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Abstract

Phononic crystals (PnCs) exhibit acoustic properties that are not usually found in natural materials, which leads to
the possibility of new device designs for the complex manipulation of acoustic waves. In this article, we report the
construction of a micron-scale phononic waveguide obtained by managing line defects in a phononic crystal to
achieve on-chip, tightly-confined guiding, bending, and splitting of surface acoustic waves (SAWS). The PnC is
made of a square lattice of periodic nickel pillars lying atop a piezoelectric substrate. The PnC lattice constant,
pillar diameter, and pillar height are set to 10 um, 7.5 um, and 3.2 um, respectively, leading to a complete band
gap centered at 195 MHz. Interdigitated transducers are monolithically integrated on the same substrate for SAW
excitation. The guiding, bending, and splitting of surface waves in the phononic waveguide are experimentally
observed through measurement of the out-of-plane displacement fields using a scanning optical heterodyne inter-
ferometer. The combination of destructive interference due to the Bragg band gap and the interaction of the propa-
gating wave with the pillars located at the immediate waveguide vicinity results in a tight confinement of the elastic
displacement field. The proposed phononic waveguides demonstrate the feasibility of precise local manipulation
of SAW that is essential for emerging frontier applications, notably for phonon-based classical and quantum infor-
mation processing.
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1. Introduction

Surface acoustic wave (SAW) devices are widely used in a variety of applications including wireless telecommu-
nicationst™ 2, sensing®®*), and microfluidics® ™. Over the past few years, their scope of use has significantly ex-
panded and SAWs are now considered as promising systems for condensed matter physics!®. The operation of
existing SAW devices is based on the manipulation of planar surface waves excited by interdigitated transducers
(IDTs), which usually have acoustic apertures (beam width) more than ten times larger than the wavelength. In
contrast, the localized manipulation of SAW at lateral scales close to the wavelength remains challenging. Break-
through in this field would be a significant extension of SAW technologies and is essential for the development of
emerging frontier applications such as phonon-based quantum information processing!® %,

Phononic waveguides play an important role in the localized manipulation of SAW. They are typically constructed
by specifically arranging phononic crystals (PnCs), which are made of periodic cells and can prohibit SAW prop-
agation by acoustic bandgaps™***®. The bandgaps can be formed by different mechanisms including local reso-
nances or Bragg reflection™!. PnCs can be implemented on different substrates with various lattice structures %
7 A variety of unit cells have also been reported in the literature, such as cylindrical holes ™!, cylinder pillars 2,
annular holes 1, etc.

Most of the researches regarding phononic waveguides for surface waves have focused on theoretical predictions.
Back in 2006, Sun and Wu theoretically analyzed the possibility of guiding surface waves through sharp bends in
line-defect phononic waveguides™™®. Alternative strategies for SAW waveguiding based on metamaterials were
later proposed, notably based on hollow-pillar cavity mode PnCs?%, defect resonators in annual hole PnCs®Y, self-
collimation effect in PnCs?? or edge waves in topological PnCs!?* 24,

One of the earliest implementations of a phononic waveguide for SAW was achieved by managing line defects in
phononic crystals made by periodic arrays of holes in a solid matrix™®!. A subsequent design demonstrated a pho-
nonic waveguide integrated with IDTs on a piezoelectric lithium niobate substrate!?®!. However, only straight wave-
guiding was demonstrated, leaving arbitrary guiding to be explored. Fully functional waveguides for Lamb waves,
a close analogy to surface waves, were however experimentally implemented in different forms including phononic
waveguides®?” %!, suspended beam waveguides®, and coupled-resonator elastic waveguides®®. It is only recently
that advances in the field demonstrated the possibility to achieve arbitrary guiding of surface waves. Fu et al.
reported the guiding of surface waves in ridged ring resonators and proved the relevance of their structures for the
implementation of phononic circuits®®. Wang et al. demonstrated the first arbitrary phononic waveguide based on
valley-locked surface waves in topological PnCs®?, although in this last case the lateral confinement is relatively
weak as the wave field penetrates a few wavelengths into the adjacent PnCs.

