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ABSTRACT

We present the design and numerical investigation of a reconfigurable and miniature locally resonant surface acoustic wave demulti-
plexer based on a ZnO pillar phononic crystal, for the first time. Hollow cylinder line defects are used as waveguides, due to their good
structural controllability over the local resonant waveguiding frequency and bandwidth. Two local resonant surface acoustic waveguides
are designed and simulated as the output channels of the demultiplexer, and the shear-horizontal wave transmission spectra are calcu-
lated for each channel individually. The designed radio frequency demultiplexing output channels support frequencies of 4.14 GHz and
4.28 GHz, with respective bandwidths of 40 MHz and 60 MHz, while their spatial separation is just about 800 nm. In order to achieve a
reconfigurable output characteristic, the effect of acoustoelectric interaction in piezoelectric semiconductors is numerically simulated
in this study. The acoustoelectric interaction causes an additional stiffness in ZnO that can be released by adding extra charge carriers,
i.e.,, increasing conductivity, thus changing the effective elasticity of the ZnO structures and the guiding frequencies of the output channels.
Two output frequencies show red shifts of about 100 MHz and 150 MHz by extremely increasing the conductivity of ZnO structures from
0.01 S/m to 100 S/m.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0024485

1. INTRODUCTION

Reflection and isolation of elastic/acoustic waves in phononic
crystals (PNCs), which consist of a periodic array of scatterers, have
led to many applications for PNCs in waveguides, resonators, energy
harvesters, telecommunication filters, couplers, demultiplexers, and
also sensors.' > On the other hand, surface acoustic wave (SAW)

increased lattice constant. In fact, in a periodic array of locally reso-
nant scatterers (such as pillars), a new set of low-frequency elastic
modes, named as surface coupled modes, are created, due to which, in
their absence, the local resonance bandgaps open. Recent reports have
shown the emergence of local resonance bandgaps for PNCs, made
of various resonators, both numerically and experimentally.”*"*
Introducing defects inside such PNCs can be utilized to localize

devices have shown promising applications, ranging from various
sensing fields to the signal processing and wireless telecommuni-
cation fields, such as RF filters and duplexers.”’18 PNCs, in
certain conditions, can create bandgaps for SAWs as well.'”™*
Bragg bandgap, as a result of Bragg scattering from PNCs, occurs
at a frequency that is dependent on the lattice constant of PNCs.
However, local resonance bandgaps, first introduced in 2000 by
Liu et al,” are a type of bandgap opening at lower frequency ranges
than the Bragg bandgap frequency range, without the need for an

SAWs to defect structures. The introduced defects can be designed
so that guiding modes are created inside the local resonance
bandgap, which can be used as SAW waveguides.”” >’
Acoustoelectric interaction, which was introduced in 1953,
occurs during the propagation of elastic waves in piezoelectric
semiconductor materials. This phenomenon modifies the velocity,
amplitude, and phase of the elastic wave, since the reverse piezo-
electric effect creates an additional stiffness in the medium as a
result of bounded charges induced by the propagating elastic wave.

