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Summary—In this work, the LiNbO3/SiO2/Quartz substrate
(LiNbOs-on-quartz, LNOQ) was fabricated in wafer scale using
ion-cut process. 3D finite element analysis was used to design this
structure. The 36°YX quartz was chosen to achieve good
confinement of acoustic energy. The 42°YX LN was chosen to get
large electromechanical coupling coefficient (k%) and suppress the
Rayleigh mode. The 4-inch LNOQ wafer shows high film thickness
uniformity of 597.8 nm +1.8%. The fabricated shear horizontal

surface acoustic wave (SH-SAW) resonator shows large k? of 28.1%

and high-quality factor of 959, thanks to the good confinement of
acoustic energy and low RF loss of quartz. Besides, the resonators
show clean out of band response due to the moderate acoustic
velocity of quartz.
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1. INTRODUCTION

With the development of wireless communication
technology, the filters in fifth generation (5G) era should have
the characteristics such as broadband, low insertion loss and
steep skirts. To realize these characteristics, the acoustic
resonators, which are the key component of the acoustic filters,
should have large electromechanical coupling coefficient (k%)
and high-quality factor (Q). However, the traditional surface
acoustic wave (SAW) resonators fabricated using the bulk
lithium niobate (LN) cannot meet these requirements due to the
limited intrinsic material properties.

To promote the performance of the SAW resonators, the
piezo film on hetero substrates has been proposed in recent
years [1-4]. The LiNbO; (LN) who has high &> combined with
the hetero substrates may be one of the promising choices for
the high-performance broadband SAW resonators [5-7]. For the
high-velocity hetero substrates, such as Si, SiC and sapphire,
though they can confine the shear horizontal surface acoustic
wave (SH-SAW) better, there may be high velocity spurious
modes appearing at the high frequency domain owning to the
high phase velocity of the substrates [5, 7-12]. These high
frequency spurious modes as well as other spurious modes
should be suppressed for the high-performance filters [13, 14].
For the quartz substrate, due to its moderate acoustic velocity
(~5000 m/s), the high velocity spurious modes whose phase

velocity is higher than 5000 m/s cannot be efficiently excited
so that the resonators based on LN on quartz (LNOQ) substrate
might get spurious free resonators[4, 15-17].

In this work, the 42°YX LN/SiO2/36°YX quartz substrate
was designed and fabricated. The 36°YX quartz was chosen to
get good acoustic energy confinement. The SH-SAW was
chosen as the main mode and the 42°YX LN was chosen to
achieve high &’ and inhibit the Rayleigh mode. This structure
was fabricated in wafer scale using ion-cut process. The LN
film has no void or other defect and shows excellent film
uniformity of 597.8 nm + 1.8%. The resonator based on this
structure shows a large &° of 28.1% and maximum Bode-Q
(Omax) of 959. Besides, the resonator also shows clean out of
band response. This structure may provide a new choice for the
mass production of the broadband filters.

II. STRUCTURE DESIGN
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Fig. 1. (a) The schematic of the fabricated structure; (b) The simulated
admittance ratio of the SAW resonators with different cut angle of quartz
substrate; (c) The simulated SH-SAW resonator based on the 42°YX
LN/SiO,/36°YX quartz structure.

The structure fabricated in this paper is shown in Fig. 1(a).
A SiO; layer is inserted between the LN film and the quartz



substrate. The rotated YX cut LN and rotated YX cut quartz are
chosen to fabricate this substrate. As the quartz has high
anisotropic, the rotated angle of quartz has been optimized to
achieve good confinement of the acoustic energy using the 3D-
finite element analysis (FEA). The LN thickness, SiO;
thickness and the Al electrodes thickness were set as 600 nm,
200 nm and 120 nm, respectively in the simulation. The
wavelength of the SAW resonator was set as 2 pm. Fig. 1(b)
shows the simulated admittance ratio of the SH-SAW
resonators with different rotated angle of quartz substrate. The
admittance ratio gets the maximum value when /£ is around 60°.
So, as an example, f = 54° was chosen for the quartz substrate,
which corresponded to the 36°YX quartz, due to its good
confinement of the SH-SAW energy in the LN film [18]. Fig.
1(c) shows the simulated SH-SAW resonator based on 42°YX
LN/Si02/36°YX quartz structure using 2.5D FEA model and it
shows good confinement of acoustic energy in the substrate
surface.

