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Abstract—In this work, the relation between temperature
coefficient of frequency (TCF) and wavelength (A) of a shear
horizontal surface acoustic wave (SH-SAW) resonator in lithium
niobate-on-insulator (LNOI) platform is investigated numerically
and experimentally. Proposed device achieves a low TCF of -18.5
ppm/K, quality factor ( Qpqar ) of 1360, and effective
electromechanical coupling factor (kgff) 0f 21.2%, yielding a high
figure-of-merit (FOM1 = kgff * Qmax) of 288. The dispersive
behavior of the TCF was first analyzed based on finite element
method (FEM), which reveals the strong correlation between TCF
and the thickness of LN (hLny) and SiO: (hsio2) thin films. To
confirm our observations, three prototyped SH-SAW devices with
A of 2.8, 4, and 6 pm were fabricated and characterized, showing
TCFs approximately -86, -45, and -18.5 ppm/K, respectively, for
both series and parallel resonance frequencies. The results
captured through experiments fits well with the trends predicted
in the FEM simulations. Furthermore, the proposed resonator (.
= 6 pum, TCF = -185ppm/K, FOM1 = 288) exhibits a very
competitive performance among state-of-the-art thin film LN/LT
resonators.
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L INTRODUCTION

As 5G wireless continues to thrive, to accommodate high
data rate, RF filters inevitably need to target newer and higher
frequency bands with wider bandwidth. This poses challenges
for RF filters to feature increased quality factor (Q), higher
electromechanical coupling factor ( k% ) and improved
frequency stability to meet the ever-tighter duplex gaps and
bandwidth requirements. Moreover, as the increasingly
stringent band allocation requirements become mandatory for
all RF filters to meet [1], the importance of temperature stability
has then played an important role among the resonator and filter
design.

In recent years, a new class of surface acoustic wave (SAW)
devices base on thin film lithium tantalate or lithium niobate on
insulators (LTOI [2]/LNOI [3]) has attracted numerous
research interests as they feature high O and larger coupling due
to the elimination of bulk acoustic wave radiation towards
substrate [4]. By forming a hetero acoustic impedance layer
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Fig. 1. Mock-up view of the LNOI SH-SAW resonator used to investigate the
temperature stability with key design parameters.

with a SiO; thin film underneath the LN/LT, the guided shear
horizontal SAW (SH-SAW) wave is confined at the surface of
wafer. In our previous work, a high-performance SH-SAW
resonator has been demonstrated by X-cut LNOI with LN and
SiO; thickness of 0.7 and 2 pm, respectively, showing a high-
k2 of 25.5% and Q of 960 around 580 MHz. However, the
temperature coefficient of frequency (TCF) of such devices are
rarely discussed.

Therefore, in this work, we attempt to investigate the
temperature characteristics of SH-SAW under various thin film
thicknesses and to develop low-TCF devices targeting
wideband and high Q in LNOI.

IL DEVICE DESIGN AND SIMULATION
A. Resonator Design and Temperature Compensation

To investigate the temperature stability of acoustic devices
designed in LNOI platform [5], the one-port SH-SAW
resonator with synchronous placement of the interdigital
transducers (IDT) was implemented, as shown in Fig. 1. The
SiO, underneath the active piezoelectric layer served as a
passive temperature compensation layer. In our design, the IDT
pitch (P) was set as A/2 while the electrode width (W), and the
IDT-reflecting gratings gap (g) were both A/4 wide. The
aperture (A) was fixed at 20h. To enhance the effective
electromechanical coupling of the SH-SAW based on thin



TABLE L. MATERIAL PROPERTIES ADOPTED IN THIS WORK

[ 203 (-174) 166 (-73.25)
CyF 57.3 (-252) 64 (-91.59)
Elastic stiffness C1s® 75.2(159)  E=70(200) E=72(185 ©4(-91.59)
(constant electric CyF 8.5 (-214) v=0.44 v=0.17 0
field) [GPa] s 242.4 (-153) Isotropic Isotropic 166 (-73.25)
Casf 59.5 (-203) 80 (-60.14)
CeeE 72.8 (-143) 80 (-60.14)
e 3.76 (147) - - -
Piezoelectric stress €22 2.43(79) - - -
constants [C/m?] ey 0.23 (221) - - -
[ 1.33 (887) - - -
Relative permittivity ~ €1° 43.6 (323) - 3.9 9
(constant strain) €555 29.16 (627) - 3.9 9
Density [ka/m?] p 4700 19300 2200 2330
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ig. 2. Simulated 1%-order TCF of the LNOI SH-SAW resonators under
normalized h;n/A and hgjoo/A ratios.

metal electrodes, the X-cut LN thin film was selected as the
piezoelectric layer [6] with heavy metals (Au) as the IDT
electrode. The TCF of an arbitrary acoustic resonator is
attributed to the variations in acoustic velocity and the
dimension of the resonator with temperature. In general, the
Ist-order TCF can be approximated as:

1 df(T) N v a
FTo T TCF” + TCF*, (1)
where TCFY and TCF“ denotes the TCF corresponding to the
acoustic wave velocity and the thermal expansion coefficient,
respectively. In a typical case, the overall TCF is predominantly
governed by TCFV[7].

