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Abstract—Microwave acoustic components have higher
quality factors and less crosstalk than electromagnetic
components. Efficient modulation of acoustic devices is
essential for building large-scale multifunctional acoustic
circuits. Here, we demonstrate a thermo-acoustic phase
modulator based on a Y36-cut LiNbOs (LN) thin-film
platform. The proposed structure integrates a 460 MHz SHo
mode acoustic delay line and an on-chip microheater for locally
changing the temperature and thus controlling the phase of the
ADL. Using this approach, we achieve a phase change of more
than 281° at a heating power of 20 mW, and a modulation
ability of 17 °/mW in the linear modulation range, which is a
6.5 times improvement over previously reported bulk-LN
platforms. Our thermo-acoustic = modulators enable
reconfigurable acoustic signal processing for next-generation
wireless communication and microwave systems.

Keywords—Thermo-acoustic phase modulator, SHy mode
acoustic delay line, LINbO; thin film Introduction

1. INTRODUCTION

Microwave acoustic devices are becoming increasingly
crucial in advanced communication systems and innovative
microwave signal processing research [1]-[12]. This
growing interest is due to the significantly slower speed of
acoustic waves compared to electromagnetic waves of the
same frequency, with a speed difference of five orders of

magnitude. Consequently, microwave acoustic devices
feature much  smaller  wavelengths than their
electromagnetic  counterparts. These devices have

successfully achieved operating frequencies in the tens of
gigahertz [13], [14], making them a promising platform for
advanced microwave signal processing in next-generation
wireless communications. The rising demand for
sophisticated communication and signal processing
solutions has driven significant interest in tunable
microwave acoustic devices, especially for on-chip acoustic
wave modulation [15]-[19].

While electro-acoustic (EA) modulation techniques have
been investigated, they generally require very high voltages
to produce significant phase shifts [15], [16]. Alternatively,
thermo-acoustic (TA) modulation offers a promising
alternative by significantly reducing the necessary driving
voltage. However, current thermo-acoustic — phase
modulators based on surface acoustic wave (SAW)
platforms encounter challenges such as limited operational
frequency, low modulation efficiency, and slow response
times [17]. Suspended thin film acoustic devices have
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Fig. 1. Schematic of the thermo-acoustic phase modulator. The RF
signal convert into acoustic wave via a single-phase unidirectional
transducer (SPUDT), and modulated via a heater, when the heater
is turned on, the elastic constant decreases, causing the acoustic
velocity to decrease, resulting in a shorter wavelength in the
modulation region, and eventually a phase lag occurs.

emerged as a promising solution due to their lower acoustic
loss and improved electro-mechanical coupling [20]-[23].
Moreover, suspended thin film thermal devices provide
excellent thermal isolation and small thermal capacity,
leading to lower power consumption and faster response
times [24]-[27].

In this study, we present a thermo-acoustic phase
modulator built on a Y36-cut LiNbO3; (LN) thin-film
platform. Our design incorporates a 460 MHz SHy mode
acoustic delay line (ADL) and an on-chip microheater,
enabling precise temperature control and phase adjustment
of the ADL. This method achieves a phase change of over
281° at a heating power of 20 mW, with a modulation
capability of 17 °/mW in the linear modulation range,
marking a 6.5 times improvement over previously reported
bulk-LN platforms. Our thermo-acoustic modulators offer a
versatile solution for reconfigurable acoustic signal
processing in next-generation wireless communication and
microwave systems.