To get the appropriate LN cut angle which can achieve high
K’ and clean out of band response, the SAW resonators with
different rotated angle of LN are simulated using the 3D-FEA.
Fig. 2(a) shows the k° of the Rayleigh-SAW and the SH-SAW
at different cut angle of the rotated YX cut LN. The &’ of the
SH-SAW gets maximum value around 70°. However, to avoid
the Rayleigh-SAW and get a clean SH-SAW response, the & of
the Rayleigh-SAW should be near zero. This can be achieved
when the cut angle is in the range of 40-50° shown in the red
region of the Fig. 2(a). As an example, the LN cut angle of 48°
was chosen, which corresponds to the 42°YX LN to do the
following study. Fig. 2(b) is the phase velocity of the Rayleigh-
SAW and the SH-SAW varied with the cut angle of LN. The
phase velocity of the Rayleigh-SAW is always smaller than the
phase velocity of the SH-SAW.
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Fig. 2. (a) The &° of SH-SAW and Rayleigh-SAW based on the LNOQ structure
at different cut angle of LN film; (b) The phase velocity of SH-SAW and
Rayleigh-SAW based on the LNOQ structure at different cut angle of LN film.

The thickness of the SiO, interlayer also has effect on the
response of the SAW resonators. Fig. 3(a) is the simulated
admittance curves of the LNOQ resonators with different SiO,
thicknesses. When the thickness of SiO; is larger than 300 nm,
the high-order mode may be appeared around 2500 MHz. When
the SiO; thickness is 100 nm, the Rayleigh mode around 1600
MHz might be enhanced. So, the 200 nm SiO, was chosen.
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Fig. 3. The simulated admittance curves of the LNOQ SAW with different SiO,
thicknesses.

III. RESULTS

The LNOQ structure was fabricated based on the ion-cut
process that had been demonstrated in our previous study[19].
Fig. 4(a) shows the photograph of the 4-inch wafer scale LNOQ
structure. There is no void or other defect on the LN film. This
is contributed to the high bonding quality of LN and quartz. Fig.
4(b) is the film thickness mapping image of the LN film
measured by the white light interferometry. The LN film
thickness shows high film nonuniformity (NU) of 597.8 nm +
1.8%, which is calculated by NU = (Tax = Tmin)/(Timean) *100.
The Tax, Tmin and Tpean represent the maximum thickness,
minimum thickness, and the average thickness of the measured
LN film thickness, respectively. This low film thickness
nonuniformity will facilitate the mass production of the SAW
devices.
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Fig. 4. (a) The image of the 4-inch wafer scale LNOQ; (b) The film thickness
mapping of the LN film.

The single-port SAW resonators based on the designed
LNOQ structure were fabricated and measured. The SAW
resonators were fabricated based on the lift-off process. Firstly,
the device patterns were formed by electron beam lithography.
Then, 120 nm aluminum was deposited through electron beam
evaporation and the interdigital (IDT) electrodes were then
formed on the substrate through lift-off process. Different
wavelengths SAW resonators were fabricated and the aperture
width is 20 A. 90.5 pairs of IDT electrodes and 50 reflection



gratings at each side were formed. Then the performance of the
SAW resonator was measured by the vector network analyzer.

The admittance curves of the fabricated SAW resonators
with different wavelengths are shown in Fig. 5(a). All resonators
shows no Rayleigh-SAW and the high velocity spurious modes
have been suppressed in almost all resonators. The resonant
frequency and anti-resonant frequency increase with the
wavelength and the maximum anti-resonant frequency can
exceed 4 GHz. Fig. 5(b) shows the extracted & of the fabricated
resonators with different wavelengths. The k? increases with the
wavelength and the maximum £° is 29.5 %. This indicates that
the LNOQ structure has high quality.
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Fig. 5. (a) The measured admittance curves and conductance curves of the SAW
resonators based on the LNOQ structure with different wavelength; (b) the
extracted &° of the different wavelength SAW resonators.

