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Abstract—In this work, we present gigahertz low-loss
unidirectional acoustic focusing transducers in thin-film
lithium niobate. The design follows the anisotropy of
fundamental symmetric (S0) waves in X-cut lithium niobate.
The implemented acoustic delay line testbed consisting of
a pair of the proposed transducers shows a low insertion
loss of 4.2 dB and a wide fractional bandwidth of 7.5% at
1 GHz. The extracted transducer loss is 1.46 dB, and the
propagation loss of the SO waves is 0.0126 dB/um. The
design framework is readily extendable to other acoustic
modes, given consideration on the optimal orientation for
power flow and electromechanical transduction.

Index Terms— Acoustic delay line (ADL), lithium niobate,
microelectromechanical systems (MEMS), piezoelectricity,
power flow angle, SO mode, wave focusing transducer.

I. INTRODUCTION

OCUSING of radio frequency (RF) acoustic waves

on-chip has been a popular topic of research due to
its potential applications in RF signal processing [1]-[6],
sensing or actuation [7]-[11], optomechanical or photoelas-
tic transductions [12]-[16], and quantum electromechanical
systems [17]-[20]. From a signal processing perspective,
wave focusing allows the frequency-selective transformation
of impedances and directional coupling between the input and
the output [1]-[3], which can find use in RF front ends. From
an energy perspective, it allows the reduction of modes [20],
the focus of power [7], and efficient waveguiding to enhance
the cross-domain interaction between the phonons and other
physics of interest [17]-[19].

Similar motivations are also behind the development of
chip-scale wave focusing structures in photonics where peri-
odic reflective gratings are made for this purpose [21]-[24].
Unfortunately, the techniques in chip-scale light focusing,
despite being inspirational, are not directly translatable to
acoustics. Different from its photonic counterpart, acoustic
focusing often requires piezoelectric transduction embed-
ded with concurrent unidirectionality [25] and a focusing
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mechanism, while carefully navigating the anisotropy of the
media [12]. Moreover, the cross-domain systems require effi-
cient transduction mechanism or material for wideband access
of the acoustic domain [16], [26]. Such demanding require-
ments underline the bottlenecks that have stymied the use of
wave focusing in the chip-scale acoustic systems.

Recently, advances in single-crystal thin-film transfer tech-
niques [27] enable the thin-film lithium niobate (LiNbO3)
platform [28], offering an opportunity to address the chal-
lenges above simultaneously. Its advantages can be enumerated
as follows. First, an assortment of the acoustic modes with
large electromechanical coupling (K?) can be excited in thin-
film LiNbO; [29]-[31], for example, fundamental symmetric
(S0) [32]-[36], fundamental shear horizontal (SHO) [37]-[41],
and first-order antisymmetric (A1) modes [42]-[45]. They per-
mit much wider bandwidth transduction between the acoustic
and electrical domains than the state-of-the-art at RF. Sec-
ond, the reported low electrical [46] and mechanical damp-
ing [47], [48] at RF promises lower loss. Third, one can
enable gigahertz operating frequencies with large feature
sizes due to the fast phase velocities of plate waves [31].
Finally, thin-film LiNbO; also possesses desired electrooptic
and photoelastic properties for optomechanical and quantum
electromechanical systems [16], [26]. Exploiting these advan-
tages, researchers have demonstrated both resonant [49] and
nonresonant [41], [50] devices with unprecedentedly large
fractional bandwidth (FBW) and low insertion loss (IL).
However, studies on efficient acoustic focusing transducers in
thin-film LiNbO3 have not been done.

