrical
parameters, such as pillar dimensions and number of pil-
lars along the propagation direction, and incident wave
properties, such as polarization and frequency.

The assumed shear horizontal line source in the trans-
mission calculations is allowed to couple to the top or bot-
tom ZnO waveguides without imposing significant polar-
ization change, owing to the assumed PBCs along the y
direction in the investigated supercell [Fig. 1(b)]. In other
words, we expect that the assumed supercell fully sup-
ports the polarization of the shear excitation, because the
purely y-directed source displacements are not exposed to

(@

Arb.units

'1.0 y‘i'x i

fz.

Output cut line

Elastic wave
intensity

FIG. 6.

any confinement along the y direction in the supercell (see
Fig. 11 in the Appendix).

IV. THE PROPOSED VERTICAL
MACH-ZEHNDER DEVICE

The proposed supersensitive elastic Mach-Zehnder
device, based on the discussed double-stage PnC as the
vertical SAW splitter, is shown in Fig. 6(a). It can be
observed that the proposed device includes a Si substrate,
a bottom ZnO layer on the substrate, a double-stage PnC
consisting of 5 x 11 Si pillars in the x-y plane, and a top
ZnO layer. The shear-polarized SAW is assumed to be
excited on the surface of the bottom ZnO layer, while the
output detection port is assumed to be on the top ZnO layer,
as shown in Fig. 6(a). Because of the vertical nonplanar
design of the structure, only the top ZnO layer is affected
by the external stimulation, leading to a consequent modu-
lation of o,,. The proposed nonplanar SAW Mach-Zehnder
design, with the top ZnO layer as a thin sensing layer, ben-
efits from a small chip area and a supersensitive sensing
behavior, without requiring local focusing of the exter-
nal stimulation (e.g., UV illumination) on the sensitive
branch, as compared with the conventional planar Mach-
Zehnder configurations. Moreover, here we do not need an
extra dummy SAW device as the reference in conventional
differential measurements, and highly sensitive real-time
sensing with minimal cross sensitivity can be achieved in
a single double-stage Mach-Zehnder configuration.

Figure 6(b) shows the cross-section scheme of the pro-
posed structure, along the dashed line (44’) in Fig. 6(a).
Figure 6(b) illustrates the typical parts of a Mach-Zehnder
device, consisting of the splitting PnC region to divide the
incoming SAW into the top and bottom ZnO-based waveg-
uides, the phase region wherein the elastic properties of the
top branch are modulated individually by the external stim-
ulation, and the interference region wherein the top and

(b)

UV illumination
L

;=0

¢ >le >\ |

' ¢—————————>"
Splitter Phase (Z,) Interference (L)

(a) Schematic view of the proposed vertical SAW Mach-Zehnder device, in which the double-stage PnC zone splits the

incident SAW into the top and bottom ZnO layers. The top ZnO layer is exposed to external stimulation such as UV illumination.
Elastic waves from both the top and bottom ZnO layers interfere to realize the output SAW. (b) Schematic cross-section structure of
the device presented in (a), wherein the splitter zone, the phase zone, and the interference zone are shown.
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bottom elastic waves interfere, producing the output sig-
nal at the end. It is notable that the elastic properties of the
top ZnO layer are supposed to be modulated based on the
AE effect and the resulting modulation of effective stiffness
matrix elements with the conductivity modulation, which
in turn is a consequence of external stimulation. As shown
in Fig. 6(b), elastic waves propagate along a length of L,
in the phase region, affecting the total phase difference
between the top and bottom branches, and consequently
the final output signal. Moreover, replacing the isolating
air gap between the top and bottom ZnO layers by an inter-
mediate ZnO film, we make the elastic branches merge in
the interference region with length of L;, and define the
output probe at the end of this region. It is notable for each
design set of geometrical parameters of the double-stage
PnC (as in Table I), we can achieve different optimized
L, and L; values for the proposed Mach-Zehnder device.
Therefore, we assume the geometrical parameters of the
Mach-Zehnder device according to Table I, and then opti-
mize L, and L;. It should be noted that we assume the
thickness of the intermediate ZnO layer in the interference
region to be equal to the height of the Si pillars, as shown
in Fig. 6, to achieve a feasible and well-defined device
structure.

