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We demonstrate a new phononic crystal (PnC) platform with wideband hypersonic phononic bandgaps
(PnBGs) for surface acoustic waves (SAWs). These SAW PnCs are fabricated on a CMOS-compatible
substrate and constructed by a two-dimensional periodic array of piezoelectric aluminium nitride pillars
on silicon to achieve a low-loss all-dielectric PnC platform. Our experimental PnBG results acquired with
integrated wideband SAW filters (i.e., two slanted interdigital transducers as an emitter and a receiver)
show a surface PnBG from 1.6 to 1.75 GHz for the fabricated surface PnC, enabling the formation of
low-loss hypersonic PnC-based devices for a wide range of ultrahigh-frequency applications, including

wireless communications.

DOL: 10.1103/PhysRevApplied.10.064019

I. INTRODUCTION

Surface acoustic waves (SAWs)—a class of acoustic
waves confined within a few wavelengths from the surface
of a semi-infinite elastic medium—range from giant seis-
mic waves with kilometer wavelengths on the surface of
Earth [1] to tiny traveling ripples on the surface of a chip
with micron wavelengths [2]. Microfabricated SAW-based
devices are integral parts of many filtering and duplex-
ing applications in wireless communications [2,3] because
of the ease of surface micromachining in mass production
and scalability of the operation frequency by adjustment of
the lateral dimensions. As the working frequency of SAW
devices is set by surface-feature sizes, wireless devices
supporting a multitude of spectral bands (e.g., Long-Term
Evolution, Global Positioning System, and Wi-Fi) can be
fabricated by co-integration of SAW devices on a single
chip. SAW devices have been also investigated in quan-
tum studies [4-9] and in conjunction with photonic crystal
cavities for dynamic modulation of optical signals [10—12].

The ability to control the propagation of SAWs in peri-
odic structures has motivated researchers to extensively
investigate SAW phononic crystals (PnCs) [13-25], arti-
ficially created surface periodic structures supporting a
phononic bandgap (PnBG) [26-29] for SAWs. A complete
PnBG is a range of frequencies in which the propagation
of acoustic waves in any direction within the defect-free
PnC is prohibited. Therefore, similarly to the case of its
optical counterpart (i.e., a photonic crystal [30]), introduc-
tion of an appropriate defect [31,32] inside a perfect SAW
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PnC allows low-loss localization and navigation of surface
acoustic phonons within PnBG frequencies.

SAW PnCs are created by periodically varying the effec-
tive elastic properties (i.e., mass density and stiffness) on
the surface of host materials in one or two dimensions (e.g.,
through ordered synthesis and/or perforation). SAW PnCs
are broadly classified as hole-based SAW PnCs [14,17—
19] and pillar-based SAW PnCs [21,24,25]. In comparison
with hole-based SAW PnCs, pillar-based SAW PnCs are
more promising in terms of wider PnBGs in the ultrasound
(megahertz) and hypersound (gigahertz) regimes, with less
stringent fabrication constraints because of the additional
design flexibility in selecting the geometry and material
of the pillars. PnBGs in pillar-based PnCs [21] stem from
the interplay of both Bragg scattering from the periodic
phononic structure and local resonances of the individual
pillar (i.e., lattice sites). Depending on the frequency of the
propagating SAWs in the lattice, pillars can act as either
local scatterers or local resonators, which is determined by
the geometry and elastic properties of the individual pillar
and the global symmetry of the lattice [23]. Likewise, in
pillar-based membrane PnCs [33—36], where the thickness
of the substrate is comparable to or smaller than the wave-
length of the acoustic wave, PnBGs appear as a result of
the resonances of the pillars, with noticeable flat phononic
dispersion bands.

Previous experimental work on pillar-based SAW PnCs
was mostly based on deposited metallic pillars [21,24].
These platforms have enabled the formation of wideband
SAW PnBGs below the substrate sound line. However, this
wideband PnBG is achieved at the price of extra phononic
loss of metals for acoustic waves [37,38]. Therefore, the
realization of SAW-PnC devices with wide PnBG and low
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phononic losses based on nonmetallic structures is of great
importance.