This work produces unidirectional focusing transduction of
the SO mode in X-cut thin-film LiNbO;3. To do so, we exploit
the above advantages of LiNbOj3; without being spoiled by
its complex anisotropy. The design herein uses single-phase
unidirectional transducers (SPUDTs) arranged in the orien-
tation with the maximum K? and also curved according to
the dependence of the phase velocity on orientation. The
proposed design is then validated with the acoustic delay
line (ADL) testbeds using the unidirectional transducers. The
testbed shows a low IL of 4.2 dB and a wide FBW of
7.5% at 1 GHz. The extracted transducer loss is 1.46 dB,
and the propagation loss (PL) of SO is 0.0126 dB/um. Note
that although our designs are specific to SO, the design can
be modified and translated to other modes [34], [44], given
consideration on the optimal orientation for power flow and
electromechanical transduction.
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Fig. 1. (a) Simulated vibrational mode shape of the proposed uni-

directional acoustic focusing transducer using SO in thin-film LiNbOg.
(b) Schematic of the ADL testbed with a pair of acoustic focusing
transducers. Key design parameters are listed in the inset table.

This article is organized as follows. Section II first intro-
duces the design of a unidirectional acoustic focusing trans-
ducer and its ADL testbeds. Section III presents the fabricated
devices. Section IV shows the measured data and the extracted
transducer loss (TL). Finally, the conclusion is stated in
Section V.

[I. DESIGN AND SIMULATION

A. Overview of Unidirectional Acoustic Focusing
Transducer

The mockup view of the unidirectional acoustic focusing
transducer is shown in Fig. 1(a). The device is composed of
100-nm aluminum (Al) interdigitated electrodes on the top of
an 800-nm suspended X-cut LiNbO; thin film. The SPUDT
design is implemented to eliminate the 6-dB bi-directional
loss [25]. The SPUDT consists of cascaded arch-shaped cells
with each cell having a length of A. Each cell includes a pair
of A/8 wide nonreflective interdigitated electrodes and a 3A/8
wide nontransductive reflector. Their asymmetric placement
in the cell leads to constructive interference between the
directly transduced and reflected waves in the forward direc-
tion and destructive interference in the backward direction.
With adequate transducer cells cascaded, unidirectional wave
transduction can be achieved. The SPUDT is also curved
toward the focusing point based on the anisotropic velocity
of SO. In operation, the alternating electric fields between the
electrodes generate the SO waves through piezoelectricity. The
generated acoustic wave unidirectionally propagates toward
the focus [see Fig. 1(a)].

To directly capture the wave focusing effect within the
electrical domain, the ADL testbeds are designed with a

Fig. 2. (a) Phase velocities of SO under the electrically open and
short boundary conditions. (b) Piezoelectric coupling coefficient of SO
at different in-plane orientations. (c) Phase velocity in-plane anisotropy
of the SO waves. (d) Design example of the curved transducers with a
focusing angle (6) of 20°.

pair of the proposed transducers facing each other on the
opposite ends of the acoustic waveguide [see Fig. 1(b)]. The
electrical energy is converted into the acoustic domain at
the input transducer (Transducer 1), which propagates toward
the output transducer (Transducer 2) before converting back
into the electrical domain. A fan-shaped acoustic waveguide,
defined by the etch windows, is used as an example. The
effectiveness of the focusing transducer design is evaluated
by the ADL testbeds with different waveguide shapes, for
example, fan-shaped and rectangular waveguides. If testbeds
with the same transducer but different waveguides have the
same S-parameters, the design can be validated. The key
parameters and the typical values are listed in the inset table.
More details on the design parameters will be discussed in
Sections II-B and II-C.

B. Design of Unidirectional Acoustic Focusing
Transducer

The unidirectional acoustic focusing transducer is based
on the reported gigahertz SO SPUDT transducers [34]. Dif-
ferent from the SO ADLs, which only use acoustic wave
propagation at the orientation with the maximum K2, the
in-plane anisotropy of SO plays an essential role in focusing
transducers, both in terms of transduction and propagation.