For an SH-SAW resonator in LNOI platform, the acoustic
energy is largely confined in the LN/SiO, composite stack
during operation. Considering the LN and SiO, feature opposite
temperature coefficient of velocities (negative TCFV for LN and
positive TCFV for Si0»), it is possible to achieve a near-zero
TCF based on an optimal LN/SiO; thickness ratio. Since the
energy distribution profile, the relative metal thickness, and the
relative LN thickness of the SH-SAW are different when A (i.e.,
IDT pitch) is different, the TCF becomes A-dependent in a fixed
LN/SiO; ratio.
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Fig. 4. Simulated frequency spectrum with adjacent mode coupling under
certain hyn/A and hgjoo/A ratios.

B. Linear TCF Simulation By FEM

To extract the lst-order TCF of the LNOI SH-SAW with
various LN/Si10; ratios, a 3D periodic unit cell (PUC) model was
used in conjunction with COMSOL Multiphysics [8]. The
material properties used in the simulation are tabulated in Table
I [9]-[11], and the detailed simulation setup can be found in [6].

Fig. 2 illustrates the simulated TCFs based on thin Au
electrodes with heec = 0.0167A. The TCF of the SHy plate wave
in X-cut LN is also plotted on the same figure for comparison,
which is around -90 ppm/K. As hyn/A decreases from 0.3 to 0.05,
the TCF of SH-SAW changes from negative to positive. It is
observed that near-zero TCF is possible under certain hyn/A and
hsioo/A combinations (hin/A = 0.05 and hsioo/A = 0.14).
Moreover, the simulation shows that the k2 becomes smaller at
higher hsijo2/A, since more acoustic energy is confined in SiO»
instead of LN. Fortunately, the lowest kgff of 18.11% for an
over-compensated resonator (hpn/A = 0.05 and hsioo/A= 0.58)



TABLE IIIL. LNOI SH-SAW DESIGN PARAMETER USED IN THIS WORK

Parameters Values Unit

hy 0.7 Hm

hsio, 2 pm

helec 0.1 Hm

Wavelength (A) 2.8,4,6 pm
Aperture 20 A
number of IDT Pairs 40 -
number of RGs 20 fingers per side -
Electrode width (W,) 1/4 A
IDT-RG Gap (g) 1/4 A

A5 -

fs—» | —— Measured 600 © TCF, =-18.61 ppm/K
25 | === mBVD . & TCF, = -18.48 ppm/K
Rayleigh T 400 T o
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Fig. 5. (a) LNOI SH-SAW resonator frequency response measured under
room temperature. (b) Measured frequency drift of both f; and f, based
on the device in Fig. 5(a).
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Fig. 6. Measured TCF and TCkZ; regarding different resonator wavelengths
covering multiple hyn/A and hg;oo/A ratios.

among all data points shown in this figure is still sufficient for
wideband filtering applications.

To explain the trend of the simulated TCFs in Fig. 2, the
strain energy distribution in thickness direction under different
hin/A was depicted in Fig. 3 (fixed hsijoo/A=0.333). In this PUC
model, the SH wave propagates along the longitudinal (L) axis
while the particle motion is along the transverse (T) axis. Based
on the simulation results, the TCF compensation capability of
LNOI topography is highly influenced by the strain energy
distribution across LN and SiO; layers. For smaller hin/A, the

TABLE I COMPARISON OF THIN FILM LN/LT RESONATORS.
This work | JMEMS'15 [ JMEMS'19 | JMEMS'20 [ 1US17
[13] [9] [14] [2]
Device Type LNOI TF LN TF LN/SiO, LNOI LT-Quartz
Crystal Cut X-LN 136°-Y LN 36°-Y LN X-LN 20°YX-LT
Acoustic Mode | SH-SAW S, Lamb SH, SH-SAW SH-SAW
Overtone
hypr [Hm] 0.7 1 0.7 1 112
hsioz [UmM] 2 - 2 1
Metallization Au Au Al AlSi Cu
here [nm] 100 80 200 300 480
A [um] 6 12 1 6.7 7.76
f, [MHz] 580 513 340* 580* 450*
K2 [%] 21.2 145+ 3 22+ 12.3*
*BW [%] 8.27 5.88* 1.2 8.9* 5.0
Bode-Q (Quay) | 1360 960 3300 1350 3000
TCF [ppm/K] 185 -84 +10 -30 -26
Fom1 = 288 140 99 207 369
Ketr * Qmax
FOM2 =
112 57 39 120 150
BW - Quax

*Estimated by kZ;; ~ (n%/4) - BW or BW ~ (4/m%) - kiy;
*Extracted from the figures provided in the corresponding manuscript

strain energy tends to concentrate in the SiO; layer to shift the
TCF towards positive side and vice versa.

