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Abstract—This article presents shear horizontal surface
acoustic wave (SH-SAW) devices with excellent temperature
stability and low loss on ultrathin Y42-cut lithium tanta-
late film on sapphire substrate (LiTaO3-on-sapphire, LTOS).
The demonstrated resonators exhibit scalable resonances
from 1.76 to 3.17 GHz, effective electromechanical coupling
coefficients between 5.1% and 7.6%, and quality factors
(Bode-Q) between 419 and 3019. The filter with a center
frequency of 3.26 GHz features a suppressed spurious
passband, a 3-dB fractional bandwidth (FBW) of 3%, and a
minimum insertion loss (IL) of 2.39 dB. In addition, coplanar
waveguides (CPWs) and SH-SAW resonators built on LTOS
and LiTaO3-on-insulator (LTOI) substrates were compared
over a temperature range of 25 °C—150 °C. Due to the
extremely high resistivity of the sapphire and the excellent
thermal stability of the LiTaOs/sapphire interface, the IL of
the CPW and the impedance ratio (in addition to Bode-Q) of
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the SH-SAW on the LTOS are maintained well even at 150 °C,
while those on the LTOI seriously deteriorate. Of these,
the impedance attenuation of LTOS-SAW at the antireso-
nant frequency is only 3.7 dB at 150 °C, whereas that of
LTOI-SAW reaches 9.6 dB, demonstrating excellent temper-
ature stability of the LTOS substrate’s radio frequency (RF)
performance. Overall, the SAW devices on LTOS substrates
show great potential for temperature-sensitive and low-loss
applications in RF wireless communications.

Index Terms— LiTaO3z-on-sapphire (LTOS), piezoelectric
filter, radio frequency (RF) loss, shear horizontal (SH) mode,
surface acoustic wave (SAW) resonator.

|. INTRODUCTION

COUSTIC devices are widely used in radio fre-

quency (RF) wireless communications for frequency
selection and interference suppression. Surface acoustic
wave (SAW) resonators dominate the RF filter market [1]-[7]
due to their low cost, simple structure, and lithography-
defined operating frequency [8], [9]. For applications within
the increasingly crowded frequency bands of mobile communi-
cation systems, advanced SAW filters with steeper skirts and
lower insertion loss (IL) are urgently required. The quality
factor (Q) is a key factor involved in achieving the desired per-
formance in these devices. When SAW devices are correctly
designed, the Q value will be improved due to the reduction of
the intrinsic loss of the (heterogeneous) piezoelectric substrate
and enhancement of the acoustic energy confinement.

In recent years, acoustic devices using lithium tantalate
(LiTaO3) and lithium niobate (LiNbO3) thin films on het-
erogeneous substrates have achieved breakthrough perfor-
mance [6], [7], [10]. The incredible high-performance SAW
(I.LH.P-SAW), generally built on LiTaO3/Si0,/Si (LiTaO3-on-
insulator, LTOI) substrate as shown in Fig. 1(a), achieves
excellent Q values [2], [11]-[13]. The SiO,/Si structure can
reflect and confine acoustic energy inside the LiTaOs3 thin film.
However, the fabrication process of the LTOI substrate must be
precisely controlled; if not, fixed positive charges inside the
Si0, dielectric layer will attract free carriers of the silicon
supporting substrate, thus resulting in the parasitic surface
conduction (PSC) effect at the SiO,/Si interface [14]-[19].
In such a case, the effective resistivity of the high-resistance
silicon (HR-Si) substrate surface will be reduced by more
than one order of magnitude, resulting in additional RF loss
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Fig. 1. Schematics of (a) LTOI-SAW, (b) Ultra-SAW, (c) LVR/XBAR, and
(d) proposed LTOS-SAW.