Inthis article, we report a phononic waveguide that supports arbitrary local manipulation of tightly-confined surface
waves including guiding, turning, and splitting. The phononic waveguide is constructed by line defects in a square-
lattice PnC with unit cells made of nickel pillars deposited atop a lithium niobate substrate. The guiding effect is
achieved through the optimization of pillar geometry, mode selection, and channel design. IDTs were also mono-
lithically integrated on the waveguide chip for the excitation of planar surface waves that are then guided through
the phononic waveguide. In contrast to topological phononic waveguides, the free surface in the channel of the line-
defect waveguide provides an open interface allowing direct in-channel integration of physical systems that can
take full advantage of tightly-confined SAWSs. This feature, combined with the precise manipulation of the surface
wave propagation, illustrates the versatility of line-defect phononic waveguides in emerging applications such as
phonon-based classical and quantum information processing.

2. Results and Discussion

2.1 Configuration of the phononic waveguide

The phononic waveguide is constructed by introducing line defects in square-lattice PnCs fabricated on a 128° Y-
cut lithium niobate substrate as shown by Fig. 1a. IDTs with a 10-um pitch (A = 20 wm) are integrated on the same
substrate for SAW excitation. Fig. 1b shows a schematic diagram of the lattice unit cell. The lattice constant (a) is
10 um. Each unit cell contains a cylindrical nickel pillar of 7-um diameter (d,) and 3.2-um height (h,). The
pillar dimensions are chosen by finite element method (FEM) optimization of the waveguide performance. The
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waveguide channel width (d.) is defined as the edge-to-edge distance between the side pillars (Fig. 1a). A scanning
electron microscope (SEM) image of the fabricated pillars is shown in Fig. 1c. The pillars are fabricated using an
electroplating-based process, leading to a rounded top (Fig. 1c). The pillar height ranges from 3.2 ym to 3.6 um
for different devices across the wafer due to the non-uniformity of the used electroplating process. The pillar
diameter (7.7 um) is also slightly larger than the designed value. Fig. 1d shows an SEM image of a SAW splitter
constructed using such phononic waveguides. The splitter converts the planar surface wave from the IDTs to a
guided wave and splits it into two branches. Other configurations including straight waveguide and bending wave-
guide are also implemented (Fig. S1 of Supporting Information).

Figure 1. (a) Schematic diagram of a straight waveguide formed by introducing line defects in a square lattice PnC.
(b) Unit cell of the PnC with lattice constant a, pillar diameter d,,, and pillar height h,,. (c) Close-in image of the
nickel cylinders in the PnC. (d) SEM image of the SAW splitter.

2.2 Phononic bandgap for the prohibition of SAW propagation

A complete bandgap of the PnC is required to achieve the prohibition of SAW propagation in all directions. Fig.
2a shows the FEM simulated band structure of the PnC along the closed wave vector (k) path — X — M —Y in
the first irreducible Brillouin zone (Fig. 2a insert). The wave vector lies on the surface plane with k = X aligning
with the X axis of the lithium niobate substrate. The I' — X — M — Y path contains complete wave propagation
characteristics because of the substrate lattice symmetry. As the FEM eigenfrequency solver cannot distinguish
bulk and surface modes, the data points of both modes are mixed in the band diagram. In order to highlight the
band structure of surface waves, we modulated the transparency of the data point by the average displacement ratio
between the surface and the bulk regions of the substrate. Opaque data points correspond to surface modes, while
the data points with increasing transparency correspond to modes with higher bulk leakage. Pure bulk modes are
removed in the band diagram as they are fully transparent. The FEM model and detailed data processing method
are illustrated in Fig. S2 and Note | of Supporting Information. The blue region in Fig. 2a marks a complete Bragg
bandgap where no surface waves can propagate in the PnC. Its lower boundary is determined by the surface mode
frequency at the M point, which is 185.4 MHz. A vague upper boundary appeared around 213.2 MHz. The upper
boundary is not explicit because it approaches the gradual transitioning regime of leaky modes and bulk modes. It
should be noted that other data points with frequencies falling in the bandgap are leaky surface modes or bulk
modes, which does not affect the complete prohibition of surface waves.