Another consideration is that L, not only determines the
phase difference between top and bottom ZnO layers, but
also changes the splitter behavior through varying the input
acoustic impedance that is seen after that. The acoustic
impedance of the top and bottom ZnO layers, seen from
the splitter end, are dependent on the waveguide geometry
(L, and yz cross-section area), material density, and wave
velocity [33]. The same impedance issue should be consid-
ered for the affecting parameters of the interference region
(L; and yz cross-section area), which can lead to elastic
reflections from the phase-interference interface at the top
and bottom branches. Therefore, L, and L; have significant
effects on the behavior of their previous stages and, conse-
quently, the total device. Regarding this, we optimize the
values of L, and L; in the complete Mach-Zehnder struc-
ture to achieve the highest extinction ratio at the output cut
line.

It is evident that longer elastic wavelengths need longer
L; values to achieve a well-defined interference pattern.
Moreover, the L; value modulates the acoustic impedance
of the interference region at the phase-interference inter-
face. In accordance with the latter discussions, simulation
results (see Fig. 12 in the Appendix) show that the oper-
ational frequency of the proposed Mach-Zehnder struc-
ture shifts to frequencies higher than about 9 GHz for
L;=5 pm, while for L;=10 pm the highest extinction
ratio is achieved at about 4 GHz. Therefore, we consider
L;=10 um to assure a successful Mach-Zehnder behavior
in the 1-10 GHz range, then optimize the L, value.

To optimize L, in the proposed Mach-Zehnder device,
first we investigate the transmission values of the

corresponding supercell with finite dimension along the x
axis at the two extreme limits of the top ZnO layer con-
ductivity corresponding to transmission values of 7 and
To: (i) o, =0 for the absence of external stimulation, and
(if) o, = oo for the intensive presence of external stimula-
tion. To achieve the maximum sensitivity of the designed
Mach-Zehnder device, L, is optimized so that the result-
ing extinction ratio [|10 x logo(Tx/T)|] is maximized,
wherein the output signal changes significantly by expo-
sure to external stimulation. Moreover, we pick up designs
in which both extinction ratio and maximum transmis-
sion [max(7y, T )] value are maximized simultaneously,
so that we can achieve a highly sensitive device in addi-
tion to an acceptable and measurable output signal. Figure
7(a) shows the calculated extinction ratios of the proposed
SAW Mach-Zehnder supercell [Fig. 6(b)], with varying
phase region length (L) from 50 to 6000 nm, and incident
frequency for L;=10 pm. For lower operation frequen-
cies in Fig. 7(a), a periodic dependence of the extinction
ratio on L, can be obviously observed at each frequency.
For more clarification, Fig. 7(b) depicts T, versus L, at
three different frequencies of 1 GHz (bottom), 2 GHz (mid-
dle), and 3 GHz (top), shown by horizontal dashed lines
in Fig. 7(a). As expected from the periodic nature of the
produced phase delay in the top ZnO layer, the observed
periods in this part grow shorter for higher incident fre-
quencies. This figure confirms that the interference effect
is dominantly responsible for the observed periodic varia-
tions of the extinction ratio. The phase of the elastic wave
at the bottom ZnO layer that propagates with a velocity
of ¢y after a length of L, is 91 =27 L,f /c|, where f is fre-
quency. For the top ZnO layer, the phase is ¢, =27 L,f /c3,
wherein c; is the elastic wave velocity along the top ZnO
layer. The velocities ¢; and ¢, are mainly dependent on
the conductivity value that modulates the effective elastic
matrix, based on Eq. (9), as well as dimensions and bound-
ary conditions of the ZnO layers. Constructive interference
occurs when |Ag| = |@1—¢,| =2mm, where m in an inte-
ger, leading to two adjacent maxima of T, with a period
of AL,,

1

AL, = :
S1/er) = (1/c2)]

(11)

However, it should be noted that L, is not the only
parameter that determines the elastic wave phase and
amplitude, and the input acoustic impedances affect the
final transmission values too. However, considering Eq.
(I1) we can estimate AL, values with an error of about
+10% at each frequency in Fig. 7(b).

