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Abstract— We report high-frequency surface acoustic wave
(SAW) devices with excellent temperature stability using a
layered structure consisting of single-crystal LiNbOj3 thin film
on Si0/LiNbOj3 substrate. SAW devices with a wavelength of
2 pm have been fabricated and several wave modes ranging
from ~1.5 to 2.1 GHz have been obtained. With the SiO,
interlayer providing the temperature compensation and the top
single-crystal Z-cut LiNbO3 piezoelectric thin film for acoustic
wave excitation, the fabricated SAW devices exhibit excellent
temperature coefficients of frequency. Theoretical calculations are
presented to elucidate temperature compensation of the proposed
layered structure.

Index Terms—LiNbOQOs thin film, radio frequency, surface
acoustic wave (SAW), temperature compensation.

I. INTRODUCTION

EMPERATURE stability is of great importance in high-

frequency acoustic wave devices for telecommunication
systems [1]-[3]. Quartz provides high temperature stability but
very small electromechnical coupling coefficient K2, which
precludes itself as a candidate for radio frequency applications.
Piezoelectric single-crystal LiNbO3 (LN) and LiTaO3 (LT)
possess large K2 but poor temperature stability. Commonly
used piezoelectric materials have a negative temperature coef-
ficient of frequency (TCF). Thus, one strategy is to integrate
materials with a positive TCF with these piezoelectric mate-
rials for temperature compensation. In case of SAW devices,
SiO; [1], [4], [5], TeO; [6], and AIN [7] overlays have been
studied for temperature compensation. Among these materials,
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SiO; is the most commonly used material due to its easy
accessibility and thickness suitable for temperature compen-
sation at high frequency (>1 GHz). The TCF of the SiO,/Al/
LN-based SAW device is improved from —80 to —30 ppm/°C
by this technique [4]. However, this configuration results in an
uneven top surface, which deteriorates the performance of the
temperature-compensated SAW devices. With optimization of
the SiO, profile, the TCF is improved to be about —15 ppm/°C
for LT-based SAW devices [5]. Further improvement in tem-
perature stability would require precise control of the SiO;
profile and optimization of the interdigital transducers (IDTs)
in terms of material and thickness, which pose great challenge
for both manufacturing process and device design.

In this letter, we demonstrate a novel single-crystal Z-cut
LN thin film/SiO2/LN (LN/SiO,/LN) layered structure for
temperature-stable high-frequency SAW devices. In compar-
ison with the conventional structure, the proposed structure
uses the SiO» interlayer but not the overlay for temperature
compensation and the IDTs are directly formed on the top
single-crystal LN thin film, thus precluding deterioration due
to the uneven SiO profile. Through combining a thin top LN
layer and a relatively thicker SiO, compensating interlayer,
the wave impinging upon the surface of the top LN layer will
penetrate through the LN layer and also the SiO; interlayer.
Thus, it is possible to achieve near-zero TCF for high-
frequency SAW devices since the SAW energy distribution
in the SiOy can be readily controlled. Further, the thermal
expansion of the top LN layer is also suppressed due to the
SiO; interlayer which has a near-zero coefficient of thermal
expansion (CTE), also resulting in a smaller TCF. An excellent
TCF (—2.34 ppm/°C at 2.13 GHz) is obtained for high-
frequency SAW devices using the proposed layered structure.
In the following sections, fabrication and characterization of
the LN/SiO/LN SAW device are presented, and a theoret-
ical analysis of its temperature compensation mechanism is
presented.

II. EXPERIMENT

Fig. 1(a) shows the process flow for fabricating the
LN/SiO2/LN layered structure. The single-crystal LN thin
film is transferred from the donor substrate to the handle
substrate through ion implantation, wafer bonding, and split-
ting processes. The initial thickness of the LN thin film is
determined by the depth of the ion implantation. For high-
frequency SAW applications, very clean and atomically flat
surfaces are required. Final polishing is then utilized to obtain
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Fig. 1.  (a) Fabrication process flow. (b) Cross-sectional SEM image of

LN/SiO7/LN layered structure. (c) XRD patterns of LN/SiO/LN structure,
where only a strong (006) peak is observed. (d) AFM image of the top LN
thin-film surface, with root mean square surface roughness of 0.28 nm over
measured area of 1 ym2.

a smooth surface and also to thin the film down to the required
thickness. In this letter, the thicknesses of the top LN film
and the SiO, interlayer are ~0.55 and 1.2 um, respectively,
[Fig. 1(b)]. The crystalline quality of the transferred LN layer
is characterized by XRD measurements. The LN thin film
exhibits a single strong (006) orientation with a full-width
at half-maximum of 0.0468°, confirming its single-crystal
property [Fig. 1(c)]. The root mean square surface roughness
of the LN thin film is ~0.28 nm and no grain boundary is
observed, as shown in Fig. 1(d).

The IDTs are formed on top of the LN thin film using
E-beam lithography, Au/Ti (30/5 nm) evaporation, and lift-off
processes. Each test device consists of 30 pairs of interdigital
electrodes with an aperture of 100 gm. The nominal linewidth
and pitch of the IDTs are both 0.5 um, giving a SAW
wavelength (1) of 2 um. Fig. 2 shows the SEM images of
the test SAW device.