The in-plane SO characteristics are first studied using the
2-D eigenmode finite element analysis (FEA) [34]. An X-cut
LiNbO; plate with a A of 6.2 um and a thickness of 0.8 um is
studied at different in-plane orientations. These dimensions are
selected for efficient SO transduction at 1 GHz [34]. Periodic
mechanical and electrical boundary conditions are applied to
the vertical edges. The mechanical free boundary conditions
are applied to the top and the bottom surface. The phase
velocities of SO under the electrical open and short conditions
are shown in Fig. 2(a). The velocities under the electrically
open condition are faster due to the piezoelectric stiffening
effect [51], with a maximum velocity of 7.2 km/s at 30° to the
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Fig. 3. Simulated vibrational mode shape of (a) proposed focusing
transducer and (b) circular transducer within a rectangular waveguide.

Y-axis. Based on such a velocity difference, K 2 is calculated
as [(vopen/vsh(m)z—l] [29] and plotted in Fig. 2(b), showing a
maximum value of 40% also at 30° to the Y -axis.

The focusing transducer is then designed accordingly. First,
to yield the most efficient piezoelectric transduction, the ori-
entation of the transducer is centered at 30° to the Y-axis. Sec-
ond, to compensate for the anisotropy of SO, the transducers
are curved based on the phase velocity in-plane anisotropy [see
Fig. 2(c)], instead of a circular pattern drawn from the focus
point. Such a design can be better rationalized by examining
the reverse process, namely, a point acoustic source at the
focus point launching waves toward SPUDT. To align the
transducers with the constant phase front, the transducer sec-
tions on the sides have to bent further inward to accommodate
the slower velocities at orientations deviating from 30° to the
Y-axis. Different velocities for the parts with and without
electrodes are accounted for by aggregating the phase delays
across the different sections at their respective phase velocities.
Following the procedure, an example of curved transducers
with a one-side focusing angle (6) of 20° is designed and
shown in Fig. 2(d). Such a 6y is used to illustrate the curvature.
The electrodes are then connected to either ground or signal,
following the SPUDT design.

The frequency-domain FEA is performed to validate the
focusing transducer design (see Fig. 3). The simulation
includes the suspended LiNbOsj thin film and the patterned
electrodes. The transducer design has a 8 of 5°, and a central
transducer radius (p) of 465 um. 0 of 5° is selected as an
example. Following the approach, transducers with different 6 ¢
can be designed for various applications. The mechanical free
boundary conditions are applied to the release windows. The
perfectly matched layers (PMLs) are applied in the boundaries
along the wave propagation direction for removing multire-
flections. Unidirectional transduction can be observed. The
proposed design [see Fig. 3(a)] achieves a more concentrated
acoustic beam than the circular one [see Fig. 3(b)].

Note that for different acoustic microsystems, the design
approach in Section II-B can be applied to efficiently excite
and focus other acoustic modes in LiNbOs, such as SHO [40]
and Al [44], using the corresponding in-plane properties.

C. Design of ADL Testbeds

The ADL testbeds, consisting of a pair of focusing trans-
ducers, are implemented to validate the transducer design.
As explained in Section II-A, the testbeds with the same
transducer design but different waveguides will be used for
checking whether acoustic energy fails to focus and leaks to
the side.

1!4
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&
(@) Displacement (b)

Fig. 4. Simulated vibrational mode shape of the ADL testbeds with
(a) fan-shaped and (b) rectangular waveguide.
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Fig. 5. Simulated (a) IL and (b) RL of the testbeds with an N of 5.
Simulated (c) IL and (d) RL of the testbeds with an N of 10. Simulated
(e) IL and (f) RL of the testbeds with an N of 20.

The testbed ADLs are studied as an example (see Fig. 4),
with a A of 6.2 um, a 6y of 5° a cell number (N) of 10,
and a radius of 465 um for Transducer 1 (p;) and 240 um
for Transducer 2 (p;). Both the fan-shaped [see Fig. 4(a)]
and rectangular [see Fig. 4(b)] waveguides are simulated using
the frequency-domain FEA. The simulation assumes lossless
conditions. The free boundary conditions are applied to the
side of the waveguides, and the PMLs are placed on the
ends along the wave propagation direction. The vibrational
mode shape shows that the acoustic energy is concentrated
between the transducers, validating the unidirectional design.
The acoustic waves are focused by the transducer, showing a
larger amplitude near Transducer 2. The mode shapes for both
the cases are similar, except for the slight difference due to
diffraction.

