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Abstract—The shear horizontal surface acoustic
wave (SH-SAW) resonators with excellent quality
factor and temperature stability were fabricated on
42°YX-LiTaO3/SiOs/sapphire substrate. For comparison,
the 4-inch LiTaO3/SiOs/sapphire (fully insulating LiTaO3-
on-insulator, FI-LTOI) and LiTaO3/SiO2/poly-Si/Si (trap-rich
layer assisted LiTaOs-on-insulator, TR-LTOI) substrates
are prepared by ion-cutting process. The GHz acoustic
delay lines (ADLs) built on FI-LTOI exhibit a propagation
loss of only 2.95 dB/mm, which is 37.5% smaller than the
4.72 dB/mm of the ADLs on TR-LTOIl. The demonstrated
SH-SAW resonators on FI-LTOI exhibit higher Q-values than
those on TR-LTOl. Among them, a FI-LTOI based resonator
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with the resonant frequency of 1.76 GHz exhibits a maximum
Bode-Q (Qmax) of 4,421, an effective electromechanical
coupling coefficient of 13.34%, an excellent figure of merit
of 589.8, and a well-compensated temperature coefficient of
frequency of —9.1 ppm/°C. More importantly, the Qmax of the
FI-LTOI based resonator is maintained well (2,791) even
at 200 °C whereas that of the TR-LTOI based resonator
decreased to 674. Overall, the FI-LTOI substrate may serve
as an advanced material platform of SAW devices for
5G-FR1 bands.

Index Terms—Surface acoustic wave resonator,
LiTaOs-on-insulator, parasitic = surface conduction,
RF loss, shear horizontal mode, temperature coefficient of
frequency.

|. INTRODUCTION
S URFACE acoustic wave (SAW) devices have been exten-

sively used for radio frequency (RF) signal processing in
modern wireless communication systems [1], [2], [3], [4], [5],
[6], [7] due to their high performance, small size and simple
fabrication process. Increasingly crowded frequency bands and
denser RF modules require filter elements with steep skirts,
low insertion loss (IL) and stable temperature characteris-
tics, which place higher requirements on the quality factor
and temperature stability of SAW resonators. Conventional
SAWs based on homogeneous piezoelectric crystals (e.g.,
LiTaOs3 crystal, as schematically shown in Fig. 1(a)) cannot
satisfy the increased demands of high-performance filter due
to the limited Q-value and poor temperature coefficient of
frequency (TCF).

In recent years, piezoelectric films combined with SiO;
layers (e.g., LiTaO3/SiO;, LiNbO3/SiO») [5], [6], [7], [8], [9]
have attracted much attentions due to the benefits of tuning
TCF, enhancing acoustic energy confinement, suppressing
spurious modes, and improving electromechanical coupling
coefficients. SAW resonators with LiTaO3/SiO; bi-layer on
Si support substrate (LiTaO3-on-insulator, LTOI, as schemat-
ically shown in Fig. 1(b)) [2], [8], [10], [11] have achieved
an excellent Bode-Q [12] of 4,000. However, the interface
between the SiO; dielectric layer and the semiconductor
support substrate is prone to the parasitic surface conduc-
tion (PSC) effect [13], [14], [15], [16], [17], [18], resulting
in increased RF-loss and decreased Q-value. Introducing a
trap-rich layer (e.g., poly-Si) [13], [19], removing the semi-
conductor support substrate [20], [21], [22], [23], [24] and

0741-3106 © 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: ShanghaiTech University. Downloaded on November 30,2022 at 00:48:28 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0001-6572-768X
https://orcid.org/0000-0001-9928-256X
https://orcid.org/0000-0001-5337-9980
https://orcid.org/0000-0003-1563-2994
https://orcid.org/0000-0002-0316-9958

WU et al.: ADVANCED SURFACE ACOUSTIC WAVE RESONATORS ON LiTaO3/SiO2/SAPPHIRE SUBSTRATE

1749

(a) (b)