30
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In other words, the elasticity of the piezoelectric medium increases
effectively as a result of elastic wave propagation.”’ This extra stiff-
ness can be partially released by inducing excess charge carriers
into the material (by UV illumination, etc.), which can screen
the bounded charge’s field, and modulating the elastic wave’s
velocity, amplitude, and phase. This interaction has found various
applications in SAW-based sensors, such as UV detectors.”” ™"
Consequently, the acoustoelectric effect can be utilized to induce
effective changes in the elasticity of piezoelectric semiconductor
materials. Thus, we benefit from the acoustoelectric interaction to
introduce tunability to the behavior of SAW-based devices con-
structed from piezoelectric materials. Regarding this, we have
recently reported a tunable locally resonant SAW filter, consisting
of a ZnO-based PNC.” In this line of research, here we present,
for the first time, the design and numerical investigation of a min-
iature SAW demultiplexer device based on local resonance band-
gaps in a PNC of ZnO resonators. Moreover, the proposed device is
designed in such a way that it shows switchable output frequencies
in response to the conductivity modulation of ZnO resonators. The
use of hollow cylinder line defects to achieve waveguides with con-
trollable bandwidth and frequency also adds to the prominence in
this work. The PNC in this device is assumed to be made of ZnO
resonators, which is a piezoelectric semiconductor with strong
acoustoelectric interaction, and benefits from a simple, low cost,
and CMOS compatible fabrication process. The output transmis-
sion peak frequencies of the demultiplexer device are demonstrated
to have an effective red shift in response to the increased conduc-
tivity of the ZnO structures. Realization of the presented reconfig-
urable frequency behavior is proposed to be achieved by UV
illumination after the fabrication process, which is a contactless
and simple approach. The proposed reconfigurable demultiplexer
device works in the GHz frequency domain and, thus, can be con-
sidered a promising platform for analog signal processing in wire-
less communication systems.

Il. PHYSICAL PRINCIPLES AND STRUCTURE

Line defects in the proposed PNC can create guiding modes
inside the local resonance bandgaps, allowing the transmission of
certain frequencies. The value and number of the defect guiding
frequencies depend on the elastic and structural parameters of the
defect resonators. A schematic of the proposed demultiplexer as
well as its top view are shown in Fig. 1, wherein the input and two
output ports are highlighted. Here, we propose a PNC-based
demultiplexer device on Si consisting of ZnO resonators, and their
elastic parameters can be controlled through the acoustoelectric
effect, which will result in a switchable output frequency behavior.
The acoustoelectric-induced tunability is proposed to be achieved
through contactless UV illumination (as shown in Fig. 1) in prac-
tice. Hollow cylinder defects are used as waveguiding resonators,
since we have shown that they provide an acceptable designing
degree of freedom in their structural parameters to control the cor-
responding transmission width and frequencies.”” A defect with a
hollow cylinder of high outer radius can have a wide transmission,
and by changing the inner to outer radii ratio, one can modify the
frequency behavior. On the other hand, line defects with hollow
cylinders of smaller outer radius and high inner to outer radii ratio
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FIG. 1. The schematic of the proposed SAW demultiplexer device and the top
view, with one input (green channel) and two output channels (red and blue
channels), made of hollow cylinder line defects in a ZnO-based pillar PNC. UV
illumination is proposed to create the reconfigurable demultiplexing behavior.

create narrow-band transmission spectra, making them suitable
choices for output waveguides of the demultiplexer device. The
elastic wave equations have been solved through the finite element
method (FEM) to extract the band structures and transmission
spectra of the designed device. More details on the elastic wave
propagation equations, coupled with acoustoelectric interaction, are
given elsewhere.”