The testbeds with N of 5 and 20 are also simulated for
exploring the IL-FBW design space. Devices with different N
have the same central transducer positions. The IL and return
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TABLE |
KEY PARAMETERS OF THE FABRICATED DEVICES

Index |4 (um)| 6:(°) |[p:(um)| p2 (um) N Comments
IL-FBW Trade-off
Group Al 6.2 3 465 240 15-201 ¢ Focusing Validation
Group B| 6.2 5 465 |120-240| 10 TL & PL

loss (RL) of different devices are plotted in Fig. 5, with both
ports conjugately matched. The five-cell device has an IL of
4.2 dB over a 3-dB FBW of 16.7% [see Fig. 5(a) and (b)]. The
ten-cell device has an IL of 2.8 dB over a 3-dB FBW of 7.6%
[see Fig. 5(c) and (d)]. The 20-cell device has an IL of 1.7 dB
over a 3-dB FBW of 3.9% [see Fig. 5 (e) and (f)]. Transducers
with more cells achieve lower IL at the cost of smaller FBW,
described as the IL-FBW tradeoff [34]. The IL-FBW design
tradeoff originates from the finite reflectivity per wavelength
in high K2 substrates [25], [34]. Another effect of the limited
reflectivity is the in-band ripples caused by the multi-transit
echoes. SO in thin-film LiNbOj; shows significantly lowered
IL over much wider FBW when compared with the conven-
tional acoustic platforms, thanks to the much larger K 2 and
the thin-film structure [34]. The IL and RL of the devices
with different waveguide shapes are also compared in Fig. 5.
Thanks to the transducer design, the in-band performance of
different waveguides shows little difference, validating that the
SO waves are focused and do not leak into the waveguide
section on the sides.

To sum up, unidirectional acoustic focusing transducers
are designed by adjusting the SO SPUDT design based on
the in-plane anisotropy of SO, considering both the wave
transduction and propagation. The design is validated by FEA
using the ADL testbeds, showing record-low IL over wide
FBW.

I1l. IMPLEMENTATION

The devices are in-house fabricated following the fabrication
process reported in [34]. An 800-nm X-cut LiNbOj; thin
film on a 4-in Si wafer is provided by NGK Insulators,
Ltd., for the fabrication. The top 100-nm Al electrodes are
sputtered first. Next, SiO; is deposited as the hard mask for
etching LiNbOj;. Then, the release windows are defined using
inductively coupled plasma reactive ion etching. The devices
are finally released by XeF,-based Si etching.

The optical images of the implemented devices are pre-
sented in Fig. 6, with the critical parameters labeled. For
the design simulated in Section II-C, the zoomed-out [see
Fig. 6 (a)] and the zoomed-in images of both the focusing
transducers [see Fig. 6 (b) and (c)] show well-defined trans-
ducers and fan-shaped acoustic waveguides. The reference
device with identical transducers but a rectangular waveguide
is presented in Fig. 6(d).

Two groups of devices were fabricated (see Table I). The
devices in Group A have the same cell width and the
same transducer position, but different N of 5, 10, and 20.
These devices are intended for exploring the IL-FBW tradeoff
of the unidirectional focusing transducer design. Moreover,
designs with fan-shaped and rectangular waveguides were

Focusing transducer 1 '

Release
window

Suspended X-cut LiNbO,
thin film
C:\-[-- 96
+Y°~

(d)

Fig. 6. Optical microscope image of (a) ADL testbed with a pair of unidi-
rectional acoustic focusing transducers within a fan-shaped waveguide.
Zoomed-in image of (b) Port 1 and (c) Port 2. (d) ADL testbed with a
rectangular waveguide.

implemented for all the devices for validating the design. The
devices in Group B have the same transducer design, but
different gap lengths (p; — p2). They are used for extracting
the TL of the transducer pair and PL of SO.