II. DESIGN AND ANALYSIS

A. Design of thermo-acoustic phase modulator

The schematic diagram of a phase modulator utilizing
Y36-cut thin-film LN is depicted in Fig. 1. This modulator
configuration incorporates two single-phase unidirectional
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Fig. 2. FEA simulation of Y36-cut LN thin film. (a) FEA
simulated dispersion curve of a 750nm Y36-cut LN thin film; (b)
The calculated electromechanical coupling coefficient (%), the SHo
mode possesses the highest &> among all the fundamental modes,
which can be effectively excited.

transducers (SPUDTSs) functioning as a two-port device,
with a micro-heater positioned centrally. The modulation
mechanism involves the activation of the micro-heater
within the modulation region, which induces localized
heating. This thermal perturbation leads to a reduction in the
elastic constants of both the LN substrate and the aluminum
(Al) micro-heater, subsequently decreasing the acoustic
velocity within the device. As a result, the acoustic
wavelength shortens compared to its unmodulated state,
thereby inducing a phase shift following modulation.

B. Analysis of acoustic modes

Efficient acoustic wave transmission forms the basis of
our phase modulator. A large piezoelectric constant
enhances effective acoustic wave transmission. Y36-cut LN
thin film is selected due to its substantial piezoelectric
constant ejs along the x propagation direction. To identify
the most effective acoustic mode, the dispersion curve of
Y36-cut LN is simulated. Fig. 2(a) presents the results of
finite element analysis (FEA) simulations, illustrating the
dispersion characteristics of a 750 nm thick Y36-cut LN thin
film. Fig. 2(b) provides the calculated values of the
electromechanical coupling coefficient (k?) and the mode
shapes of the fundamental modes, identifying the SHo mode
as exhibiting superior excitation efficiency among the
fundamental modes.

C. Modulation simulation

To evaluate the phase modulation capability, we
simulated the phase velocities of a 100 nm Al and 750 nm
LN stack layer at different heating temperatures. The
material properties used in the simulation are detailed in
Table I [28]. As illustrated in Fig. 3(a), the acoustic
velocities decrease with increasing temperature, with an
evaluation rate of 0.34 km/(s-K). The required modulation
length at a heating temperature of 100 K for a 180° phase
shift is depicted in Fig. 3(b). Higher frequencies necessitate
shorter modulation lengths due to higher phase velocities
and shorter wavelengths, resulting in larger cumulative
phase changes. Fig. 3(c¢) outlines the design parameters and
electrical configurations of the SPUDT setup. The width of
a unit cell is 4, with the width of the excited electrodes and
the reflective ground being 1/8 4 and 3/8 A, respectively. The
spacing between the electrodes is 1/8 1. Fig. 3(d) shows the
simulated S»; of the acoustic delay line with an 8 pum
wavelength (1) and 10 cells (Neen).
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Fig. 3. Simulation analysis of thermal modulation performance
and transmission performance of the SPUDT delay line. (a) Phase
velocities of 100 nm Al and 750 nm LN stack layer under
different heating temperatures. (b) The required modulation
length at heating temperature of 100 K for 180° phase shift. (c)
Schematic of the SPUDT design parameters and electric
configuration. (d) The simulated performance of a SPUDT
acoustic delay line with A of 8 pm and Ncer of 10.

TABLE I. MATERIAL PROPERTIES USED IN SIMULATION.

. Z-Cut LiNbOs (TC, AL (TC,
Material Property ppm/K) ppm/K)
cn® 203 (-174)
ci® 573 (-252)
cis® 752 (-159)
Elastic =
constants | €1® 85 (214) E=69
[GPa] (-590)
cx® 2424 (-153)
cq® 59.5 (-203)
co6” 72.8 (-143)
Density
[ke/m’] p 4700 2700
Coefficient Ox (14.4) @3.)
Z){g;irsfgﬂ ay (15.9) 23.1)
[ppvK] az (7.5) (23.1)

*TC: Temperature coefficient
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Fig. 4. The optical photo of the fabricated thermal-acoustic
modulator and schematic of the testing setup. The RF
transmission characteristic is measured via a vector network
analyzer (VNA), the power of the heater is provided by a source
meter.