To optimize the final Mach-Zehnder device with finite
dimensions along both the y and x axes, again we assume
L;=10 pm, and reoptimize the L, value. Here, we use
the configuration shown in Fig. 6(a) to carry out three-
dimensional simulations. Geometrical parameters are set
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(a) Variation of the extinction ratio 10 x log;¢(7./79) of the proposed Mach-Zehnder device versus varying incident fre-

quency and phase zone length (L,) for L; =10 um. (b) Calculated T, versus varying L, at frequencies of 3 GHz (blue curve), 2 GHz

(red curve), and 1 GHz (orange curve).

according to Table I, while the double-stage PnC consists
of 5 pillar rows along the x axis, and 11 pillar rows along
the y axis. Figure 8 depicts the calculated extinction ratios
with varying incident frequency from 1 to 10 GHz and L,
from 50 to 5000 nm with a step of 50 nm. Among the
observed hot spots in this plot, L, = 1650 nm leads to both
maximum extinction ratio of 23.5 dB and output signal of
—8 dB for the complete finite design at 8.6 GHz. Moreover,
the periodic variation of extinction ratios with varying L,
can be observed in Fig. 8.

Figure 9(a) shows the T, (solid blue) and 7%, (dashed
red) transmission spectra of the designed complete device
for L, = 1650 nm, confirming output signal of 7o = —8 dB,
and extinction ratio of 23.5 dB at extreme variation limits
of o, at 8.6 GHz. Figures 9(b) and 9(c) exhibit the total
displacement cross-section (x-z plane) profiles correspond-
ing to Tp and T, respectively. Again, Figs. 9(b) and 9(c)
show the lag between the elastic waves, which originates
from different phases of elastic waves at the top ZnO layer.
This AE-induced phase difference leads to different inter-
ference profile patterns in Figs. 9(b) and 9(c), and thus the
observed high extinction ratio. On the other hand, the dis-
placement profiles reveal that the splitting behavior of the
double-stage PnC and the coupling strength to the top and
bottom ZnO layers are also affected by external stimula-
tion and the related conductivity modulation. These elastic
wave profiles show that external stimulation leads to a
decrease in the elastic coupling strength of the incident
wave to the top ZnO layer for T,,. This splitting modula-
tion behavior is attributed to the aforementioned downshift
of surface bands of the double-stage PnC, as in Figs. 3(a)

and 3(b), when increasing o, from 0 to co. In other words,
To shows a high transmission level due to constructive
interference of the top and bottom elastic waves, and the
superficial confinement of elastic energy in the vicinity of
the output surface probe. Similarly, 7., shows a low trans-
mission level because of the destructive interference of the
elastic waves propagating in the top and bottom waveg-
uides, and the weak elastic coupling to the top ZnO layer
for o, = 00. Moreover, it is notable that the elastic wave
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= 7 o 2]
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FIG. 8. Variation of transmission extinction ratio of the final

finite Mach-Zehnder device with 5 x 11 pillars in the x-y plane
versus varying incident frequency and length of the phase zone
in the proposed supersensitive elastic device. Here, L; = 10 um.
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FIG. 9. (a) Spectra of the
designed finite Mach-Zehnder
device with 5 x 11 pillars in the
x-y plane and L;=10 pm and
L,=1.65 pm, in the absence
(To) and presence (7y) of
external  stimulation.  (b),(c)
Total displacement profiles at
incident frequency of 8.6 GHz,
corresponding to 7Ty and Ty,
respectively. The incident source
is assumed shear polarized.

vector at the phase-interference interface is deflected to
a finite angle from the x axis due to the different effec-
tive acoustic impedances, in addition to the asymmetric
wave incidence versus the ZnO guiding layer thickness in
the interference region. Therefore, the elastic wave enters
the interference region at a finite angle with respect to
the x axis, which leads to propagation, while experiencing
total internal reflections from the top and bottom interfaces
(with Si substrate) of the ZnO layer. This behavior can be
observed more clearly in propagation patterns along the x

(a) 10 3

-30 +—r—+—+—7"+—"—"7r—"—"7"++—++7+
8.0 8.2 8.4 8.6 838 9.0
Frequency (GHz)

FIG. 10.

axis in the supercell simulations [Figs. 13(b) and 13(c)],
which are in accordance with Figs. 9(b) and 9(c).