and Q value degradation. SAW devices based on the smart-
cut piezo on insulator structure (also known as Ultra-SAW)
represent another type of high-Q device; these devices feature
a trap-rich layer (e.g., poly-Si) inserted between the SiO,
layer and the Si substrate to mitigate the PSC effect as
shown in Fig. 1(b) and have exhibited maximum Bode-Q
[20] (Omax) values of around 6000 [3], [21]. However, the
substrate structure and fabrication process are more compli-
cated and costly in this configuration. Taking advantage of
the large acoustic impedance mismatch between the air and
the piezoelectric thin film, the laterally vibrating resonator
(LVR) [22]-[27] and the laterally excited bulk acoustic wave
resonator (XBAR) [28], [29] using released LiNbOj3 thin films
can effectively confine the acoustic energy in LiNbO; thin
films, resulting in a relatively high Q. As shown in Fig. 1(c),
the LVR (XBAR) configuration has a simple structure and can
eliminate the PSC effect. However, suspended devices exhibit
intrinsically poor power capacity, large temperature coefficient
of frequency, and fragile structures, which limit their practical
applications. Since solidly mounted acoustic devices require
complex, multilayered substrates to obtain high Q values,
suspended devices with simple structures can achieve high Q
values but limited performance in other regards. On this basis,
a key question remains—is there a heterogeneous substrate
with a simple structure that can effectively confine acoustic
energy and eliminate the PSC effect for building low-loss
devices?

In this study, a single-crystalline Y42-cut LiTaOs3 thin film
was transferred onto a sapphire substrate [LTOS, as shown
in Fig. 1(d)] by the ion-cutting process [30]. Coplanar
waveguides (CPWs) built on LTOS show smaller IL (RF loss)
than those built on LTOI substrates. A series of SH-SAW
resonators with various A (where A1 is the period of the
interdigital transducer [31]) were designed and fabricated on
LTOS substrates, showing scalable resonances from 1.76 to
3.17 GHz and Qy.x of around 3000. The Rayleigh mode

Fig. 2. Process flow of preparing the LTOS substrate by the
ion-cutting process: (a) ion implantation, (b) wafer bonding, (c) annealing
and splitting, and (d) chemical-mechanical polishing (CMP).

(a) (b)
ﬁ O3 e
y O N O i
= R T S W i
I R T T L T o D -
=-0.9 ——LTOS
(7NN 000 [reeen LTOL_I
-1.2 LTOLIl 1
o —--=LTOL_III
-1.5 : . . —=
1.0 1.2 1.4 1.6 1.8 2.0

Frequency (GHz)

Fig. 3. (a) Photograph of the fabricated LTOS wafer. (b) OM image of
a fabricated CPW (see inset) and the IL (S21) per 2 mm of CPW built
on the LTOS substrate, as well as three LTOI substrates with different
postannealing conditions.

spurious responses of the demonstrated resonators and filters
were effectively suppressed. The fabricated ladder-type filter
shows a spurious passband-free response, high operating fre-
quency, and low IL. In addition, the IL of the CPW built on
the LTOS substrate remained small at 150 °C, with only a
slight Q value decrease for LTOS-SAW recorded at this high
temperature, thus indicating the stable RF performance of the
LTOS substrate.

This article is an extension of [32], which reports the first
trial of the resonator and low-order filter based on LTOS.
In this article, CPWs were introduced to characterize the RF
loss, groups of acoustic devices were designed and measured,
high-temperature testing was performed to demonstrate the
thermal stability of the sapphire substrates’ RF performance,
and the key parameters of the groups of devices were extracted
and analyzed to further explore the properties of the LTOS
substrate.

Il. STUDY OF LTOS SUBSTRATE

The ultrathin Y42-cut LiTaO3; film was transferred to the
sapphire substrate using the ion-cutting process, with the
process flow shown in Fig. 2. After chemical-mechanical
polishing (CMP), the thickness of the Y42-cut LiTaO; thin
film was reduced to 460 nm, with an image of the 4-in LTOS
wafer shown in Fig. 3(a).

