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ABSTRACT

High-frequency optomechanical resonators are in demand as transduction devices to bridge microwave and optical fields. Thin-film lithium
niobate is a promising platform for implementing high-frequency optomechanics for its low optical loss and strong piezoelectric coefficients.
However, its strong piezoelectricity is also known to introduce excess phonon loss. Here, we present lithium niobate optomechanical resona-
tors with film-thickness-mode mechanical resonances up to 5.2GHz, reaching the operating frequency regime of superconducting qubits. By
engineering the mechanical anchor to minimize the phonon loss, we achieve a high quality factor up to 12 500 at cryogenic temperatures
and, hence, a frequency-quality factor product of 6.6� 1013. Our system also features interference between piezo-optomechanical and
electro-optic modulation. A theoretical model is derived to analyze these two effects and their interference.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0020019

Phonons piezoelectrically coupled to microwaves have enabled
active control and manipulation of light1–5 and coherent signal con-
version between microwave and optical domains.6–10 To effectively
couple microwaves and phonons, significant effort has been focused
on piezoelectric materials such as aluminum nitride,11,12 gallium
nitride,13 and gallium arsenide14,15 in a variety of device structures.
However, to realize both high optical and mechanical quality factors,
strong electromechanical and optomechanical coupling (MO) on a
single platform is still challenging. The thin-film lithium niobate-on-
insulator (LNOI) platform with large electro-optic (EO), acousto-
optic, and piezoelectric coefficients16 has recently drawn tremendous
attention. High quality factor optical17,18 and mechanical resonators19

and efficient microwave-to-mechanical coupling efficiency18 have
been demonstrated on the LNOI platform recently. On the other
hand, pushing for higher frequency mechanical mode is also of great
importance such as in quantum optomechanics in order to reduce
thermal occupation. Another critical parameter for optomechanical
systems is the mechanical frequency-quality factor (fQ) product, which
plays an important role in demonstrating quantum optomechanics
and entanglement creation at elevated bath temperatures.20–22

Therefore, in optomechanics experiments, it is essential to achieve
high mechanical modal frequency f and fQ products simultaneously.

Piezoelectricity enables efficient coupling of microwave to pho-
non modes. However, the same coupling is also responsible for excess

piezoelectric losses.23,24 Previously, we have shown that AlN-based
piezo-optomechanical resonators can operate at the microwave
X-band25 and its use for microwave-to-optics coherent conversions.9

LiNbO3, being a stronger piezoelectric material than AlN, promises to
deliver even higher microwave-to-optics coupling efficiency if similar
mechanical performance can be realized. Recently, high fQ product (on
the order of 1012 � 1013) MEMS resonators based on LiNbO3 thin films
have been reported.26,27 Here, in this paper, we demonstrate piezo-
optomechanical racetrack resonators on thin film lithium niobate with
mechanical resonance as high as 5.2GHz, realized by exploiting the film
thickness mode of suspended waveguides. The mechanical modes are
driven by two electrodes placed across a gap from the suspended wave-
guide and readout optomechanically. By engineering the mechanical
anchors, we achieve a high quality factor of 12500 at 4K, leading to an
fQ product of 6:6� 1013, a value approaching that of the state-of-the-
art cryogenic AlN devices.9 The mechanical anchor design also pre-
serves the high optical quality factor of around 2� 106, allowing opera-
tions in the resolved-sideband regime. Due to the coexistence of the
acousto-optic and electro-optic effect in lithium niobate, our system
exhibits interference between opto-mechanical and electro-optic modu-
lation for which we present a detailed analysis for effective extraction of
the mechanical quality factor.

On the LNOI platform, partially etched waveguide resonators
show the highest optical quality factor compared to photonic crystal
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and microdisk resonators.17 The cross section of this type of wave-
guide normally has a width of a few micrometers and a thickness of
several hundreds of nanometers. With the thickness being the smaller
dimension, thickness mode-like mechanical modes will possess higher
frequency with its wavevector along the thickness direction.25 On the
other hand, to drive mechanical modes using on-chip electrodes, co-
planar electrodes can be more easily realized from the fabrication point
of view, which will produce electric fields mainly in the in-plane direc-
tion. Given the vanishing d31 and d32 piezoelectric tensor elements of
lithium niobate,16 X-cut LNOI would allow us to excite thickness
mode-like mechanical modes using the in-plane electric field, while
this cannot be done with Z-cut LNOI. Therefore, our devices are fabri-
cated on a commercial X-cut LNOI wafer with a 600nm-thick lithium
niobate film.