Tuning TCF
Reducing RF loss

©

J Sapphire

----
.
e

o
o
of
o

) y (dz ==TFI-LTOI z = TR-LTOI
= 013,513
Simplified structure @ -20 = S 32dae
More stable RF performance 8w X
: S
Fig. 1. Schematics of (a) LiTaOg, (b) LTOI/TR-LTOI, (c) FI-LTOI. 2 ;60 . 3
-80 | ! 21
E_IM ’3=24pm  22pm 2.0 pm 2 : sl
b) Y 18 2.0 Ha— 18 210
Frequency (GHz) Frequency (GHz)
i - v = Measured|
—~ (e) = M.easured = (f) -M _
LiTa0,/Si0,/poly-Si/Si LiTa0,/Si0,/sapphire @-20 Bl e @-20 AT ‘e
(TR-LTOI) (FI-LTOI) 2 40{ 42 —11.84% 3% 2-40 K =13.34% 3X
H eff | OF70 A= e =70 Ql
£ o 03367 23 E ] Q4293 2y
g & 2 = ]
E 0na=3:371 2 E 0,0 =4:421 -
Z 30/ FOM=399.1 R & g0] FOM=589.8 M
() 0(6) e a7 1819 ) 6 17 18 19 )
pL=2.95 dB/mm PL=4.72 dB/mm Frequency (GHz) Frequency (GHz)

20 o Fig. 3. (a) The optical microscope image (top view) and the (b) zoomed-
5 in image of a fabricated resonator. Measured (c) admittance curves and
40 i g L% (d) Bode-Q curves of the FI-LTOI based (solid) and TR-LTOI based (dot)
= — 00 1m — s0pm resonators. Measured (solid) and fitted (dot) frequency responses of the

= ; a0 — Sepm | (e) TR-LTOI based and (f) FI-LTOI based SAW resonators.

—1,200 pm —1,200 pm

8{"1.0 1.1 1.2 13 14 1:5 01.0 11 1.2 13 14 15 . . . .

Frequency (GHz) Frequency (GHz) corresponding cross-sectional SEM images. The thickness of
Fig. 2. Photos of the fabricated (a) TR-LTOI and (b) FI-LTOIl wafers. the LiTaO3 films in TR-LTOI and FI-LTOI are around 580 nm

(c) Measured and extracted insertion loss of the TR-LTOI ADLs. (d) The
optical microscope image of a fabricated ADL. (e) Measured insertion
loss of the FI-LTOI ADLs. The cross-sectional SEM images of the
(i) TR-LTOI and (ii) FI-LTOI substrates.

adopting the insulator support substrate [24], [25], [26] are
effective methods to eliminate the PSC effect. For example,
SAW resonators on LiTaO3/SiO/poly-Si/Si substrates (trap-
rich layer assisted LiTaO3-on-insulator, TR-LTOI, as schemat-
ically shown in Fig. 1(b)) [3], [19] have achieved a high Qmax
of about 6,000 due to the reduced RF loss. However, the multi-
layer structures result in relatively complex and expensive
fabrication processes.

In this work, the LiTaO3/Si0,/sapphire substrate (fully insu-
lating LiTaO3-on-insulator, FI-LTOI, as schematically shown
in Fig. 1(c)) have been proposed as a novel material platform
for SAW devices. The 4-inch FI-LTOI and TR-LTOI substrates
were prepared by ion-cutting process [27]. Acoustic delay lines
(ADLSs) built on FI-LTOI show much lower propagation loss
than those built on TR-LTOI, while SH-SAW resonators built
on FI-LTOI exhibit higher Q-values than those on TR-LTOI.
In addition, at the ambient temperature of 200 °C, the Qmax
of TR-LTOI based resonator decreases to less than 20% of
that at 25 °C, while that of the FI-LTOI based resonator still
maintained quite high.