When the resonators are used to fabricated SAW filters, the
transverse spurious modes between the resonant frequency and
anti-resonant frequency should be suppressed. Fig. 6(a) shows
the measured admittance curve and conductance curve of the
conventional SH-SAW resonator with 2.2 um wavelength and
its k% is 28.5 %. There are many transverse modes between the
resonant frequency and the anti-resonant frequency. As shown
on the previous research, the transverse modes can be
suppressed using the tilted IDT electrodes [20]. In this paper, the
IDT electrodes are tilted by 15° to realize this purpose. The
optical-microscope images of the SAW resonator with tilted
IDT electrodes are shown in Fig. 6. Fig. 7(c) shows the
measured admittance curve and conductance curve of the SAW
resonator with the tilted IDT electrodes and the extracted &° is
28.1%. Besides, from the conductance curve, there are no
transverse modes anymore between the resonant frequency and
anti-resonant frequency. It verifies the effectiveness of the tilted
IDT electrodes. Fig. 7(b) and Fig. 7(d) are the Bode-Q curve of
the conventional SAW resonator and the SAW resonator with
tilted IDT electrodes, respectively. The SAW resonator with
tilted IDT electrodes shows a higher O value than the

conventional SAW resonator with a maximum Bode-Q (Oma)
0f 959. It means this method will not sacrifice the Q value of the
resonators.

Fig. 6. The optical microscope images of the tilted SAW resonator based on the
LNOQ substrate.
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Fig. 7. (a) The measured admittance curve and conductance curve of the
conventional SAW resonator based on the LNOQ structure; (b) the extracted
Bode-Q curve of the conventional SAW resonator; (c) The measured admittance
curve and conductance curve of the SAW resonator with tilted IDT electrodes
based on the LNOQ structure; (d) the extracted Bode-Q curve of the SAW
resonator with tilted IDT electrodes.

Fig. 8 shows the admittance curve and conductance curve
of'the SAW resonator with tilted IDT electrodes in the frequency
range of 1-5 GHz. At the low frequency domain, the Rayleigh-
SAW is suppressed thanks to the YX42° LN is chosen. At the
high frequency domain, the high velocity modes such as
longitudinal leaky surface acoustic wave (LLSAW) mode are
suppressed thanks to the quartz substrate is chosen. Besides, the
transverse modes between the resonant frequency and anti-
frequency have been suppressed thanks to the tilted IDT
electrodes is used.
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Fig. 8. The measured admittance and conductance curve of the LNOQ SAW
resonator in 1-5GHz.

The last spurious mode that should be suppressed is the
longitudinal spurious mode near the anti-resonant frequency of
the SAW resonators. It might be suppressed through optimized
the electrodes thickness in the next research. The simulated
admittance curves of the SAW resonator with different Al
electrode thickness are shown in Fig. 9. It shows that with the
Al electrode thickness increasing, the longitudinal spurious
mode gradually decays. When the thickness is 240 nm, the

spurious mode can disappear.
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Fig. 9. The simulated admittance curves of the LNOQ SAW resonator with
different electrode thickness.

IV. CONCLUSIONS

In this work, the 42°YX LN/SiO»/36°YX quartz substrate
was designed and fabricated. The 42°YX LN is chosen to
inhibit the Rayleigh-SAW and get large & simultaneously. The
36°YX quartz is chosen as the substrate to achieve good
confinement of the SH-SAW acoustic energy and suppress the
high velocity acoustic modes. The fabricated 4-inch LNOQ
wafer shows low defects density and have high film uniformity
of 597.8 nm +1.8%. The resonator based on the LNOQ
structure has high % of 28.1% and high Q value of 959. By
using the tilted IDT, the transverse modes are suppressed and
the resonator shows a clean response at a wide frequency range.
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