IV. MEASUREMENTS AND DISCUSSION
A. ADL Testbeds With Different Cell Numbers

The fabricated ADL testbeds were first measured with
a Keysight N5249A vector network analyzer (VNA) at
a —10-dBm power level in air, and then conjugately matched
in Keysight Advanced Design System (ADS).

The performance of the devices in Group A is plotted in
Fig. 7. The testbeds with different N and waveguide shapes
are measured. The five-cell device has an IL of 5.6 dB over
a 3-dB FBW of 17.3% [see Fig. 7(a) and (b)]. The ten-cell
device has an IL of 4.2 dB over a 3-dB FBW of 7.5% [see
Fig. 7(c) and (d)]. The 20-cell device has an IL of 3.8 dB over
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Fig. 7. Measured (a) IL and (b) RL of the testbeds with an N of 5.

Measured (c) IL and (d) RL of the testbeds with an N of 10. Measured
(e) IL and (f) RL of the testbeds with an N of 20.
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Fig. 8. IL and delay of the ADL testbeds with different gap lengths.
The extracted TL is 1.46 dB, and the PL is 0.0126 dB/um. The extracted
velocity of SO is 6978 m/s.

a 3-dB FBW of 3.8% [see Fig. 7(e) and (f)]. The measured
3-dB FBW matches well with the simulated results, and
additional IL around 1.6 dB is observed, which is the PL
introduced by mechanical and electrical damping in addition to
wave diffraction during the focusing process. The results show
significant improvement in terms of the IL-FBW design space,
when compared with the conventional acoustic platforms [1].
Moreover, the results with different waveguide shapes are
also plotted in Fig. 7, showing a minimum difference for the
SO passband. The results validate the unidirectional focusing
transducer design.

B. ADL Testbeds With Different Gap Lengths

The devices in Group B are also measured in air and then
conjugately matched with ADS. The obtained IL and in-band

group delays are plotted in Fig. 8, for different gap lengths.
The extracted PL is 0.0126 dB/um, and the obtained velocity
for SO is 6978 m/s, both agreeing with the reported values
for SO at 1 GHz [34]. The extracted PL is much higher than
the surface acoustic waves in YZ LiNbO;3 (0.0002 dB/um)
[52], likely due to the surface effects introduced when micro-
machining the thin film [53]. The extrapolated TL for a pair
of unidirectional focusing transducers is 1.46 dB. Such TL
originates from the insufficient unidirectionality of the ten-cell
design. Upon further optimizations, the TL can be further
improved by placing more cells, which is at the cost of
narrower FBW, or using thicker electrodes for more efficient
reflectors.

This article presents the design fundamentals and the imple-
mentation of low-loss acoustic focusing transducers in high
K? thin-film LiNbO; platforms. Based on this framework,
various future studies can advance on-chip acoustic beam-
forming. First, the theory and techniques developed for optical
beamforming, such as the theory on the Gaussian beam [54],
can be used to optimize the performance. Second, studies
on interfacing the transducer with other acoustic structures,
for example, the transition between the focusing and the
waveguide sections, and the focusing transducer tailoring for
specific waveguide apertures [1], will further improve the pro-
posed structure for applications in various RF microsystems.

V. CONCLUSION

This work demonstrates gigahertz low-loss unidirectional
acoustic focusing transducers using the SO mode in thin-
film LiNbOs. The design considers both the efficient acoustic
wave generation and the anisotropic wave propagation. The
framework is readily extendable to other acoustic modes. Upon
further development, unidirectional focusing transducers can
facilitate various RF and cross-domain acoustic microsystems.
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