This study is, to the best of our knowledge, the first
report on experimental demonstration of a SAW PnC
based on nonmetallic pillars at hypersonic frequencies on a
CMOS-compatible piezoelectric platform. Such structures
allow direct integration of SAW-based devices with radio-
frequency (rf) electronics. In Sec. II, we discuss dissipation
processes in phononic devices and compare metallic pillars
and dielectric pillars in terms of major intrinsic losses. In
Sec. III, we discuss our simulation results and describe our
design approach for both the SAW PnC and the wideband
interdigital transducers (IDTs) used for PnBG characteri-
zation. In Sec. IV, we discuss the fabrication process and
the experimental characterization results of the fabricated
SAW-PnC devices. Final conclusions are given in Sec. V.

II. PHONONIC MATERIAL LOSS IN PNC
STRUCTURES: METALLIC PILLARS VERSUS
NONMETALLIC PILLARS

The design of a low-loss phononic structure requires
mitigation of acoustic loss through different extrinsic and
intrinsic processes, such as coupling to radiative acous-
tic modes, thermoelastic damping, phonon-phonon inter-
action, and phonon-electron scattering [39,40]. With the
suppression of radiation loss (or coupling to bulk modes) in
surface PnC structures through appropriate design of PnC
defects [31], thermoelastic damping becomes the primary
loss mechanism in PnC structures [41—46]. The thermoe-
lastic damping is caused by the irreversible conversion
(or coupling) of the strain energy to heat due to ther-
mal diffusion. Thermoelastic loss is, in general, greater
in metals [38,42,47] due to the larger thermal diffusivity
(i.e., D =«/Cp, where x and Cp are the thermal con-
ductivity and specific heat capacity at constant pressure,
respectively) and larger linear thermal expansion coef-
ficients [i.e., « = d(InL)/0T]. Landau and Lifshitz [44]
showed the thermoelastic damping generally scales as
y ~ ka?/C%. Table I compares y as an indication of
thermoelastic loss in selected dielectric and metallic mate-
rials. As is clear from Table I, metallic materials have
much higher thermoelastic damping losses than dielectric
materials. In addition, dielectric structures are much-less
prone to electron-phonon-scattering losses [40] than met-
als. Electron-phonon scattering is one of the major sources
of acoustic dissipation for ultrasonic acoustic waves in
bulk metals at low temperatures [40,49]. In addition to
the intrinsic losses (i.e., thermoelastic and phonon-electron
dissipations) in metals, the friction at metal-piezoelectric

interfaces in PnC structures formed by metallic pillars on
a piezoelectric substrate also contributes to the overall
phononic loss [50,51]. Similarly to the case of metallic-
pillar PnC structures, the use of metallic electrodes in
directly excited PnC structures will lead to increased
acoustic losses. Recently, it was demonstrated that by use
of capacitive excitation and avoidance of direct-contact
metallic electrodes in a piezoelectric membrane struc-
ture, the mechanical quality factor (Qpy) of the membrane
structure at 1.2 GHz can be significantly increased [51].
These observations show that the use of nonmetallic pil-
lars results in surface PnC devices with potentially higher
Opn than those based on metallic-based PnC platforms.

II1. SURFACE PNC BAND STRUCTURE AND
WIDEBAND IDT DESIGN

Silicon (Si) is a crystalline substrate suitable for fabri-
cating phononic devices due to the availability of mature
fabrication techniques, ease of integration with CMOS
electronic circuitry, and low acoustic losses. However, Si
is not a piezoelectric material. Thus, a piezoelectric film
on Si is required to enable efficient excitation and detec-
tion of SAWs through IDTs [2,52]. Thin-film aluminum
nitride (AIN) [53] is a CMOS-compatible material that can
fulfill the role of an electromechanical transducer while
enabling the formation of a surface PnC by patterning it
into pillar structures. AIN has recently received attention in
piezo-optomechanical studies (e.g., Refs. [12,54,55]), but
discussion of this is beyond the scope of this paper.