lll. RESULTS AND DISSCUSION

The proposed demultiplexer device consists of a PNC made
from ZnO pillars in a square lattice with radius (r), height (h), and
lattice constant (a) of 65nm, 100 nm, and 200 nm, respectively,
over a Si substrate. In order to design the demultiplexer wave-
guides, first we have investigated the transmission spectra of the
hollow cylinder waveguides with r, values of 95nm and 65nm
and different r,/r, ratios. We have extracted the guiding central fre-
quency (f;) and the relating full width at half maximum (FWHM)
(illustrated by error bars), as depicted in Fig. 2. The blue dotted
level represents the midgap level, and the gray bottom and top
regions display the transmission zones where the bandgap lies
between them. Our goal is to choose two narrow-band waveguides
as the output channels, with minimum possible frequency overlap-
ping spectra, occurring in the input waveguide GHz frequency
range. We have numerically investigated different demultiplexer
designs based on the different waveguides (Fig. 2); however, the
results show that mostly the elastic impedance mismatch between
the input and output waveguides leads to destructive reflections at
the junction of the demultiplexer, preventing efficient wave cou-
pling from the input channel to the outputs. Our results indicate
that an input waveguide consisting of hollow cylinders with
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FIG. 2. f; and FWHM values (shown by error bars) of transmission spectra for
local resonant guiding modes with r,=95nm (red) and r,=65nm (black) vs
different rir, values.
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Figures 3(a)-3(d) show the geometries of the unit cell and
supercells used to calculate the band structures of the perfect PNC
[the first Brillouin zone (BZ) is shown as the inset] and line defect
waveguides, while the periodic boundary condition (PBC) is
applied on the sidewalls of the substrate. Corresponding to the
perfect PNC band structure, to calculate the band structure for the
super cells relating to the line defected PNCs [Figs. 3(b)-3(d)], we
run an eigenfrequency study with Bloch PBC applied on the side-
walls of the supercells and sweep the wave vector (k) between zero
and n/a (“a” is the lattice constant of PNC) for the I'X direction.
The calculated band structures of the perfect PNC and the designed
input and two output waveguides are depicted in Figs. 3(e)-3(h).
The perfect PNC band structure [Fig. 3(e)] shows a Bragg bandgap
around 12 GHz (green ribbon) and two low-frequency local reso-
nance bandgaps (blue ribbons) occurring between a range of
8-9 GHz and 3.98-4.5 GHz. Figures 3(f)-3(h) depict the magnified
band structures of input and two output waveguides around the
first low-frequency local resonance bandgap (3-6 GHz) in the I'-X
direction of the first Brillouin zone in order to observe all possible
created guiding modes. The defect-induced guiding modes are
shown by red bands, some of which locate inside the bandgap.

In the next step, the transmission spectra of the designed three
waveguides are calculated using a 11 x 11 PNC, as shown in Fig. 4(a).
The calculation is done by dividing the average absolute displace-
ment components in x, y, and z directions over the output cutline

r,=95nm and r;/r,=0.45, and output waveguides with r,=65nm
and different r;/r, ratios of 0.7 and 0.9, show an acceptable demul-
tiplexing behavior that is in agreement with the observed fre-

by similar values over the input cutline, as shown by the red lines
in Fig. 4(a). It is notable that we focus on the transmission of

quency behaviors in Fig. 2.
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FIG. 3. The geometry of the PNC’s unit cell and the first BZ are shown in part (a). The supercells for the designed (b) input and (c)—(d) output waveguides used for band
structure calculations are depicted. Band structures of (e) the perfect pillar-based PNC and the supercells of hollow cylinder line defects in I'-X direction with (f) r,=95nm
and rfr,=0.45, (g) r,=65nm and rir,=0.7, and (h) r,=65nm and rr,=0.9.
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FIG. 4. (a) An 11 x 11 PNC with a linear hollow cylinder defect for calculation of the waveguiding transmission spectra. (b) Shear-horizontal transmission spectra for
waveguides with r,=95nm and r/r,=0.45 (black), r,=65nm and rir,=0.7 (red), and r,=65nm and r/r,=0.9 (blue). Total displacement in the designed waveguides at
central guiding frequencies, corresponding to part (c) fy=4.26 GHz, (d) fy =4.12 GHz, and (e) f, = 4.27 GHz.

electromechanical coupling factor, and high energy concentration
near the surface. Three transmission spectra for the discussed
hollow cylinder waveguides in Figs. 3(f)-3(h) are superimposed in
Fig. 4(b). The inset of Fig. 4(b) demonstrates how FWHM is calcu-
lated for a magnified transmission peak, in which the difference of
two —3dB frequencies from both sides of the central frequency is
defined as FWHM. As can be seen in the figure, the input waveguide
transmission spectrum successfully supports two individual output
frequency spectra or covers both the output waveguide bandwidths
(FWHM,,, > FWHM,,; + FWHM,,,). Also, the output waveguides
are designed to support narrow bandwidths, and distinguishable trans-
mission spectra with minimal overlapping (fs; — fuz> FWHMu +
FWHM,,), which is required to suppress the crosstalk between the
output channels of the proposed demultiplexer.