To elaborate the sensitivity of the designed Mach-
Zehnder device, we vary o, from 1073 S/m to 10* S/m,
and calculate the corresponding output transmission spec-
tra (7,,). Figure 10(a) shows 10 x log;o(7,,) spectra for
different o, values, revealing that the larger o, leads to a
smaller transmission value at 8.6 GHz. Figure 10(b) shows
the variation trend of transmission values with varying
o, at 8.6 GHz. It is observed that increasing o, in the

_
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(a) Transmission spectra [10 x logio(7,)] of the designed vertical Mach-Zehnder device for different values of conductiv-

ity of the top ZnO layer (o). (b) Variation of 10 x log;¢(75,) versus o, at the fixed frequency of 8.6 GHz.
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spectral components, when polarization of the source is assumed
shear.

low-conductivity regime up to 1 S/m (violet zone) does not
change 7, significantly from being approximately equal
to Ty. Similarly, increasing o, from about 100 S/m toward
higher conductivity levels (pink zone) does not change the
T, value considerably and it remains about equal to 7.
However, for 2.5 S/m <o, <50 S/m (yellow zone), the
T, value reveals a nearly linear correlation to o, with an
output sensitivity of about 0.63 dB/(S/m). The observed
variation trend in Fig. 10(b) is in good agreement with the
conventional trend of SAW-velocity modulation by con-
ductivity reported in the literature [14,34]. Moreover, this
trend is consistent with the conductivity-induced modula-
tion of the defect mode guiding frequencies in a single-
stage PnC in our previous work [14]. Here, we propose
and design a nonplanar SAW Mach-Zehnder device based
on double-stage PnCs, and explore the related physical
operation behavior. Moreover, we propose this configu-
ration as a highly sensitive sensor in response to external
stimulations, and evaluate the related sensing performance.

Considering the vertical design of the proposed elastic
Mach-Zehnder device, external stimulations such as UV
light can only affect the conductivity of the top ZnO layer.
However internal disorders may deteriorate the extinction
ratio of the designed device. Therefore, we evaluate the
performance of the proposed elastic Mach-Zehnder device
with respect to the variation of geometrical and material
parameters, such as pillars’ radius, permittivity, and elas-
tic matrix elements (C) of the ZnO thin films. To maintain
a definite high extinction ratio (>20 dB) at a frequency
of 8.3 GHz, the maximum acceptable tolerance in pillars’

radius is in the range of —0.5% to +4% around 85 nm.
Moreover, it is notable that the maximum acceptable tol-
erance of relative permittivity is achieved in the range
of —3.23% to +1.52%, while the tolerance of the elastic
matrix components is in the range of —1.33% to 4+0.57%
in the ZnO layers.

V. CONCLUSION

In this report, we propose a vertical SAW Mach-Zehnder
device that benefits from a double-stage PnC, consisting
of Si pillars sandwiched between two ZnO layers. This
structure can route the incident SAWs into different ports
depending on incident frequency and polarization. Here,
we design the double-stage PnC as an efficient vertical
splitter for the incident SAW, dividing the incident elastic
wave into the suspended top and the bottom ZnO waveg-
uides. We propose the designed vertical Mach-Zehnder
device as a highly sensitive sensor for detecting external
stimulations such as UV illumination or hydrogen expo-
sure. The suspended top ZnO layer serves as the sensing
branch in the proposed Mach-Zehnder design, in which
elastic wave propagation is modulated through the AE
effect in response to external stimulation. Moreover, the
bottom ZnO layer serves as the reference branch, which is
inherently protected from external stimulation due to the
vertical structure of our design. This protection prevents
additional complication to exert local stimulation on the
sensing branch, as in conventional planar Mach-Zehnder
structures. It is proved that the proposed highly sensitive
SAW Mach-Zehnder design leads to an extinction ratio of
23 dB when increasing the conductivity of the top ZnO
layer from about 1 S/m to 100 S/m. Based on the pre-
sented results, the proposed highly sensitive double-stage
device may be a promising candidate for sensing appli-
cations such as real-time detection of UV illumination or
hydrogen exposure.
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APPENDIX: SUPPLEMETARY SIMULATIONS