A. Elastic wave simulations in surface PnC structures

Radiation loss of SAW-PnC devices (primarily caused
by coupling of surface-confined waves of the devices to
bulk waves) and the existence of the PnBG depend on the
extent of the nonradiative spectral region, which is set by
the slowest bulk mode of the substrates and the PnC lattice
symmetries. Among the various two-dimensional lattice
structures, the triangular lattice provides the largest non-
radiative wavevector extent for a certain lattice constant
[23]. Figure 1 provides the simulated surface phononic
band structure of the conelike AIN pillars in a triangular
lattice on (100)-oriented Si with a primary surface PnBG
from 1.6 to 1.74 GHz. As shown in Fig. 1(a), the edges of
the irreducible Brillouin zone (IBZ) of the PnC structure
are ['-X-L-K-I" due to the elastic anisotropicity in Si and
symmetry of the PnC lattice.

The phononic band structure in Fig. 1 is calculated for
a primitive unit cell of the SAW PnC by the finite-element

Ni Al Cu Pt SiC

TABLE I. Thermoelastic damping of various metals and dielectrics [38,48].
Si AIN w Au
y ~ka?/C5 0.0017 0.0026 0.32 3.8

0.08 0.15 0.88 0.32 0.0007
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FIG. 1. (a) Simulated surface phononic band structure of the fabricated SAW PnC, which is a triangular lattice of conelike AIN
pillars on a (100)-oriented Si substrate (see the schematic of the lattice primitive unit cell) over the edges of the IBZ. The region
shaded yellow specifies the extent of the theoretical complete surface PnBG from 1.6 to 1.74 GHz. The lattice constant a (i.e., the
distance between the nearest adjacent pillars) of the simulated PnC is 1.4 um, and the angle, height, and top radius of the cone (i.e., 7')
are 80°, 530 nm, and 340 nm, respectively. (b) Displacement profiles of selected points from the dispersion bands of the PnC structure
in (a). (c¢) The acoustic power flow of the SAW-PnC unit cell corresponding to the mode profiles shown in (b). Small red arrows show
the density and direction of the power flow in the midplane of the unit cell (i.e., in the plane of x = 0 for modes A, B, and C, and in
the plane of y = 0 for modes D, E, and F). For the modes propagating in the I'-K and I'-X directions, the flow of the acoustic power
is along the y and x directions, respectively, as seen from (c). (d),(e) Simulated phononic transmission along I'-K (11 layers: 11 x a)
and I'-X (nine layers: 9 x &/3), respectively.

method in the COMSOL MULTIPHYSICS environment [56].  tensor are along the x and y axes of the simulation domain,
The material constants used in this simulation are listed in  respectively. By applying the Floquet periodic boundary
Table II. Figure 1(a) shows the coordinate axes of the sim-  condition to the boundaries of the primitive unit cell per-
ulation domain, in which the ¢ axis of AIN and the Z axis  pendicular to the x-y plane and setting the wavenumber
of the Si stiffness tensor are along the z axis of the sim- (k. k, € IBZ, k. = 0), we find the corresponding eigen-

ulation domain, and the X and Y axes of the Si stiffness  frequency and eigenmodes, and extract the band structure
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TABLE II. Material constants of AIN and Si used in the
simulations.
Symbol AIN Si
Elastic constants cn 345 165.6
(GPa) ci2 125 63.9
c13 120 63.9
c33 395 165.6
C44 118 79.5
Co6 110 79.5
Piezoelectric constants exs —0.48 —
(C/m?) e —0.58 -
€3 1.55 —
Mass density (kg/m?) ) 3260 2330
Relative permittivities €xx/ €0 8 11.7
€.2/€0 9.5 11.7

of the surface acoustic modes propagating through the lat-
tice in the x-y plane. In Fig. 1(a), the thin blue curves
denote the confined surface phononic modes of the PnC
structure, and the thick red line (i.e., the slowest shear bulk
mode) represents the border between the phononic modes
well bounded to the surface and the radiative modes (i.e.,
the bulk modes or leaky surface modes—gray region) not
confined to the surface.