Figure 1(a) shows a fully suspended racetrack resonator. In the
fabrication process, the lithium niobate film is etched twice using
Argon milling with patterned hydrogen silsesquioxane (HSQ) as resist.
The lithium niobate film is first etched by 350nm to fabricate half-
etched optical waveguides. The second etch stops at the silicon dioxide
layer and defines the slab. The slab under the optical waveguide is
3.5lm wide and is connected with large slab pads through narrow
links as shown in Figs. 1(b) and 1(c). These links provide support for
the optical waveguide after being released. The narrow links also
unavoidably introduce anchor loss for the mechanical modes, and so

the spacing between the anchors along the optical waveguide should
be not only as long as possible to reduce anchor loss but also not too
far apart; otherwise, the optical waveguide may break without suffi-
cient support. In our devices, this spacing is chosen to be 50lm.

After etching lithium niobate, 300 nm thick gold electrodes are
deposited through liftoff using polymethyl methacrylate (PMMA)
resist. Electrodes are placed along the arms of the racetrack resonator
at both sides. The electrode-to-electrode gap is 8.1lm. This narrow
gap can provide a strong electric field but still large enough to prevent
metal-induced photon absorption. Finally, the optical racetrack is fully
released by removing the underneath 2lm-thick silicon dioxide in
buffered oxide etchant (BOE), while the slabs across the air gap from
the released waveguide still have silicon dioxide underneath and pro-
vide side-anchors for mechanical suspension. In this design, the optical
mode is well confined in the half-etched waveguide, does not see the
discontinuity along the edges of the slab, and, therefore, prevents scat-
tering loss and maintains the high quality factor of the optical resona-
tor. Figure 1(e) shows an optical TE mode resonance around 1550nm
of a racetrack resonator fabricated from this fabrication process, which
has a fitted quality factor of 2:1� 106.

By applying a RF drive on the electrodes, a horizontal electric
field is formed, which excites the mechanical motion of the suspended
arm and, thus, in turn, modulates light in an optical cavity, via moving
the boundary effect28 as well as the elasto-optic effect. We denote this
optical modulation induced by electrically excited mechanical motion
electrical–mechanical–optical (EMO) modulation. Besides, the applied
electric field also directly modulates the optical field through the
electro-optic (EO) effect. To characterize the modulation efficiency
through the two different mechanisms, we define two parameters as
follows:

gEO ¼ � @x
@V0

���
EO
; (1)

gEMO ¼ � @x
@V0

���
EMO

; (2)

where x is the optical resonance frequency and V0 is the voltage
amplitude applied between the electrodes. These two parameters mea-
sure the modulation efficiency by the optical resonance frequency shift
under a unit microwave voltage drive.

For the electro-optic interaction,

gEO ¼ � @x
@V0

���
EO

¼ x0

2

ðX
ij

Ei � ðdeij=dV0Þ � EjdV
ð
~E � ~DdV

; (3)

with deij=dV0 ¼ �
P

k e
2
ijrijkE

mw
k , where Emw is the microwave electric

field when the voltage between the electrodes is 1V and rijk is the third
rank electro-optic tensor. Compared to the EO effect, EMO modula-
tion features a strong frequency dependence due to mechanical reso-
nance. This dependence can be separated into two cascaded parts, the
microwave to mechanical coupling and optomechanical coupling, or
gEMO ¼ � @x

@V0
jEMO ¼ � @x

@a
@a
@V0

, where a is the maximum mechanical
displacement within the waveguide. The response of a driven har-

monic oscillator gives a ¼ gEMV0=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðX2 � X2

bÞ
2 þ C2

mX
2

q
; um

¼ arctanð�CmX=ðX2
b � X2ÞÞ, where gEM is a constant, Xb is the

FIG. 1. (a) Optical image of a racetrack piezo-optomechanical resonator. The yel-
low part is deposited gold electrodes. (b) SEM image of the coupling part of the
racetrack resonator. (c) SEM image showing the suspended optical waveguide sup-
ported by the slab. (d) Cross section of the released optomechanical waveguide
structure and simulated electric field (shown by arrows) (e) Optical transmission
spectrum of the resonator showing a loaded quality factor of 2:1� 106.
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mechanical resonant angular frequency, Cm is the mechanical mode
loss rate, and X is the driven frequency. The optomechanical coupling
(MO) can be described by1

gMO ¼ � @x
@a

¼ x0

2

ð
De~Es

2 � D
1
e
~Dn

2
� �

ð~qð~rÞ � n̂ÞdSþ
ðX

ij

Ei
deij
da

EjdV

ð
~E � ~DdV

;