III. EXPRIMENT REUST

A. Device and exprimental setup

The fabrication process started with a 750 nm Y36-cut
LN on a silicon wafer. Firstly, the release boundaries of the
device are defined using photoresist AZ5214, then the
exposed areas were etched by ion beam etching (IBE) with a
biased voltage of 300 V. Electrodes are defined in a second
lithography step, and a 100 nm layer of Al is sputtered,
followed by a lift-off process. Finally, the silicon underneath
the device was released via XeF», creating a suspended LN
platform. The optical image of the fabricated thermo-
acoustic phase modulator and the experimental setup are
illustrated in Fig. 4. The S-parameters of the devices were
measured using a vector network analyzer (Keysight
N5234B) equipped with two ports connected to ground-
signal-ground (GSG) RF probes. To assess the DC bias
phase control, a DC source meter (Keysight B2901A) was
utilized to supply the DC voltage. In this setup, an RF signal
is transformed into a shear horizontal acoustic wave by a
SPUDT at Portl. This acoustic wave then propagates
through the modulation area and is received by another
SPUDT at Port2, where it is converted back into an RF
signal for evaluating the phase change. The design
parameters of the fabricated device are detailed in Table II.
The propagation length (Lpropagaiion) and modulation length
(LModutation) are designed to be 400 pum and 200 pm,
respectively. The wavelength (1) is designed to be 8 pum,
targeting operation at a frequency of approximately 460
MHz. The number of cells (M) is set to 10 to ensure
effective transceiving of the acoustic wave.

TABLE II. DESIGN PARAMETERS

t4(nm) Z (nm) Neenr
100 750 8 10

trv (nm)

LPmpagatian ( um) L modutation (um)

400 200

TmW

— 0 mW

— 3mW
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Fig. 5. (a) The measured S21 parameters under different input
power of the heater. (b) The unwrapped phase angles. (c) The
phase angle lag compared with the unmodulated phase angle.

B. DC phase modulation

The measured S;; parameters under different heating
powers are shown in Fig. 5(a). The test results demonstrate
a stable frequency response despite changes in modulation
power, indicating that the thermal energy is effectively
localized around the modulation area and has minimal effect
on the SPUDT area. Fig. 5(b) presents the unwrapped phase
angles and the phase angle lag compared with the
unmodulated phase angle, illustrating the acoustic phase
shift as the modulation power increases. This shift indicates
that the phase velocity of the acoustic wave decreases as the
modulation temperature rises. Fig. S5(c) shows the
modulated phases relative to the unmodulated phase across
the working frequencies. The stability of the modulated
phase across these frequencies is noteworthy, as it suggests
that the modulator can operate consistently over a range of
frequencies. Notably, at a modulation power of 20 mW,
which corresponds to a heating voltage of 1 V, the
modulation phase angle reaches 281°. The thin-film LN
thermo-acoustic modulator demonstrates a significant
modulation capability of 17 °/mW, which represents a 6.5
times improvement compared to previously reported bulk-
LN platforms. The enhancement in modulation capability is
attributed to the unique properties of the suspended thin-film
structure. The thin-film design offers excellent thermal
isolation, which minimizes the dissipation of thermal energy
to surrounding areas, and a low thermal capacity, which
allows for rapid and efficient temperature changes with
minimal power input. These characteristics result in
significantly reduced power consumption and increased
modulation capability, making the thin-film LN thermo-
acoustic modulator an attractive option for high-efficiency,
low-power modulation applications in advanced RF and
acoustic wave devices.



IV. CONCLUSION

In this study, we demonstrate a thermo-acoustic phase
modulator based on a Y36-cut LN thin-film platform. The
proposed structure integrates a 460 MHz SHy mode acoustic
delay line and an on-chip microheater for localized
temperature modulation. By leveraging the significant
piezoelectric properties of Y36-cut LN and the localized
heating provided by the integrated microheater, our device
exhibits enhanced phase modulation capabilities. We
achieve a phase change exceeding 281° at a heating power
of 20 mW and a modulation ability of 17 °/mW. This
performance marks a 6.5 times improvement over
previously reported bulk-LN platforms. Our thermo-acoustic
modulators pave the way for reconfigurable acoustic signal
processing in next-generation wireless communication and
microwave systems.
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