Our simulation results reveal that to achieve a wide
PnBG, it is critical to have close-to-vertical sidewalls. In
addition, simulations show that for thin AIN pedestals,
the PnC lattice constant (i.e., @) does not play a major
role in adjusting the width and center frequency of the
first (primary) PnBG. However, as the thickness of the
AIN pedestal increases, both the width of the first PnBG
and its dependence on the PnC lattice constant increase,
indicating that both Bragg scattering and local resonances
contribute to the PnBG. Also, at the vicinity of the max-
imum radius for the pillars, we observe a weak relation
between the PnBG and the radius of the pillars. To find the
optimum structure in terms of the bandgap width, we fix
the angle of the pillars to be 80° as determined by our fab-
rication process, the filling fraction [i.e., 27 A3)(r/a)?]
to be between 0.3 and 0.45 (for ease of fabrication), and
the total height of the AIN layer (i.e., height of the pillars
plus the thickness of the pedestal) to be 1 wm. Therefore,
the optimization parameters reduce in number to three;
namely, the height of the pillars, which accordingly sets
the thickness of the pedestal, the lattice constant, and the
filling fraction (or the pillar radius, »). By finely sweeping
these parameters, we find that by selecting a = 1.40 pum,
7 = 430 nm, and a pillar height of 530 nm, we can obtain
a wide 0.14-GHz SAW PnBG centered at 1.67 GHz [see
Fig. 1(a) for the definition of the parameters]. In this opti-
mization process, the high frequency of the PnBG is the
first priority, and the width of the PnBG is the secondary
criterion. While we keep some parameters fixed (e.g., AIN

thickness and pillar angles) to reduce the fabrication com-
plexity, changing these parameters might result in better
characteristics (e.g., wider PnBG) at the cost of fabrica-
tion complexity. Nevertheless, the simulated PnBG width
obtained in our optimization is enough for all practical
applications.

To get more insight into the types of surface phononic
modes in the PnC structure, we illustrate in Fig. 1(b) the
displacement profile of selected points from the phononic
band structure shown in Fig. 1(a) for ak, = 3.5 along I'-K
and ak, = 3.2 along I'-X. Figure 1(c) illustrates the den-
sity and direction of the acoustic power flow in the PnC
unit cell. For the modes in the I'-K and I'-X directions, the
flow of the acoustic power is along the y and x directions,
respectively, as seen from Fig. 1(c). In addition, the higher
level of acoustic vibration (or acoustic power flow) in the
pillars [as seen from Fig. 1(c)] causes the corresponding
dispersion branches to flatten, which is another indication
of the local resonance behavior.

In Figs. 1(d) and 1(e), we provide the simulated trans-
mission of Rayleigh waves emitted and collected by a pair
of IDTs (incorporated in the simulation) along the I'-K
and I'-X directions. We choose this configuration to mimic
our characterization arrangement [see Fig. 3(a)] to obtain
the PnBG of the fabricated PnC. By comparing the PnBG
predicted by the unit-cell band structure [i.e., Fig. 1(a)]
with the transmission spectrum of the PnC structure [i.e.,
Figs. 1(d) and 1(e)], we realize a difference between them
in the I'-X direction. This difference is due to the pres-
ence of a deaf band at frequencies below the directional
PnBG in the I'-X direction. A deaf band is a frequency
range of attenuation in the transmission of acoustic waves
through a PnC beyond the actual directional PnBG; it is
caused by poor coupling between the acoustic waves emit-
ted from the IDTs and the phononic modes of the PnC
adjacent to the PnBG region because of the impedance
(or group-velocity) mismatch and/or polarization (or sym-
metry) mismatch [28,57]. Figure 2 illustrates the mode
profiles of points £ and F' in Fig. 1, which are adjacent
to the directional PnBG in the I'-X direction. As the dis-
placement profiles U, and U, for the SAW-PnC mode
marked by F show, an incident Rayleigh SAW emitted
from IDTs in the I'-X direction (i.e., along the x axis
in Fig. 2) can couple to mode F because of its vibration
resemblance with the Rayleigh mode whose phase front
lies in the y-z plane. Therefore, the simulation results do
not show a deaf band for the upper frequencies of the
PnBG in the I'-X direction. However, the vibration profile
of the SAW-PnC mode marked by £ (see Fig. 2) indi-
cates the formation of a deaf band for frequencies below
the directional PnBG in the I'-X direction because of
the asymmetric vibration profile of the SAW-PnC mode
in the x and z directions, as verified by the simulated
phononic transmission shown in Fig. 1(e). In addition, the
symmetries of the vibration profile of mode B in the z
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FIG. 2. Displacement profiles for modes B, E, and F, as spec-
ified in Fig. 1, on the central cut perpendicular to the flow of
the acoustic power propagating along the I'-K direction (or the y
axis, mode B) and the I"-X direction (or the x axis, modes E and
F). Uy, U,, and U, show mode profiles of vibration along the x
axis, y axis, and z axis, respectively.