(4)

with deij=da ¼ �e2ijð
P

kl pijklukl þ
P

k rijkEpkÞ, where x0 is the optical

resonant frequency,~qð~rÞ is the normalized mechanical displacement
field, ~Es is the tangential electric field at the boundary, ~Dn is the nor-
mal electric displacement field at the boundary, pijkl is the fourth rank
elasto-optic tensor, rijk is the third rank electro-optic tensor, ukl is the
normalized strain field, and Ep is the normalized piezoelectric field.
Therefore, the overall electrical–mechanical–optical (EMO) modula-
tion has the following expression:

gEMO ¼ � @x
@V0

���
EMO

¼ gMOgEMffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðX2 � X2

bÞ
2 þ C2

mX
2

q : (5)

Considering both EMO and EO modulation, the cavity dynamics
can be written as

_a ¼ �j
2
a� i x0 � gEMOV0 sin Xt þ umð Þð

� gEOV0 sinXtÞaþ
ffiffiffiffiffiffi
jex

p
se�ixt ;

¼ �j
2
a� i x0 � Asin Xt þ /ð Þð Þaþ ffiffiffiffiffiffi

jex
p

se�ixt ; (6)

under the existence of an exerted voltage between the electrodes
V ¼ V0 sinXt, where a is the annihilation operator of the optical
mode, x is the pump laser angular frequency, s is the optical pump, j
is the total loss rate, jex is the external loss rate, and A and / are the
amplitude and phase response of combined EMO and EO effects.

As shown in Eq. (5), the EMO modulation has resonant behav-
ior, while for the EO modulation, its amplitude and phase response
should remain a constant while sweeping the microwave frequency,
thus, resulting in a flat background in the S21 spectrum. By solving for
the solution apðtÞ of Eq. (6) and utilizing cavity input–output theory

jaout j2 ¼ j � se�ixt þ ffiffiffiffiffiffi
jex

p
apðtÞj2, we could obtain the output optical

signal oscillating at X. Under the resolved sideband limit X � j, and
with a pump detuning D ¼ x� x0 � 6j=2, the optical beating
signal at X received by the photodetector (PD) in Fig. 2(a) is reduced

to jaout j2=jsj2 � 7 cos ðXt þ /Þ � ð2jex=jÞ � ðA=XÞ. Since the

FIG. 2. (a) Measurement setup. (b) S21 spectrum when pumping at the slope of an optical resonance. (c) Simulation of mechanical eigenmodes. The bottom mechanical mode
is the film thickness mode. (d) Zoom in of the 4.2 GHz resonance with a Q value of 2200, fitted using the model described above. The inset demonstrates the S21 phase dia-
gram, with a red vector representing the EO modulation strength and a purple vector representing the EMO modulation strength.
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electromechanical link is very under-coupled, the terminal impedance
of the microwave transmission line does not change much when the
frequency of the vector network analyzer (VNA) sweeps across the
mechanical resonance. Therefore, the S21 signal measured by the setup
depicted in Fig. 2(a) can be written as jS21j ¼ k � ð2jex=jÞ � ðA=X),
/S21 ¼ /þ /0, where k and /0 are assumed to be constants in the
interested frequency range.

Figure 2(b) shows the measured S21 when the probe IR laser fre-
quency is set at the slope of an optical resonance. The mechanical
modes can be simulated using COMSOL Multiphysics, as seen in
Fig. 2(c). One can find that the measured resonances are of Fano
shape, resulting from the interference between EMO and EO modula-
tion. Using the model we described above, we can extract the Q factor
of the mechanical mode and the gEMO=gEO ratio by fitting the mea-
sured S21 response. An example of a 4.2GHz mechanical resonance is
shown in Fig. 2(d), with a fitted Q factor of 2200 and jgEMO=gEOjX¼Xb