In addition, for specific hn/A and hsioz/A ratios, the 15-order
TCF is highly affected by adjacent Rayleigh-SAW (R-SAW)
mode, as indicated by (i) in Fig. 2. To further identify the cross
correlation between R-SAW and SH-SAW, the frequency
responses at different hyn/A and hsio2/A are depicted in Fig. 4. At
the point of interest (point (i), hin/A = 0.1 and hsioo/A= 0.167),
the R-SAW mode is acoustically coupled with the SH-SAW
mode. Although the TCF is significantly lowered at this point,
the dual resonance peak behavior is not desired in many practical
applications.

III.  EXPERIMENTAL RESULTS

A. Fabrication Process

The LNOI wafer adopted in this work was sorted externally
through commercial vendors. The wafer was fabricated based on
the smart-cut process. The IDT patterns were defined through an
in-house single electron beam (E-beam) lithography. Then the
Au IDT electrodes was defined by a standard lift-off process.
The resonator dimensions are summarized in Table II. The hin
and hsioz selected in this work were 0.7 and 2 pum, respectively.

B. Measurement setup

To extract the TCF of the LNOI SH-SAW resonators, the
SH-SAW devices were characterized with a vector network
analyzer (Keysight E5071C) and GSG probes in ambient
pressure. For the temperature stability experiment, a customized
probe station with a built-in heater and PID temperature
controller was used to control the temperature of the resonator.
The temperature range measured in this work is from 40°C up
to 100°C. At each data point, the chip temperature was stabilized
for at least 15 minutes to avoid unwanted transient responses.
Finally, the TCF is calculated by extracting the frequency shift
of both series (f;) and parallel (f,) resonance from the converted
admittance plot (Y1) at different temperatures.



C. Measurement results

The measured responses are fitted through a multi-resonance
modified Butterworth-Van Dyke (mBVD) model. Fig. 5(a)
shows the measured and fitted admittance of an SH-SAW
resonator at 580 MHz (A = 6 um), showing a kZ of 21.2% and
a maximum Bode-Q of 1360. The TCF at series (TCF;) and
parallel (TCF,) resonant frequencies of this device are extracted
in Fig. 5(b). Noted that the measured TCF; = -18.61 ppm/K and
TCE, = -18.48 ppm/K is comparable to commercially available
TCSAW devices [12].

We further investigate the resonator’s TCF across different
wavelengths based on the same wafer. The temperature stability
of the SH-SAW resonators at different wavelength (A = 2.8, 4,
and 6 pm) is summarized and compared in Fig. 6, showing a
minimum TCF of -18.5 ppm/K (A = 6um) and maximum TCF
of -87 ppm/K (A= 2.8um), respectively. Those short-wavelength
designs (A = 2.8 and 4 um) reveals that the passive compensation
becomes less effective as explained in Sec. II-B. Finally, no
apparent temperature coefficient of electromechanical coupling
factor (TCk24) was observed during our experiment across
different wavelength designs since the ATCF = TCF; — TCF,
is small. This is a desired property for wideband filters.

A comparison of our work with the state-of-the-art thin-film
LN/LT piezoelectric resonators is shown in Table III
[2][9][13][14]. Given the high FOM1 of 288 and the low TCF
of -18.5 ppm/K, the proposed SH-SAW resonator is a potential
candidate for high-performance RF front-end applications.

IV. CONCLUSIONS

In this work, the passive temperature compensation scheme
of SH-SAW devices was investigated in LNOI platform. By
carefully controlling the thickness of SiO,, near-zero TCF is
conceptually achievable under certain combinations of hin/A
and hgio2/A. The measured admittance response of a prototyped
resonator (A = 6pum) with thin Au electrodes of 100 nm exhibits
a minimum TCF of -18.5 ppm/K at both f; and f,. Measured
TCFs adhered with the trend predicted in FEM simulation well,
where the temperature compensation becomes less effective for
short-wavelength devices (i.e., larger hyn/A).
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