To characterize the RF loss of the LTOS substrate, the
CPWs were built on the LTOS and three other LTOI substrates
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of the Y42-cut LiTaO; film and SiO, layer are 600 and
500 nm, respectively. An optical microscope (OM) image
and the measured IL (S21) per 2 mm of CPWs are shown
in Fig. 3(b). As a result of the extremely high resistivity of
the sapphire supporting substrate [33], the LTOS substrate
shows a much smaller IL (i.e., RF loss) than those of the
LTOI substrates. In particular, the difference (S21) between
the LTOS and LTOIL_I substrates generated under the same
fabrication process is mainly caused by the PSC effect.

Subsequently, the CPWs built on the LTOS and LTOI_I sub-
strates were tested at higher temperatures, with the measured
results shown in Fig. 4(b). Both substrates showed increased
IL with rising temperatures. When the test temperature reached
150 °C, the IL of the LTOS substrate remained small, whereas
the IL of the LTOI substrate increased substantially. This
shows that the LTOS substrate still exhibits low RF loss
at higher temperatures. Furthermore, compared to LiTaOs,
sapphire has a smaller thermal expansion coefficient [33],
larger thermal conductivity, and higher acoustic velocity [6],
the combination of which helps to further improve the device
performance.

I1l. DESIGN OF LTOS-SAW DEVICES

To analyze the dispersion characteristics of the SH-SAW
and Rayleigh mode (spurious response), resonators on LTOS
with different A-values (1.2 < 1 < 2.6 um) were simulated
using the 3-D finite element analysis (FEA), with the corre-
sponding admittance curves and extracted kgff values shown in
Fig. 5(a) and (b), respectively. The displacement mode shapes
of the SH-SAW and Rayleigh mode are shown in Fig. 5(c).
The simulation model comprises 60 pairs of interdigital trans-
ducer (IDT) electrodes and 25 pairs of reflectors on both sides,
with perfect matching layers set on both sides and the bottom
of the model. The thicknesses of the aluminum electrode (%))
and LiTaO3 (hrr) are set to 135 and 460 nm, respectively. k%
is given by k2 = 7%/8 x (f7 — f2)/f2, where f; and f, are
the resonance and antiresonance frequencies, respectively [34].
k2 of SH-SAW achieves its maximum value of 10.4% when
A = 1.6 um, the resonance frequency of the Rayleigh mode is
always lower than that of the SH-SAW, and the k2; value of the
Rayleigh mode decreases to zero as 4 decreases. Accordingly,
a resonator on the LTOS substrate with a moderate kZ; and
without Rayleigh mode spurious response can be expected

1:2 1:6 2:0 2:4
i (nm)

X

Fig. 5. (a) Simulated admittance curves of SAW resonators on LTOS
with different values of X (~1.2-2.6 um). (b) Extracted kgﬁ of SH-SAW
and Rayleigh mode at different values of . (c) Cross-sectional view of
the displacement mode shapes and zoomed-in images of SH-SAW and
Rayleigh mode.

when a proper hpp/A value (e.g., Ay /4 = 0.383) is selected.
Note that the Rayleigh spurious response can be weakened but
not completely suppressed by optimizing the structural design,
such as by reducing the IDT electrode thickness. In addition,
replacing the LiTaOj3 in other cuts can effectively suppress the
Rayleigh spurious response and may also markedly reduce kZ%;
of the main mode.

IV. EXPERIMENT AND RESULTS
A. Fabrication of the Devices

Based on an LTOS substrate, SAW devices with IDTs
and reflectors were fabricated using electron-beam lithogra-
phy, metal evaporation, and the liftoff process. The thick-
nesses of the LiTaO; layer and the Al/Ti electrode are
about 460 and 135 nm, respectively. Fig. 6(a) shows an OM
image of a fabricated SH-SAW resonator with 4 = 2.6 um,
while Fig. 6(b) and (c) shows the corresponding top and
cross-sectional scanning electron microscope (SEM) images,
respectively.