The transmission characteristic of a PnC block made of 10 pillars is shown in Fig. 2b. The simulation model is
described in Fig. S3 and Note Il of Supporting Information. Both the transmission along k = X and k = Y are sim-
ulated as shown by the blue and orange lines in Fig. 2b, respectively. The PnC bandgap is marked by the semi-
transparent blue region. As expected, the transmission of surface modes in the bandgap frequency region is low.
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The low transmission extends to the frequency regime above the bandgap due to the high bulk leakage in this
regime. It can be noted that a small region below the bandgap also shows low transmission despite propagating
modes existing in this region as shown by the violet data points in Fig. 2a. This is in fact because the violet data
points correspond to breathing modes that cannot be excited by Rayleigh waves. Fig. 2c shows the mode shapes of
the breathing mode and flexural modes at k =Y, which correspond to P1 and P2 marked by the black stars in Fig.
2a, respectively. In contrast to the flexural mode that shares similar motion with Rayleigh waves, the circular motion
of the breathing mode is incompatible with the elliptical particle movement of Rayleigh waves. The lower boundary
of the stopband is thus determined by the highest excitable surface modes (flexural modes) marked by the yellow
data points in Fig. 2a, which are 164.5 MHz and 153.8 MHz for k = X and k =Y, respectively. These two fre-
guencies agree with the stop-band transition frequencies in Fig. 2b.

The effect of PnC on prohibiting SAW propagation is experimentally verified by measuring the out-of-plane
z displacement using a scanning laser interferometer (Fig. S4). Fig. 2d shows the measured z displacement
of a PnC in the propagation path of SAW excited by six pairs of IDTs (left side) at 200 MHz. The SAW ampli-
tude represented by the measured z displacement is significantly reduced after passing through the PnC. Fig. 2e
shows the frequency spectra of the SAW amplitudes before and after passing through the PnC block. The input
(before PnC) and output (after PnC) amplitude sampling areas are marked by the red and green dashed rectangles
in Fig. 2d, respectively. The input SAW reaches maximum amplitude at 195 MHz, which is determined by the IDT
periodicity (1, = 20um) and the SAW velocity on the 128° Y-cut lithium niobate substrate (v = 3894 m/s). After
passing the PnC block, the output SAW amplitude drops to the noise floor of the optical measurement setup due to
the strong attenuation caused by the phononic bandgap.

— w
(@) 300 (b) 03 : , =2 a
250 6880 2025 ‘ 3 P
—~ o St
:Ir\:v = 31
200 y N S 02 z
E ooooo°°°°°°°°°°°oooo Bl ¢ 000 5 z
e < 5
2150 o° o 20.15 ‘ g
g 348330899000085550: z g
£100 38888 Ko S8gy B 0.1 ‘ £
o - Y[ M b é_ aj
50 > £0.05
[ jma ) &
0 0- : ” Yo . Yl
\ 4 ) 100 150 200 25( 00
: 4 - Mt J Frequency (MHz) k=Y. - 167MHz k- Y.f~ 153.8 MHz
educeC-Wave vector q y Breathing mode, P1 Flexual mode, P2
d e
(d) ©,s
—~04} PnC output
E oo
203 # g
L
E &
= §0.2 -
| a
N s Don ( R = 2,
PnC input PnC output Go1fe i
| ’ ot SRR R St
0 0.5(nm) 0
150 200 250

Frequency (MHz)

Figure 2. (a). Band structure of the PnC crystal made of a square lattice of nickel cylinder pillars. The blue region
marks the complete SAW bandgap. Insert shows the corresponding first irreducible Brillouin zone used in the band
structure. (b) The transmission spectra of a PnC block with 10-pillar depth. The bandgap regime marked by the
blue region shows low transmission. (c). Mode shape of breathing and flexural modes at k = Y. (d) Measured out-
of-plane z displacement map showing that the SAW is blocked by a PnC with 41-pillar depth. (e) z displacement
spectra before and after the 41-pillar PnC.