The observed slight gain in the black transmission curve in part
(b) can be attributed to the negative slope of the relating guiding

bands, as shown in Fig. 3(f), which can result in wave phenom-
ena such as negative refraction or superlens effect in phononic
metamaterials.””’” These phenomena can create transmission
gain in certain frequencies. However, elaborating these issues is
beyond the scope of this article. Figures 4(c)-4(e) demonstrate
the total displacement for the central guiding frequencies of
fao=4.26 GHz, f;; =4.12 GHz, and f;, = 4.27 GHz, corresponding
to Figs. 3(f)-3(h) and 4(b). It can be observed that the total dis-
placement in part (e) shows a whispering gallery mode inside the
local resonance gap, since hollow cylinders with high r,/r, values
allow the creation of these modes with nearly flatband guiding
modes and narrow-band transmission spectra.

Finally, the designed waveguides are assembled together to
achieve a locally resonant demultiplexer, wherein the ZnO structures
are considered to be intrinsic. The designed demultiplexer geometry
and its top view are presented in Figs. 5(a) and 5(b), respectively,
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FIG. 5. (a) The geometry of the 11 x 15 demultiplexer with an input and two
output waveguides, consisting of hollow cylinders, with a Y-junction between
them (marked by yellow circles). The input and output cutlines are shown in the
picture. (b) Top view of the same device.

wherein the input and two output cutlines are highlighted. In order
to enhance the wave coupling between the input and output wave-
guides, we have optimized the inner and outer radii of Y-junction
hollow cylinders (shown by the yellow circle). Thus, we have chosen
1, values of upper and bottom Y-junction hollow cylinder to be
equal to 75nm and 65nm with r;/r, of 0.85 and 0.65, respectively.
Moreover, in order to reduce the crosstalk between the output
waveguides, with a spacing of about 800 nm, we have removed the
intermediate row of pillars, as shown in Fig. 5. To calculate the
shear-horizontal transmission of each output port, the averaged
absolute displacement components over each output cutline are
divided by the similar values over the input cutline. In order to
prove the reconfigurable behavior of the designed demultiplexer, we
have considered two cases, in which the conductivity (o) of ZnO is
changed from an intrinsic value of 0.01 S/m to 100 S/m. It should
be noted that ZnO is a wide bandgap semiconductor with exten-
sively low carrier concentration and conductivity in its intrinsic
form. However, UV illumination, and the consequent photogener-
ated carriers, can increase the conductivity intensively. On the other
hand, oxygen molecules naturally tend to be adsorbed on a ZnO

ARTICLE scitation.org/journalljap

surface and lead to the formation of an electron-depleted surface
region, which allows intensive photoconductive response to UV illu-
mination in ZnO structures.”**

Moreover, considering that the UV penetration depth in ZnO
is about 180 nm, we have considered a uniform impact of UV on
all of the ZnO structures and have ignored the acoustoelectric effect
in Si because of its centrosymmetric nature. Details of acoustoelec-
tric formalism for modulation in the elastic parameters of ZnO
upon conductivity modulation can be found in our previous
work,” wherein the relating loss is accounted by the complex effec-
tive stiffness and wave number, leading to a decaying propagating
wave."" It is worth mentioning that the propagation loss is maxi-
mized at the conductivity of about 6 ~7S/m for ZnO, where the
propagation velocity equals the average velocity of the open and
short-circuit cases.”” Hence, the acoustoelectric loss is not signifi-
cant in our proposed switching conductivities. Figures 6(a) and 6(b)
demonstrate the transmission spectra of the two output ports, for
6=0.01S/m and =100 S/m, respectively. For the intrinsic ZnO,
two output transmissions are observed at f; =4.14 GHz (red) and
far =4.28 GHz (black) with respective peak intensities of —11.03 and
—11.15dB, and a crosstalk of about —9 dB, as shown in part (a). By
increasing the conductivity value of ZnO, the guiding frequencies
show a red shift to f; =4.05GHz and f; =4.13 GHz with the
respective peak intensities of —10.16 dB and —9.11 dB, and a cross-
talk of about —10.6 dB [shown in part (b)].