Il. SUBSTRATE LOSS OF TR-LTOI AND FI-LTOI
The 4-inch single-crystalline 42°YX-LiTaO3 thin films
were transferred onto both the SiOy/sapphire substrate and
the SiO,/poly-Si/Si substrate by ion-cutting process under
the same conditions for comparison. Figs. 2(a) and (b) show
the photos of the two wafers, while the insets show the

420 nm, respectively, and the thickness of SiO; is 500 nm in
both substrates.

To evaluate the substrate loss, the ADLs with different
delay length were built on the two substrates. Fig. 2(d)
shows the optical microscope image of a fabricated ADL.
The measured insertion loss (IL) of the ADLs with 4 =
3.2 um on the TR-LTOI and FI-LTOI substrates are shown
in Figs. 2(c) and (e), respectively. Thanks to the excel-
lent insulating properties of the sapphire support substrate,
the extracted propagation loss (PL) of the FI-LTOI sub-
strate is only 2.95 dB/mm, which is 37.5% smaller than the
4.72 dB/mm of the TR-LTOI substrate. Comparing FI-LTOI
based ADLs with some other solid mounted ADLs [25], [28],
[29], FI-LTOI based ADLs achieve the smallest PL so far.
Note that the smaller PL corresponds to higher equivalent Q-
values of substrates [30], [31]. It is seen that the substrate loss
of the SH-SAW devices can be significantly reduced by the
insulating sapphire substrate, and SAW devices with higher
Q-values may be achieved.

I1l. HIGH PERFORMANCE FI-LTOI SAW RESONATORS
SH-SAW resonators were fabricated using electron-beam
lithography, metal evaporation, and the lift-off process. The
metal consists of Ti/Al/Ti with thicknesses of 2 nm, 120 nm
and 2 nm, respectively. The optical microscope image and the
zoomed-in image of a fabricated SH-SAW resonator are shown
in Figs. 3(a) and (b), respectively. Tilted resonators [10] are
used here to suppress the transverse spurious modes.
The frequency responses of the fabricated SAW devices
were characterized using a vector network analyzer
(Keysight ES071C) with a terminal impedance of 50 Q
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TABLE |
COMPARISON OF SH-SAW RESONATORS
Ref. substrate fs Ohnax kgff FOM
(GHz) (%)
[8] LiTa05/Si0,/Si 1.9 4,000 9.8 392
[2] LiTaO5/SiO,/AIN/Si 1.9 4,200 9.8 411.6
[19] LiTa05/SiOy/ 1.53  ~6,000 11.9 714
poly-Si/Si
[6] LiNbO4/SiO,/Si ~1.1 388 ~32.1 124.5
[26] LiTaOs/sapphire 1.76 3019 5.14 155
LiTa05/Si02/ 1.76 3,371 11.84  399.1
This poly-Si/Si
work  LiTaO:/SiO:/sapphire 1.76 4,421 1334 589.8

at room temperature in air. Fig. 3(c) shows the measured
admittance curves of the FI-LTOI based and TR-LTOI
based resonators with different electrode periodicities (4) of
2.0~2.4 um. The aperture length of the above resonators is
204. Fig. 3(d) shows the corresponding Bode-Q curves, where
the extracted Qmax values of the FI-LTOI based resonators are
11%~18% higher than those of TR-LTOI based resonators.
For a more detailed comparison, Figs. 3(e) and (f) show the
measured and fitted frequency responses of two resonators
with the same design (4 = 2.2 um and aperture length of
404) on both substrates. The FI-LTOI based resonator exhibits
an excellent Qmax up to 4,421, which is 31.1% larger than
the 3,371 of the TR-LTOI based one. Besides, FI-LTOI based
resonator shows a kgﬁ [32] of 13.34% and an outstanding
figure of merit (FoM:kgff X Qmax) of 589.8, which is 47.8%
larger than that of the TR-LTOI based one. In a word, the
SH-SAW devices on the FI-LTOI substrate achieve higher
performance with a simpler substrate structure.