2.3 Guided SAW characteristics in the line-defect channels

Guided SAW in the line-defect channels must be compatible with the mode constraints of the adjacent nickel pillars
of the PnC to sustain its propagation. The elastic wave propagation properties in the phononic waveguide can thus
vary drastically from the planar SAW. Fig. 3a shows the mode shape of the guided SAW (f =201 MHz, k =Y) in
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a single-row line-defect waveguide unit cell (h, = 3um, d,, = 7 um, see Fig. S5 and Note I11 of Supporting Infor-
mation for FEM model description). Its displacement field is mostly confined in the center of the line-defect channel
near the surface region. The out-of-plane displacements along X and Z cutlines (white-dashed line in Fig. 3b)
confirm that the wave amplitude decreases quickly away from the channel center and surface, respectively. The
tight lateral confinement is due to the strong Bragg reflection of the PnCs. The off-resonance flexural vibration of
the pillars located close to the line-defect channel also stores part of the elastic energy and enhances the Bragg
reflection. The wave velocity inside the channel waveguide was found equal to [, =[1x[1=4020 [1/[1. This ve-
locity is higher than the shear bulk acoustic wave (S-BAW, slowest bulk wave) velocity [1.-,,:=3700 [1/(1. In
principle, surface waves with a velocity higher than the S-BAW will be leaky waves. It was however previously
reported that PnCs allow SAW modes to propagate at velocities higher than the radiation limit=3!. The higher ve-
locity observed in the present phononic waveguide is a similar effect and could be possibly attributed to the exist-
ence of bound states in the continuum (BIC) modes that allow propagation above the radiation limit due to the
localized confinement of wave energy by the periodic pillars®.
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Figure 3. (a). Mode shape of a waveguide unit cell showing the tight confinement of the displacement field. (b) The
out-of-plane z displacements along X and Z cutlines show that the displacement decreases quickly away from the
waveguide center and the surface. (c) Displacement map of a straight waveguide (h, = 3 um, d,, = 7 um) at 200
MHz excitation showing the guided SAW along the channel and a diffraction pattern at the outlet. (d). The frequency
characteristics of the straight waveguide. A transmission peak is observed at 204 MHz.

Fig. 3c shows the simulated z displacement map of a straight waveguide formed by a single row of line defect
(hp = 3 um, d, = 7 um, see Fig. S6 and Note IV of Supporting Information for FEM model description). The
waveguide channel aligns with the X axis of the LiNbO3 substrate. A line source on the left side of the model
oscillates in the Z direction to excite the surface waves. As shown by the displacement map, the planar SAW
entering the PnCs on the upper and lower side of the model is quickly attenuated. As a result, the vibration amplitude
of the pillars also decreases quickly along the SAW propagation direction. In contrast, the line-defect channel in
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the center allows the propagation of a guided surface mode. At the outlet of the channel, a circular diffraction
pattern can be observed, which is because the output is a point source of surface waves. It can also be observed that
the lateral penetration of the SAW displacement field into the PnC varies along the channel and exhibits a sinusoidal
pattern. This pattern originates from the formation of standing waves caused by the in-channel reflections.

The frequency characteristics of the straight waveguide are obtained by sweeping the oscillation frequency of the
line source. The mean z displacement amplitude at the end of the waveguide channel (%, 4, black dashed line in
Fig. 3c) and after the PnC (upy, red dashed line in Fig. 3c) are extracted to compare the transmission through the
line defect channel and the PnC, respectively. The ratio between the two displacements is defined as the guiding
ratio (G = u,,4/Upnc) for evaluating the effectiveness of the waveguide. A large guiding ratio means that SAW is
mostly transmitted through the line-defect channel with little leakage through the PnC. The frequency spectra of
Uyg, Upnc and G are shown by the blue dashed line, orange dashed line, and yellow solid line in Fig. 3d, respec-
tively. Low transmission through the PnC (#ip,) is observed from 174 MHz to 250 MHz due to the existence of
the phononic bandgap. The transmission through the line-defect channel (%, 4) is maximum at 204 MHz with a 3-
dB passband between 195.7 to 215 MHz. The guiding ratio spectrum around the passband follows the trend of the
channel transmission spectrum as the PnC transmission remains flat in this regime.

2.4 Parametric optimization of the line-defect SAW waveguide

To optimize the performance of the phononic waveguide, parametric sweeping of its design parameters including
pillar diameter, pillar height, and channel width is performed. Fig. 4a shows the guiding ratio (yellow line) of the
straight waveguide when the pillar diameter varies from 1 to 10 wm. The pillar height is fixed at 3 ym for the
sweeping. Results show that the guiding ratio reaches its maximum at 7-um pillar diameter. Based on this optimum
pillar diameter, a sweeping of pillar height from 1 to 10 um is then performed. Fig. 4b shows that the guiding ratio
has two peaks at 3.2 um and 5.4 um. The valley of the guiding ratio between the two peaks is mainly caused by
the increase of wave leakage through the PnC (Orange-dashed line in Fig. 4b). Despite both guiding ratio peaks
exhibiting high guiding effectiveness, it was found that only the pillar heights in the range of 2.6 to 3.8 um support
SAW bending and splitting. This is because pillars with a height around 3.2 um have elliptical flexural mode po-
larizations (Fig. 4c upper part) that are compatible with both the waves propagating in the inlet channel and split
channels. In contrast, the pillars with heights around 5.4 um show a linear flexural mode polarization (Fig. 4c lower
part) that aligns with the wave propagation, which cannot be converted to polarization in the perpendicular direction
and thus does not support wave bending.