and y directions depicted in Fig. 2 resemble those of the
Rayleigh wave. Therefore, the deaf band at frequencies
below the directional PnBG along the I'-K direction is not
noticeable.

B. Designing wideband surface IDTs

To experimentally demonstrate the predicted large
PnBG of the structure, we design three wideband slanted
IDTs [18,58,59], each covering 150-MHz bandwidth in the
vicinity of the expected PnBG range. Figure 3(a) shows an
optical micrograph of one of the fabricated devices with
slanted excitation and receiver IDTs. The designed wide-
band slanted IDTs are formed by gradually changing the
width of the metal strips and the distance between them
across the aperture of the IDTs, according to the disper-
sion (or wavelength) of the Rayleigh-type SAW under the
loading of the metal strips. We can imagine the slanted
IDTs as many narrow flat-aperture single-frequency IDTs
connected in parallel. The advantage of slanted IDTs over
wideband unchirped apodized IDTs and wideband chirped
IDTs is their maximum use of the area underneath the
IDTs for transduction, which lowers their input impedance,
and the launching of more acoustic power to each fre-
quency, respectively. To avoid acoustic beam steering and
yet obtain a wide fractional bandwidth, we incorporate
symmetrical 500-pum-wide-aperture slanted IDTs and limit
finger slant angles to £2°. It is worth highlighting that in a
multilayer substrate (i.e., a stack of multiple thin-film elas-
tic materials on a semi-infinite substrate), the medium can
be single mode or multimode, depending on the frequency
of operation. As the frequency increases, higher-order sur-
face modes begin to propagate. In our case, we limit our
design to the frequency range in which our substrate allows
only the fundamental Rayleigh-type SAW emitted by the
slanted IDTs (see Appendix A for further discussion).

FIG. 3.

Fabricated pillar-based SAW-PnC structures. (a) Optical image of the SAW-PnC device showing a ribbon of the SAW PnC

between a pair of wideband slanted IDTs (emitter and receiver transducers) connected to Cu contact pads. The crossed arrows show
the crystallographic orientation of silicon (100) substrate with respect to the SAW PnC. (b) SEM image of the cross section of the
starting substrate for the SAW PnCs showing the material stack of 1-um AIN/100-nm Mo/520-um Si. (¢) SEM image of the SAW
PnC labeled in (a) for study of the SAW PnBG in the I'-X direction. (d) Tilted SEM image of the cross section of the SAW PnC. The
conelike AIN pillars are etched to 530-nm height with plasma dry etching. (¢) SEM image of the cross section of the slanted IDTs
showing 80-nm-thick Al metal strips fabricated on 470-nm-thick AIN after we etch 530 nm of AIN to form the pillars on the substrate.
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FIG. 4. AFM measurement of a fabricated pillar-based SAW
PnC. The inset provides the height variation averaged over three
paths highlighted by the white dashed lines, which show that the
height of the fabricated pillars is 530 nm.