B. Low-Loss SHO Mode Resonator

The frequency responses of the fabricated acoustic devices
were characterized using a vector network analyzer (Keysight
E5071C) with a terminal impedance of 50 Q at room temper-
ature in air. The measured and fitted admittance and Bode-Q
curves of the resonator with 4 = 2.6 um are shown in
Fig. 7(a) and (b), respectively, exhibiting a large admittance
ratio of 72 dB, an excellent Q,.x-value of 3019, a kgff of 5.14,
and a figure of merit (FoM = kgff X Qmax) of 155 at 1.76 GHz.
The excellent Q value indicates low material loss and efficient
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Fig. 7. Measured and fitted (a) admittance curves and (b) Bode-Qcurves
of a resonator with A\ = 2.6 um.

TABLE |
COMPARISON OF SH-SAW RESONATORS
Ref. substrate f O Omx Ky ML
(GHz) (%) ’
[11] LiTa0;/Si0,/Si 1.9 ~2,800 4,000 9.8 Y
[4] LiNbO5/Si0,/Si 0.83 ~250 251 36.5 Y
[5] LiNbO5/Si0,/SiC 1.32 260 330 28.4 Y
[3] LiTa0s/Si0,/ 1.53 ~2,400 6,000 ~11.9 Y
Poly-Si/Si
This  LiTaOs/Sapphire 1.76 2,446 3,019 5.14 N
work

*ML: Multi-Layer

acoustic energy confinement. Several transverse modes are
identified between the resonant and antiresonant frequencies,
resulting in a loss of acoustic energy and ripples within the
filter passband. Finer device designs, such as flattening the
slowness curves [35] or tilting the electrodes [11], could be
used to mitigate these modes and a flatter passband and higher
Q could be expected. Notably, the values of the extracted k2
are smaller than the simulated ones; this may be attributable
to inaccurate material parameters used in the simulation,
deviations of electrode thickness, ion implantation-induced
damages in the LiTaOs3 thin film, and so on.

A comparison between this work and some other SH-SAW
resonators with different substrates [3]—[5], [11] is shown in
Table I. The resonator in this work shows quite a high value
of Qmax and moderate kgff. In particular, the resonator in this
work achieved a very high Q,, which is the Q value at

Admittance (dB)
&
\

1
=
1

o
<

<4 p—
>

] >< 6 /‘ ‘ \ L 0.4

L1 8 |
= '\'\. ST —=— SH-SAW
1@

~a | 544

ml.ﬁpm 1.4pm A= 2pm
-80 T T T
1600 2000 2400 2800 3200 3600
Frequency (MHz)

3.5 8 T T v T 1.2
E (I ) . ] 0 T T
03.0— /ll/.. ?7_ 1 | _"/.—0.8’;\
= o—° Lo s | . * ()
225 S o] Wy &
= =
5}
=
=3
o
St
=

—e— Rayleigh mode
—

o
n
o

16 20 24
A (pm)

1.2 1. 24 1.2

6 2.0
. (um)

Fig. 8. (a) Measured admittance curves, (b) extracted fs and Qmax
values, and (c) extracted k2eff values of resonators with different X values
ranging from 1.2 to 2.6 um.

the antiresonance frequency. Q, is calculated by the ratio of
the antiresonance frequency to its 3 dB bandwidth (Q, =
fp/Af3 gg) in this case, indicating that both structural loss
(acoustic energy leakage) and material loss (e.g., RF loss)
of the LTOS-based devices are weak. This result is close
to that of I.LH.P-SAW [13] and Ultra-SAW [3], and however,
an even simpler structure is used in this work. If the design and
fabricated process of the LTOS-SAW are optimized, a higher
value of Qnax can be expected.

C. High-Order Ladder-Type Filters

Fig. 8(a)—(c) shows the measured admittance curves and
the extracted f;, Omax, and kgff values of the fabricated
resonators with A ranging from 1.2 to 2.6 um. Similar to the
simulations, a Rayleigh mode with lower f; appears whose
intensity decreases as A decreases to zero (i.e., A = 1.2 ym
and h/A = 0.383). k2, of the SH-SAW reaches its maximum
value of 7.62% when A = 1.6 um, with the observed variation
in k%; mainly caused by the dispersion of SH-SAW in a
thin LiTaOsplate. Furthermore, as 4 decreases, f; increases
and Qpmax decreases, with smaller Qp,x potentially related to
electrical loss.