Fig. 4d shows the guiding ratio of the straight waveguide at different channel widths. The wave is completely
blocked when the channel width is smaller than 10 um (half a wavelength), leading to a low guiding ratio. It then
increases with the increase of channel width and reaches a stable value. In contrast to the straight waveguide that
can have arbitrary channel widths, the channel width of a bending waveguide needs to be multiple of the lattice
constant to keep the pillars aligned with the lattice around the turning corner. Fig. 4e and Fig. 4f show the simulated
propagation of guided SAW through 90°-bending waveguides with 1-pillar and 2-pillar line defects, respectively.
The results show that SAW can be guided through the 1-pillar line-defect bending, while the guided SAW turns
into an asymmetric mode and attenuates quickly after passing the 2-pillar bending. A similar phenomenon is ob-
served in SAW splitters with 1-pillar and 2-pillar line-defect channels (Fig. S7 of Supporting Information). It is
thus necessary to use 1-pillar line-defect channels to support bending and splitting in the phononic waveguide.
Besides the impact on transmission, channel width also affects the bandwidth of the waveguide. The outlet dis-
placement spectra of three straight waveguides with 1-pillar, 2-pillar, and 3-pillar line-defect channels show 3-dB
bandwidths of 19.3 MHz, 27.3 MHz, and 27.5 MHz, respectively (Fig. S8 of Supporting Information). The larger
bandwidths of the 2-pillar and 3-pillar line-defect waveguides can be attributed to the lessened restriction from the
adjacent PnCs on the guided elastic wave at larger channel widths. Fig. S8 also shows the passband center frequen-
cies of the 2-pillar and 3-pillar waveguides shift down compared to the 1-pillar waveguide, which points to a re-
duction in propagation velocity. This is also caused by the reduced mode restriction from the PnC at increased
channel width, resulting in a gradual transition from the BIC mode to a regular Rayleigh mode.
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Figure 4. (a) Pillar diameter sweep showing a peak guiding ratio at d,, = 7 um. (b) Pillar height sweep showing
that both h,, = 3.2 um and h,, = 5.4 um offers good guiding effectiveness. (c) Pillar heights around 3 um can
support SAW bending due to the circular motion of the pillars (upper figure) while pillar heights around 5.4 pm
do not allow SAW bending due to the linear pillar motion. (d) The guiding ratio starts to increase when the channel
width is greater than 10 um and saturates when it is greater than 15 um. (). 1-pillar line-defect channel can
support SAW bending (f). 2-pillar line defect channel does not allow SAW bending because of the excitation of
asymmetric mode after the bend.

2.5 Experimental characterization of the waveguide

Based on the optimized design parameters obtained by FEM, straight, 90°-bending and SAW splitter waveguides
with 1-pillar line-defect channels were implemented. Out-of-plane z displacements of the three waveguides (Fig.5a-
Fig.5c) were measured to visualize the guided SAW propagation. To highlight the line-defect channels, the PnCs
in each of the waveguides are covered by light-gray overlays with white-dashed line borders. IDTs on the left of
the waveguides are used to excite the planar surface waves. The straight waveguide (Fig. 5a) demonstrates clear
confinement and guiding of SAW along the line-defect channel. A diffraction pattern can be observed at the outlet
of the waveguide, which agrees well with the simulation result in Fig. 3c. Measurement of the 90°-bending wave-
guide (Fig. 5b) shows the guided surface wave can be turned twice in the line-defect channel and still produces a
diffraction pattern at the outlet. Nevertheless, a relatively large attenuation is observed at the turning corners of the
waveguide. The outlet diffraction pattern is also less regular than that of the straight waveguide, which is due to the
disturbance of the leaked SAW from the PnC region. The z displacement map of the SAW splitter in Fig. 5¢c
demonstrates the dividing of SAW into two branches. The splitter is symmetric along the input channel. Zoomed
images of the splitting point and upper outlet of the splitter are shown in the lower part of Fig. 5¢. Similar to the
90°-bending waveguide, strong attenuation is observed at the splitting/bending corners. The diffraction pattern at
the output is also distorted due to the interference by the SAW leaked directly from the PnC.