¼ 0:7 on the mechanical resonance. To understand the EMO and EO
interference more intuitively, one can resort to the phase diagram
shown in the inset of Fig. 2(d), where the resonant behavior of the
mechanical mode shown in the phase diagram is circle like, while the
non-resonant behavior of the EO modulation can be viewed as a vec-
tor that offsets the resonant circle. Here, the length of the red vector
and purple vector in Fig. 2(d) represents the EO and EMOmodulation
strength, respectively. The ratio between the length of the purple vec-
tor and that of the red vector is the same as the absolute value of the
ratio between gEMO and gEO, which is around 0.7 for this mechanical
mode. From the COMSOL simulation, we obtain jgMOj ¼ 2p � 7:8
�106 Hz/pm for the mechanical resonance around 4.2GHz as shown
in Fig. 2(d) and jgEOj ¼ 2p � 8:8� 107 Hz/V (around 0.7 pm/V for
the optical telecom band). The vacuum coupling rate defined by
g0;MO ¼ gMO

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�h=2meffXb

p
gives an absolute value of 2p � 288 Hz, with

an effective mass meff of 1.46 pg. Using the fitted ratio between gEMO

and gEO, we further obtain gEMj j ¼ 2:5� 106 m/(V s2), which relates
the voltage and the maximum mechanical displacement. Thus, for a
voltage of 1V, the maximum displacement of such a mechanical
mode is 7.83 pm. The corresponding microwave-to-phonon efficiency

g ¼ Ce=Cm ¼ Cm
4 � 12meffX

2
ba

2= ð0:5V0Þ2
2Z0

¼ 3:8� 10�5, where Ce is the
mechanical resonator coupling rate to the microwave channel, Cm is
the total mechanical loss rate, V0 is the voltage between the electrodes,
and Z0 is the characteristic impedance of the transmission line.

The mechanical mode of particular interest is the film thickness
mode at 5.2GHz as shown in Fig. 2(c). For the thickness mode, the
simulated jgMOj ¼ 2p � 3:6� 107 Hz/pm and jg0;MOj ¼ 2p � 1:7 kHz,
with an effective mass of 0.69 pg. To obtain the Q factor and micro-
wave coupling efficiency of the thickness mode, fitting of the measured
spectrum is required. However, around this thickness mode, there are
several other mechanical modes that are only a few MHz away from
the thickness mode as shown in Fig. 3 at 200K. At room temperature,
when the quality factor is not high enough, the optomechanical
responses of those modes are similar in amplitude, and so the mea-
sured optomechanical response peak of the thickness mode is actually
the envelope of mechanical modes around the thickness mode and the
thickness mode cannot be resolved. To resolve the thickness mode, we
perform measurements at cryogenic temperatures because the phonon
loss is reduced at lower temperatures.29

The temperature dependence of the quality factor and frequency
of thickness mode is shown in Fig. 3. As the temperature decreases

from 200 to 4K, the quality factor of the thickness mode increases
from 5500 to 12 500. With the increasing quality factor and, therefore,
stronger resonance enhancement, the thickness mode has a stronger
response as the temperature decreases. So the thickness mode stands
out from the surrounding modes with decreasing temperature as
shown in Fig. 3. At 4K, an fQ product of 6:6� 1013 is achieved, which
approaches the state-of-the-art value of that on AlN platforms30 and
GaAs platforms31 at similar temperatures. From the trend of the qual-
ity factor’s dependence on temperature shown in the inset of Fig. 3,
the fQ product could be higher at lower temperatures.

Resulting from the improved mechanical Q factor and, therefore,
stronger microwave to mechanical coupling efficiency, the fitted
jgEMO=gEOj ratio at 4K is approximately 13, with estimated jgEMj
¼ 2:7� 106 m/(V s2) and g ¼ 1� 10�4. The microwave to phonon
coupling efficiency could be further improved with the higher
mechanical Q factor and by better impedance matching the micro-
wave drive. A recent work on piezo-optomechanical transducer has
demonstrated microwave to phonon coupling efficiency up to 17%.18

In summary, we demonstrate a high frequency piezo-
optomechanical system up to 5.2GHz by employing the film thickness
mode on the thin film lithium niobate platform. The mechanical
mode exhibits a high quality factor around 12 500 at 4K, yielding a
state-of-the-art fQ product on this important material platform.
Together with a high optical quality factor, our system shows great
potential for strong light modulation and efficient microwave-
to-photon conversion.
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