IV. FABRICATION AND EXPERIMENTAL
RESULTS

The fabrication of our SAW-PnC structures [Fig. 3(a)]
can be divided into three key steps: (1) fabricating the

AIN pillars, (2) fabricating copper (Cu) contact pads,
and (3) fabricating aluminum (Al) IDTs. A cross-section
scanning-electron-microscopy (SEM) image of the start-
ing substrate, a stack of 1-um AIN/100-nm molybdenum
(Mo0)/520-um Si, for the fabrication of the SAW PnC is
shown in Fig. 3(b). AIN is sputtered (by Tegal Corpora-
tion) with the ¢ axis perpendicular to the surface of (100)-
oriented highly resistive Si substrates. The high resis-
tivity of the Si substrate minimizes the electromagnetic
feedthrough coupling between the IDTs, interconnection
wiring, and contact pads. Figure 3(a) shows a microscope
image of one of the final fabricated SAW devices contain-
ing a SAW PnC, slanted IDTs, and contact pads. Appendix
B details the fabrication of the SAW PnC. Figure 4 shows
an atomic-force-microscopy (AFM) image of the final pil-
lars, which can accurately capture the height of the pillars.
However, the pillars in the AFM measurements appear
slightly laterally deformed due to the finite width of the
AFM tip and limited scanning resolution.

To characterize the fabricated SAW-PnC structures,
we use an HP 8753D network analyzer connected to a
pair of Infinity Probe probes from Cascade Microtech
to measure the Sp; parameter [i.e., transmission through
the SAW-PnC structure between the emitter and receiver
IDTs in Fig. 3(a)]. The data acquisition is performed
with 30-kHz resolution from 1.3 to 1.85 GHz. The raw
data obtained from the network analyzer are a mix-
ture of electromagnetic and acoustic signals [60]. The
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S>1 characterization of the fabricated SAW PnC. (a) The acoustic response of the three reference slanted IDTs used to measure

the surface PnBG. (b),(c) Transmission of the reference IDTs with a SAW PnC in between along I'-X and I'-K, respectively, as defined
in (d). (e),(f) Transmission of a surface acoustic wave through the surface PnC normalized to the response of the reference IDTs. The
transmission drop in (e),(f) indicates the existence of a surface PnBG that considerably attenuates the passing SAW. The dashed line

in (e) shows the edge of the calculated directional PnBG along I'-X.
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FIG. 6. Dispersion of surface acoustic waves on AIN/Mo/Si
substrates. The red line indicates the sound line (or the disper-
sion of the slowest bulk mode in the Si substrate) and the black
lines represent surface acoustic waves propagating on the surface
of the AIN/Mo/Si substrate for AIN thickness of (a) 0.2 um and
(b) 0.5 pum.

electromagnetic contribution comes from the capacitance
that forms between input and output interconnects. The
electromagnetic feedthrough can be minimized by appro-
priate shielding or isolation of SAW IDTs. To extract the
transmitted acoustic signal from the mixed signal, we take
an inverse Fourier transform and examine the signal in the
time domain. Owing to the difference between the propa-
gation speeds of the electromagnetic waves and the surface
acoustic waves, the acoustic portion is well separated
from the electromagnetic feedthrough in the time domain.
After applying a lossless time-domain filter and taking the
Fourier transform, we recover the acoustic signal in the
frequency domain.

The plots in Fig. 5 provide the acoustic characterization
results. In Fig. 5(a), we show the acoustic response of three
wideband reference IDTs (i.e., the transmission between
the input and output IDTs with no SAW PnC in between)
covering 1.4-1.55 GHz (blue line), 1.5-1.65 GHz (black
line), and 1.6—1.75 GHz (red line), indicating a dynamic
range of more than 50 dB. Transmitted signals are mea-
sured along two major crystallographic directions: I'-X
(nine PnC periods: 9 x a+/3) and I'-K (14 PnC periods:

14 x a) [see Fig. 5(d) for the definition of the directions].
The transmitted acoustic signal detected by the receiver
IDTs is depicted in Figs. 5(b) and 5(c) for the I'-X and
I'-K directions, respectively. By normalizing the transmit-
ted acoustic signal to the response of the reference IDTs
[see Fig. 5(a)], we extract the frequency profile of the atten-
uation for the transmitted acoustic signal [see Figs. 5(e)
and 5(f)]. The frequency ranges corresponding to the direc-
tional PnBGs and the deaf band (as discussed in Sec. 11T A)
are highlighted by the shaded yellow and red regions in
Figs. 5(e) and 5(f). The experimental results reveal an at-
least 150-MHz-wide PnBG at 1.65 GHz along the I'-X
direction. The results of characterization along the I'-K
direction also reveal an at-least 150-MHz-wide PnBG cen-
tered at about 1.65 GHz. Comparison of the results in
Figs. 1 and 5 shows good agreement between simulations
and experiments in terms of the PnBG and the presence of
the deaf band.

The results in Fig. 5 clearly show the existence of hyper-
sonic PnBGs in SAW PnCs formed without use of metal-
lic pillars. The relatively large PnBG (10% PnBG width
to center frequency) enables the formation of functional
SAW devices by use of line and point defects for many
applications, including wireless communication filters.

V. CONCLUSIONS

We demonstrate a platform for designing SAW-PnC
devices with the PnBG in the hypersonic frequency
regime. The pillars in our platform are nonmetallic, so they
can reduce the overall phononic material loss and enable
the formation of practical SAW-PnC devices for commer-
cial applications requiring monolithic integration as well
as scientific applications requiring low-loss SAW waveg-
uides and high-quality SAW resonators. Because of the
fewer fabrication steps for the proposed SAW PnC and
the selection of the materials (i.e., AIN and Si), the plat-
form is an ideal candidate for SAW devices integrated
with CMOS circuits on a single chip for multifrequency
wireless applications. This PnC platform can enable the
realization of low-loss surface phononic devices, which
is of great importance for next-generation phononic-based
filtering circuits.
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APPENDIX A: DISPERSION OF SURFACE
ACOUSTIC WAVES IN PLANAR ALN/MO/SI
SUBSTRATES

The plots in Fig. 6 show dispersion of SAWs for two
AIN thicknesses (0.2 and 0.5 um) on 100-nm-thick Mo
on Si. Because of the multilayer nature of the selected
substrate, higher-order surface modes in addition to the
fundamental Rayleigh wave are allowed to propagate at
high frequencies. Thus, each structure has a single-mode
operation in a limited range of frequencies. It is also clear
that in the thinner AIN film, the bandwidth of the single-
mode operation is smaller. Having more than one mode
emitted from IDTs within the frequency range of the SAW
PnBG degrades the performance of the IDTs in terms of
emitting desired Rayleigh-type acoustic modes. Therefore,
we choose a range of frequencies over which the IDTs
remain single mode.

APPENDIX B: SAW-PNC FABRICATION PROCESS

The AIN/Mo/Si substrate is first spin-coated with
poly(methyl methacrylate) positive electron-beam resist
and then the SAW-PnC pattern is transferred to the
resist with use of a JEOL JBX-9300FS electron-beam-
lithography system. We add the proximity error correc-
tion to minimize slight dimension variation throughout
the phononic crystal lattice due to the back scattering
of electrons during the exposure. After development of
poly(methyl methacrylate), chromium (Cr) is evaporated
and lifted off to create a hard etching mask for the sub-
sequent 530-nm etching of AIN in Cl,/BCl;/Ar etching
chemistry [61]. After dry etching of AIN pillars and wet
etching of the remaining Cr hard mask [see Figs. 3(c)
and 3(d)], we fabricate contact pads by patterning the sput-
tered film of 400-nm Cu, aligned with AIN pillars, through
a lift-off process using optical lithography and a positive
photoresist. We then fabricate Al IDTs on the 470-nm-
thick AIN by first patterning ZEP (ZEP520A by Zeon cor-
poration) positive electron-beam resist by electron-beam
lithography followed by electron-beam evaporation and
lift off of 80-nm Al [Fig. 3(e)].
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