Fig. 5d shows the out-of-plane z displacement amplitudes of SAW along the center of the straight waveguide from
the inlet to the outlet. The amplitude curves exhibit standing wave ripples due to the internal reflection in the
waveguide channel. Linear fittings of the two curves are used to extract the guided SAW attenuation rate. It should
be noted that this attenuation pertains to the z displacement component, as the laser interferometer can only measure
out-of-plane vibrations. Fig. 5e shows the spectrum of the z displacement attenuation rate, which increases with the
excitation frequency. The measured frequency range is from 190 MHz to 200 MHz due to the limitation of the IDT
excitation bandwidth and the displacement measurement noise level of the interferometer. Simulation of the in-
channel displacement components of a 1-pillar line-defect straight waveguide at 194 MHz (Fig. S9) revealed similar
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attenuation rates for the in-plane x (parallel to propagation direction) and out-of-plane z displacement amplitudes,
which can be accounted for by the fact that they constitute the two major components of the guided mode. In
contrast, the in-plane y (perpendicular to propagation direction) displacement component is much smaller than the x
and z components and exhibits a different attenuation trend, which is possibly due to the y component mainly
stemming from the vibration of adjacent pillars rather than from the guided wave.
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Figure 5. Out-of-plane z displacement of (a) Straight waveguide (b) 90°-bending waveguide and (c) SAW Splitter
(d). SAW z displacement amplitude along the center of the straight waveguide at 190 and 194 MHz. (e). SAW z
displacement attenuation rate in the straight waveguide from 190 MHz to 200 MHz. (f). SAW wavelength and phase
velocity in the straight waveguide channel from 190 MHz to 200 MHz.

To obtain the wavelength and phase velocity, we also measured the SAW phase variation in the straight waveguide
channel. The measured SAW waveform and phase data are given in Fig. S10 of Supporting Information. Fig. 5f
shows the wavelength and phase velocity of the guided SAW in the straight waveguide. The measured SAW wave-
length (23.1 um at 195 MHz) in the waveguide is longer than the Rayleigh SAW wavelength on the free surface
(20.4 um at 195 MHz). This means that the guided SAW has a higher velocity than the Rayleigh SAW and suggests
that the guided SAW is a BIC mode. The phase velocity decreases from 4568 m/s at 190 MHz to 4449 m/s at 200
MHz. The group velocity is 2986 m/s, which is derived from the slope of the wavelength vs frequency curve. The
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measured guided SAW wavelength and phase velocity show similar trends as the simulation results (Fig. S11),
despite the latter having slightly higher values (1 = 24.1 um simulated vs A = 23.1 um measured at 195 MHz).
This discrepancy could be attributed to the pillar profile and nickel material property difference between simulation
and experimental implementation.

The decreasing phase velocity in Fig. 5f implies the reduction of SAW radiation loss to the bulk at higher frequen-
cies, which in turn should result in a reduction of the propagation attenuation. However, the measured attenuation
increases with increasing excitation frequency, which means that leakage to the bulk is not the limiting factor for
attenuation. This agrees with the simulation result in Fig. 3a, which shows a non-leaking guided mode with higher
phase velocity than the S-BAW.

2.6 Discussion

The proposed phononic waveguides rely on the local confinement of SAW in PnC line defects utilizing the com-
plete bandgap of the PnC. In fact, the lower boundary of the complete bandgap (Fig. 2a) is defined by the highest
propagating surface mode, while the upper band gap exit is set by the radiation limit determined by the S-BAW.
Due to the presence of the periodic nickel pillars, this radiation limit is higher than the S-BAW velocity. The guided
SAW in the phononic waveguide also exhibits a higher velocity than the S-BAW, which suggests that the guided
mode should be leaky. Nevertheless, the simulation result in Fig. 3a shows that it is a perfectly confined non-leaky
mode. This phenomenon is possibly due to the guided mode being a symmetry-protected BIC mode that is preserved
by the periodicity of the PnC pillars®*.