The observed red shift is attributed to the release of
acoustoelectric-induced extra piezoelectric stiffness in ZnO struc-
tures, due to screening of the excess carrier field. The maximum
achieved red shifts upon increasing ¢ from 0.01 S/m to 100 S/m
are Afy; ~ 100 MHz and Afp ~ 150 MHz. Figures 6(c) and 6(d)
demonstrate the total displacement in the corresponding output
channels for f;; and f;, (6=0.01 S/m), respectively. It is observed
that the elastic wave is frequency-selectively localized in the
output waveguides successfully. The inevitable reflections from
the boundaries can be responsible for the observed non-uniform
total displacement distribution at a number of hollow cylinders.
We should mention that most of the displacement is localized to
the waveguide’s hollow cylinders at their resonance frequencies,
being maximum at the upper edge and minimum near the sub-
strate surface. Moreover, it should be noted that the leaked dis-
placement into the substrate surface is not comparable to the
hollow cylinder’s displacement.

Since it is well established that output frequency characteris-
tics, such as bandwidth and resonance frequency, are highly
dependent on the structural parameters of the resonators in local
resonance waveguides, we investigate the dependence of the
reported demultiplexing behavior on the possible tolerances of
the structural parameters during the fabrication process. In this
regard, first we have investigated the case with random radius tol-
erances in output and input waveguides. Our results show that a
maximum dimension tolerance of 5nm in the outer radius of a
maximum number of three hollow cylinders in output and input
waveguides is acceptable. However, there are some critical struc-
tural aspects in the designed structure, such as the sidewall slopes
of the hollow cylinders, wherein such fabrication tolerances
degrade the output significantly. Thus, vertical etching of the
nanoscale hollow cylinders should be performed with special care
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FIG. 6. Shear-horizontal transmission spectra for two outputs at (a) ¢ =0.01 S/m and (b) o =100 S/m. The magnified transmission peaks are shown in the figure insets.
The total displacement in the demultiplexer device for ¢ =0.01 S/m at central guiding frequencies of (c) fy = 4.14 GHz and (d) fy, =4.28 GHz.

and by high precision procedures.””** Moreover, studying the

systematic variations in the critical dimensions, we have scaled
up/down the in-plane dimensions of the design for +5% and
show that the central peak frequencies change inversely by the
scaling factor and the peak intensities show an overall drop
between 1 and 3 dB, which is acceptable.

IV. CONCLUSION

We present the design and numerical investigation of a minia-
ture and reconfigurable SAW local resonant demultiplexer working
in a GHz frequency domain, benefiting from acoustoelectric inter-
action. The presented device is based on a PNC made of ZnO
pillars, while ZnO hollow cylinder line defects serve as the input
and two output waveguides as the demultiplexer channels. For a

successful design, we have benefited from the allowed degree of
freedom in designing the structural parameters of the hollow cylin-
ders over their waveguiding characteristics. In our design, output
central frequencies are 4.14 GHz and 4.28 GHz, with FWHM
values of 40 MHz and 60 MHz, respectively. The proposed minia-
ture PNC-based SAW demultiplexer allows a crosstalk of about
10 dB between the output channels, while the output interspacing
is just about 800 nm. Benefiting from acoustoelectric interaction, by
increasing the conductivity of ZnO structures from an intrinsic
value of 0.01 S/m to 100 S/m, red shifts of 100 MHz and 150 MHz
are achieved for the designed guiding frequencies. Thus, the
designed local resonant SAW demultiplexer is proved to have a
switchable frequency behavior. The proposed device is promising
for SAW-based wireless communication applications such as recon-
figurable RF duplexers.
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