This appendix shows some other useful simulations to
validate the assumptions and optimizations of the pro-
posed vertical Mach-Zehnder device. In Fig. 11 we explore
the polarization behavior by superimposing the calculated
total output transmission spectra (u,* + u,? + u,?) at FD,
FU, and RU onto the separated sagittal (u,>+ u.?) and
shear (u,?) transmission components, in response to a
shear-polarized source in the supercell [Fig. 1(b)]. Accord-
ing to Fig. 11, sagittal components are negligible and
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all outputs keep the shear polarization in all frequencies,
without any significant polarization exchange.

To optimize L, and L; values in the proposed Mach-
Zehnder device, Figs. 12(a)-12(c) show the calculated
extinction ratios of the proposed SAW Mach-Zehnder
supercell [Fig. 6(b)], versus varying the phase region
length (L,) from 50 to 6000 nm, and incident frequency
for different interference region lengths of L;=2, 5, and
10 pm, respectively. As it is shown in Fig. 12, higher
L; values lead to the extension of high extinction ratios
and operation frequency range into the lower frequen-
cies. This observation is attributed to elastic impedance
modulation of the interference region by varying L;, so
that impedance matching can occur at L;=10 um, which
minimizes the elastic reflections at the phase-interference
interface and allows well-behaved interference of elastic
waves in the interference region. Moreover, for lower oper-
ation frequencies in Fig. 12(c), a periodic dependence of
the extinction ratio on L, can be obviously observed at
each frequency.

Moreover, considering extinction ratio hot spots in
Fig. 12(c), we choose L, =2.8 pm at 8.3 GHz for our
highly sensitive Mach-Zehnder design to achieve the high-
est possible output signal [max(7Ty, Too)], as well as a
high extinction ratio. Figure 13(a) indicates the resulting

To (solid blue) and T, (dashed red) transmission spectra
of the supercell, revealing a high transmission contrast of
about 21 dB, and a high output signal of —1.5 dB at a
frequency of 8.3 GHz. Figures 13(b) and 13(c) show the
total displacement distributions in the supercell at 8.3 GHz,
corresponding to 7y and T, respectively. As shown in
Figs. 13(b) and 13(c), incident elastic waves are success-
fully coupled to both top and bottom waveguides in the
splitter regions, propagate through the same length but
with different phase delays along the phase regions, then
merge and interfere in the interference regions with dif-
ferent profiles, leading to an extinction ratio of about
21 dB at a fixed output probe (shown by Out). Vertical
dashed lines at some specific x positions in Figs. 13(b)
and 13(c) clarify the observed elastic wave lag between
the unstimulated and stimulated conditions after the phase
regions, which originates from the phase delay differ-
ence induced by external stimulation. Thus, our optimized
design leads to the maximum output sensitivity of about
21 dB for the investigated supercell in response to extreme
limits of external stimulations (o, =0, co). Comparing
Figs. 13(a) and 9(a), an enhancement of 2.5 dB is observed
in the extinction ratio of the optimized device with finite
dimensions versus the optimized supercell design. This
subtle enhancement is attributed to the elastic splitting

024071-14



VERTICAL PHONONIC INTERFEROMETER. ..

PHYS. REV. APPLIED 19, 024071 (2023)

FIG. 13.

(a) 0:""“'.-1....1.,,.

—5]
—104

-15

Transmission (dB)

—20

T
8.5

l\Mm"I’”\\M WI W

“vl'

;“%

5 BLYINSTTULTTRUINUN |14 . | AAARTIMIN |
\’WVYUUH\W‘VIY\W! \WJ’

\Jlli\

(a) Transmission spectra of the supercell with interference zone length of L; = 10 um and phase zone length of L

TS

o WN Jl'\ \mnﬂnud
. —

p=2.8 pm

in the absence of external stimulation (7}, solid blue spectrum) when o = 0, and in the presence of extreme external stimulation (7,
dashed red spectrum) when o = oo. (b),(c) Total displacement distributions at incident excitation frequency of 8.3 GHz, corresponding
to Ty and T, respectively. Incident polarization of the source is assumed shear.
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