The waveguide performance is described by its guiding ratio, which is determined by the pillar height, pillar diam-
eter, and channel width. First, the increase of pillar diameter increases the reflection from each individual cell and
thus improves the guiding ratio. However, the guiding ratio drops when the pillar diameter exceeds 7 um. As the
transmission through the PnC remains low when the pillar diameter is over 4 um, the guiding ratio decrease is
mainly caused by a decrease in the waveguide channel transmission, which could be due to increased elastic dissi-
pation of the pillars at larger diameters. Second, the guiding ratio vs pillar height curve shows two local optimums
at 3.2 um and 5.4 um. However, the pillars with heights around 5.4 um exhibit linear flexural mode polarization
that does not support the turning of SAW. Conversely, the elliptical flexural mode polarization of the pillars around
3.2 um high can seamlessly transit to the perpendicular channel and thus supports SAW turning. Third, the channel
width controls the SAW mode in the waveguide. When the channel is made of a single row of line defects, a
symmetric mode propagates in the waveguide and can pass through the 90°-bend. In contrast, the guided SAW
passing through the 2-pillar 90°-bend transforms to an asymmetric mode that attenuates quickly. It is thus necessary
to construct the waveguide with 1-pillar line defects.

Although on-chip SAW waveguiding has been successfully demonstrated, the proposed waveguide still exhibits
relatively high attenuation that should be addressed in the future. One major factor of attenuation is the backscat-
tering along the waveguide. This effect can be reduced by optimizing the geometries of the pillars along the channel
in order to reach a good trade-off between channel attenuation and lateral confinement. Another factor of attenua-
tion lies at bends and intersections, which involve both backscattering and leakage into the PnC. One possible
solution to alleviate this issue is to use a different lattice type such as triangular lattice or hexagonal lattice that can
support different turning angles from the 90° angle imposed by the rectangular lattice. The unit cell geometry can
also play an important role in guiding performance as it affects the internal reflection and polarization. Assigning
pillars with different geometries to the turning corners such as triangular pillars or elliptical pillars that tend to
polarize in selected directions can possibly reduce the bending attenuation. It is also possible to introduce a different
type of waveguide in the PnC corners for bending loss reduction. This waveguide can be a topological waveguide'"
321 or a phononic waveguide with a different lattice cell, although such a reduction in bending loss may occur at the
expense of lateral confinement. Integration with a line-defect waveguide can be implemented through gradually
transitioning lattice cells or through tapered waveguides that have varying channel widths**. Moreover, further
optimization of the substrate crystal orientation can also help reduce the attenuation. Besides improving the atten-
uation, using tapered waveguides between the IDTs and the line-defect inlet/outlet can help reduce the wave energy
propagation in the PnC area and thus increase the impinging SAW coupling efficiency.



3. Conclusion

In summary, we developed a micron-scale phononic waveguide for the on-chip guiding, bending, and splitting of
surface acoustic waves. The phononic waveguide is constructed by introducing line defects in phononic crystals
made of square lattices of nickel pillars. The waveguide achieved tight lateral confinement due to the strong lateral
Bragg reflection. Although the velocity of the guided mode is found to be higher than that of the Rayleigh wave on
the free surface, it is still a non-leaky mode with most of the displacement field confined near the surface, possibly
due to the formation of a BIC mode. Optimum design parameters including pillar diameter, pillar height, and chan-
nel width of the waveguides are obtained through finite element analysis. The waveguides were experimentally
implemented on a 128° Y-cut lithium niobate substrate with monolithically integrated IDTs. The guiding effects
were experimentally characterized and visualized by measurement of its out-of-plane displacement field using a
scanning optical heterodyne interferometer. This phononic waveguide demonstrates the feasibility of arbitrary on-
chip manipulation of SAWSs while achieving tight lateral confinement within a single wavelength. It can serve as
an enabling technology for future applications that requires precise local manipulation of acoustic energy or pho-
nons such as classical and quantum information processing or sensing.

4. Experimental Section

Simulation setup: The FEM modeling of the PnC and the waveguide was performed with COMSOL Multiphys-
ics®. Solid mechanics, electrostatics, and piezoelectric effects were solved for the geometry. The band diagram
was obtained by eigenfrequency simulations. The simulation model is given in Fig. S2 of Supporting Information.
The depth of the substrate was set to five lattice constants (50 um) with a fixed boundary condition applied to the
bottom. Floquet boundary conditions were applied to the front-back sides and left-right sides of the unit cell. In the
Floquet boundary condition, k, and k, were set to sweep across the first irreducible Brillouin zone (I'— X — M —
Y), while k, was set to zero. The bulk modes and leaky modes were then filtered out by lowering their data point
transparency. The mode shape of the unit-cell waveguide is also obtained by eigenfrequency study with the model
shown in Fig. S5 of Supporting Information.