Based on the measured results of the LTOS-SAW res-
onators, filters were designed and fabricated. The topology and
an OM image of a high-order ladder-type filter are shown in
Fig. 9(a) and (b), respectively. A filter with a center frequency
(fe) of 2.2 GHz, an FBW of 2.55%, and a minimum IL (IL;,)
of 1.38 dB is shown in Fig. 9(c); this filter also exhibits a
Rayleigh mode-induced spurious passband (marked by the
orange box). The A-value of the shunt resonators (Ag) is
2 um, while that of the series resonators (4s) is 1.928 um.
The out-band Rayleigh mode spurious response was mitigated
by adjusting the hpr/A values of the shunt and the series
resonators. When Ay and Ay were set to 1.2 and 1.158 um,
respectively (hpr/A of 0.383 and 0.397), the filter with an f,
of 3.26 GHz shows a spurious passband-free response, a 3-dB
fractional bandwidth (FBW) of 3%, and an IL;, of 2.39 dB,
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S-parameters of a filter with f; of 3261 MHz.
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as shown in Fig. 9(d). The performance of the filters can be
further improved by optimizing the topology and the fabricated
process.

D. Temperature Characteristics of RF Performance

To investigate the temperature characteristics of the LTOS
substrate’s RF performance, resonators based on LTOS and
LTOL_I substrates were tested at temperatures ranging from
25 °C to 150 °C. To achieve similar frequencies, the
A-values of LTOS-SAW and LTOI-SAW were set to 2.4 and
2.0 um, respectively, and the electrode thickness was set
to 120 nm. The temperature characteristics of LTOS-SAW
and LTOI-SAW are shown in Fig. 10(a) and (b), respec-
tively. The impedance at the antiresonant frequency (Zp) of
both resonators decreases as the test temperature increases.
Fig. 10(c) shows the impedance variation at antiresonance
frequencies (A Zp) for the two resonators in the temperature
range of ~25 °C-150 °C (a reference temperature of 25 °C).

The impedance attenuation of LTOS is markedly smaller than
that of LTOI with increasing test temperature, reaching 3.7 and
9.6 dB for LTOS-SAW and LTOI-SAW at 150 °C, respectively.
Fig. 10(d) shows Q, of the two resonators at different tem-
peratures. Similar to the tested CPW results, both resonators
exhibited decreased Q, with increasing temperature. When the
test temperature rose to 150 °C, Q, of LTOS-SAW decreased
from 2164 to 1847, whereas Q,, of the LTOI-SAW decreased
from 1337 to 462. This result demonstrates that LTOS-SAW
still exhibits excellent RF performance at 150 °C, whereas
the performance of LTOI-SAW is degraded with increasing
temperature.

V. CONCLUSION

In this work, a heterogeneous LTOS substrate with low RF
loss was successfully fabricated using an ion-cutting process.
Based on the LTOS substrate, the fabricated resonators show
scalable resonances from 1.76 to 3.17 GHz, a maximum Q .x
of 3019, and an admittance ratio of 72 dB at 1.76 GHz.
A filter with f, of 3.26 GHz and a 3-dB FBW of 3% shows
a spurious passband-free response. With further optimization
of the ion-cutting process and device design, a recovered k2,
and a higher Q value can be expected. Compared to LTOI, the
CPW built on LTOS exhibits much smaller IL values, while
the SH-SAW resonator presents lower impedance attenuation
with increasing test temperature. The low RF loss and stable
temperature characteristics of the LTOS substrate are attributed
to the sapphire’s extremely high resistivity, in addition to the
excellent thermal stability of the LiTaOs/sapphire interface.
Thus, the findings of this study indicate that LTOS-SAW
devices show excellent potential for applications in RF wire-
less communication devices.
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