A comparison between this work and some other SH-SAW
resonators with different substrates [2], [8], [6], [19], [26] is
shown in Table I. The FI-LTOI based resonator in this work
shows a quite high Qmax and FoM, which are very close
to the state-of-the-art [19]. It is worth noting that the kgﬁ
and Q-values of the FI-LTOI based resonator in this work
are significantly improved compared to the previous work
(SAW devices based on the LiTaO3/sapphire substrate [26]).
The optimized substrate preparation process minimizes the ion
implantation-induced damages, thereby improving the kgﬁ and
reducing the intrinsic loss of the material. The introduction of
the SiO, low acoustic velocity layer enhances the confinement
of the acoustic energy in the thickness direction, while reduc-
ing the in-plane diffraction by changing the in-plane anisotropy
[10], [33]. Besides, the introduced SiO, layer also increases
the kgff in this work due to the smaller stiffness coefficient and
dielectric constant of SiO, [34]. Both the optimized substrate
preparation process and the introduced SiO; layer contribute
to the improvements, and higher Qnax can be expected by
further optimizing the device design and reducing the ohmic
losses of the electrodes.

IV. TEMPERATURE CHARACTERISTICS OF FI-LTOI SAW

To investigate the temperature stability, the resonators
demonstrated on both substrates were tested in the temperature
range of ~25-200 °C, and Figs. 4(a) and (b) show the
measured and zoomed-in admittance curves. The fitted first-
order temperature coefficient of frequency (TCF) at resonant

—=—FI-LTOI

FI-LTOI

—25°C

—=—TR-LTOI

TR-LTOI

Impedance (Q2)

T T T
100 150 200
Temperature (°C)

0
1.6 17 1.8 19 2.0 0 50
Frequency (GHz)

Fig. 4. Measured and zoomed-in admittance curves of (a) TR-LTOI
SAW and (b) FI-LTOl SAW resonators in the temperature range
of ~25—-200 °C. (c) Variation of Qmax with temperature for TR-LTOI SAW
and FI-LTOI SAW resonators.

(fr) and anti-resonant frequencies (f;) of the FI-LTOI based
resonator are 11.3 ppm/°C and —9.1 ppm/°C, respectively.
Such a resonator with small TCFs at both the f; and f; is very
promising for frequency-sensitive filters. More importantly,
the impedance attenuation of the FI-LTOI based resonator
(at f3) is only 54 dB at 200 °C whereas that of the
TR-LTOI based resonator reaches 16.1 dB. Fig. 4(c) shows
the extracted Qmax values of resonators on both substrates
at different temperatures. When the temperature increases,
the effective resistivity at the SiO»/Si interface will gradually
decrease, while that at the SiO»/sapphire interface is still large
enough due to the excellent insulating properties of sapphire.
Therefore, the SH-SAW devices on FI-LTOI achieve better RF
performance over the temperature range of 25 to 200 °C than
those on TR-LTOI. At 200 °C, the Qnax of the FI-LTOI based
resonator still reaches 2,791 whereas that of TR-LTOI based
one decreases to 674.

V. CONCLUSION

In this work, the FI-LTOI and TR-LTOI substrates were
fabricated by ion-cutting process under the same conditions.
The presence of the excellent insulating sapphire substrate
helps the FI-LTOI substrate to obtain lower propagation loss,
and therefore better Q of the SAW devices. The SH-SAW
resonator built on the FI-LTOI substrate shows an excellent
Omax of 4,421, a kgff of 13.34%, a FoM of 589.8, and the
well-compensated TCFs of 11.3 ppm/°C and —9.1 ppm/°C at
fr and f,, respectively. Most importantly, even at 200 °C, the
Q-values of the FI-LTOI based resonators still well maintained
while those of the TR-LTOI based resonators are severely
attenuated. Overall, those results in this work demonstrate
the great potential of SAW devices on FI-LTOI substrates for
low-loss and temperature-sensitive applications in RF wireless
communications.
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