The PnC transmission characteristics were simulated using a simplified one-column model shown in Fig. S3 of
Supporting Information. Frequency domain simulation was used to resolve the displacement values from 100 MHz
to 300 MHz. A line source with 1-nm prescribed displacement along Z axis was used to generate the SAW. The
out-of-plane z displacement after 10 pillars is used to evaluate the transmission from the PnC. PMLs were added
to the two ends of the geometrical model along the propagation axis to remove boundary reflection. Periodic bound-
ary conditions were applied to the two sides parallel to the propagation axis, which effectively extends the column
number to infinity. The depth of the model is 100 um with a fixed boundary condition applied to the bottom.

The simulation of the straight waveguide, 90°-bending waveguide, and SAW splitter were all performed in the
frequency domain study. The simulation model is shown in Fig. S6 of Supporting Information. A line source with
1-nm prescribed displacement was used for SAW generation. The z displacement at the output of the waveguides
was used to evaluate their transmission characteristics. PMLs were added to the surrounding of the geometrical
models to remove the reflection. The substrate depth is set to 60 um with a fixed boundary condition applied to the
bottom.

Device fabrication: The waveguides were fabricated using an electroplating-based process. The process flow chart
is given in Fig. S12 of Supporting Information. After cleaning with piranha solution, 15-nm titanium and 100-nm
copper were deposited on the 4-inch 128° Y-cut lithium niobate substrate. The copper layer was used as the seed
layer for nickel electroplating while the titanium layer was used to promote the adhesion of copper to the lithium
niobate substrate. A complementary photoresist pattern (AZ9260, 6 um thick) of the phononic crystal pillars was
then added to the substrate by optical lithography. The photoresist pattern was used as the electroplating mold.
Nickel electroplating is then performed at a current of 0.2A for 35 minutes. The thickness of the electroplated nickel
ranges from 3.2-3.6 um across the wafer due to the process variation. The photoresist is then removed by immersing
the wafer in Microposit 1165 remover at 70°C for 30 minutes. Reactive ion etching (RIE) is then used to remove
the copper and titanium layers on the blank region. Subsequently, IDTs were fabricated by a lift-off process. The
complementary photoresist pattern (AZ nLof 2020, 3 um) of the IDTs was first added to the wafer. E-beam evap-
oration is then used to deposit 10-nm titanium and 200-nm aluminum on the wafer. The wafer is then immersed in
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70°C Microposit 1165 photoresist remover overnight to complete the lift-off process. The individual waveguide
devices are then diced from the wafer using a mechanical dicing saw.

Measurement of out-of-plane z displacement: A laser scanning heterodyne interferometer was used to measure
the z displacement in the waveguides. The interferometer is in a Mach-Zehnder configuration as shown in Fig. S4
of Supporting Information. The output of a 633-nm laser (Thorlabs HRS015B) is split into two frequency-shifted
beams by an acousto-optic modulator (AA Opto Electronic MTS110-A3-VIS). The two beams are orthogonally
polarized. The frequency-shifted beam is used as the reference beam and goes directly to the photodiode detector
after passing through reflecting mirrors and a polarizing beam splitter (PBS). The other beam without frequency
shift is used as the signal beam that goes to the device surface. It is focused on the device surface by a long-working
distance microscope objective with a numerical aperture of 0.8 (Olympus LMPLFLNZ100x). The laser spot size on
the device is about 650 nm. The reflected signal beam from the device surface recombines with the reference beam
through the PBS. The phase of the signal beam is modulated by the z displacement of the device. The interference
of the two beams is detected by a fast photodiode (Alphalas UPD-200-SP). The photodiode signal is amplified and
detected by either a spectrum analyzer (Anritsu MS2830A) for obtaining the displacement amplitude or an oscillo-
scope (Agilent DSO9254A) for acquiring the displacement phase maps. The device is wire bonded to a printed
circuit board (PCB) and connected to a signal synthesizer (Agilent N5181A) for SAW excitation. The scanning is
implemented by mounting the PCB on a nano-positioning stage (Aerotech ANT95XY). The 2D displacement map
is obtained by driving the stage to scan across the designated device area with 1.5 um steps and measuring the
displacement at each point.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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