III. RESULTS AND DISCUSSION

Electrical behaviors of the SAW device are character-
ized using a network analyzer with a temperature-controlled
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Fig. 2. SEM images of the SAW device showing. (a) 30 pairs of interdigital
electrodes. (b) Close-up view of two electrode pairs.
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Fig. 3. S11 parameters of the SAW device measured from 20 °C to 80 °C.
Inset: the admittance (conductance and susceptance) spectrum measured at
20 °C for K2 extraction.

TABLE I
EXPERIMENTAL RESULTS OF THE SAW DEVICE
ON LN/SiO2/LN STRUCTURE

/¢ (GHz) TCF (ppm/°C) V, (m/s) K* (%)
1.4720 -6.79 2944.0 2.43
1.8527 -16.22 3705.4 4.89
2.1356 -2.34 4271.2 1.08

microwave probe station. Fig. 3 shows the reflection scattering
parameters (S11) of a fabricated SAW device measured from
20 °C to 80 °C. Table I summarizes the experimental results of
the SAW device, including TCF, wave velocity (V)), and K 2,
The three wave modes with center frequencies ( f.) at 1.4720,
1.8527, and 2.1356 GHz, respectively, are examined in detail.
The one with a center frequency at 1.980 GHz has a very low
K? and is not suitable for practical application.
The TCEF, defined as

1 of 10V,
TCF=—-—=TCV-CTE= ——- —-CTE (1)

for V, oT
depends on the temperature coefficient of velocity (TCV) and
the CTE of the substrate. Experimentally, TCF is extracted
from the calculated relative shifts of f.. The proposed SAW
device exhibits excellent temperature stability with the TCF
improved from ~ —80 to —6.79, —16.22, and —2.34 ppm/°C,
respectively, for the three wave modes. The wave velocities



1574
6
10
= LNISIO,/LN @ 20 °C
. — LNI/SiO_/LN @ 80 °C
1st mode (LN/SiO2/LN): 2
3056.2 m/s @ 20 °C = LN@20°C
TCV=27.5 ppm/°C — LN @80 °C
4
10 / 31 mode (LN/SiO2/LN):
i 4396.7 m/s @ 20 °C
274 mode (LN/SiO2/LN): . o
< 3794.6 mis @ 20 °C TOV=AATpPmIC
< TCV=-12.5 ppm/°C 2" mode (LN):
o 4527.6 m/s @ 20°C
JCV=-57.1 ppm/°C
102 1st mode (LN):
3809.5 m/s @ 20 °C
TCV=-62.7 ppm/°C
0
10 W
3000 3500 4000 4500
V_(mls)
p
Fig. 4. Calculated Green’s functions for LN/SiO/LN structure and LN

substrate at 20 °C and 80 °C, with the wave velocities and TCVs indicated.

are readily obtained as V, = f.x4i. K 2 is given by
K? = 7Gu(fo)/4NBy(fo) [8], where N is the IDT finger
pairs and equals to 30 in this letter, fp corresponds to the
frequency where the conductance of the IDT reaches the
maximum value, G,,(fo) and Bs(fp) are the motional con-
ductance and static susceptance of the IDT at fy and can be
extracted from the admittance parameter obtained from Sij.
Inset of Fig. 3 shows the spectrum of the admittance (con-
ductance and susceptance) from which K? is computed. The
results are summarized in Table I.

To examine temperature compensation of the proposed
LN/SiO»/LN layered structure, the acoustic wave velocities of
the wave modes and corresponding TCVs are calculated using
the scattering matrix method [9]. The plane wave propagated
in the layered structure is described as the superimposition
of eight partial waves, with each being incident or reflected
wave depending on whether the partial wave is increasing or
decreasing with depth inside the layer. Given the normalized
thickness (h/2) of each layer in the structure, the propagation
mode velocity V), is then determined by locating the poles
of the Green’s matrix element Gs4 obtained by the scatter-
ing matrix method. Fig. 4 shows the calculated Ga4 of the
LN(h/A = 0.275)/Si02(h /4 = 0.6)/LN layered structure and
the LN substrate at 20 °C and 80 °C, considering tempera-
ture dependence of the material constants of LN and SiO»
[10]-[12]. In general, the deviations of the theoretical veloc-
ities from the experimental ones are <4% for all the wave
modes, indicating the high accuracy of this calculation.
The two modes excited in the LN substrate exhibit a the-
oretical TCV of —62.7 and —57.1 ppm/°C, respectively.
In comparison, the three modes excited in the LN/SiO»/LN
structure exhibit calculated TCV values of 27.5, —12.5, and
—1.47 ppm/°C, respectively. These values further confirm
the superior temperature stability of the proposed structure.
For the first mode in LN/SiO,/LN, the calculated TCV
is positive with a larger magnitude than the experimental
TCF. The lower velocity of the first mode indicates that the
wave energy is more confined in the SiO interlayer and its
temperature compensation might be overestimated as a result.
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For the second and third wave modes, the theoretical TCV
values compare well with their experimental TCF counterparts,
with the small discrepancies attributed mainly to CTE.

Unlike the LN substrate in which CTE is constant
(15.4 ppm/°C), CTE of the layered structure depends on the
specified wave mode and thicknesses of each layer. In general,
because of the small CTE of SiOy (0.54 ppm/°C) and the
relatively thicker SiO; interlayer (0.6 1) than the commonly
used SiO; overlayer (0.2 ~ 0.3 1), the proposed layered
structure can exhibit a smaller CTE than the LN substrate
and other temperature-compensated layered structure. That
is another reason for the excellent TCF obtained for the
LN/SiO,/LN structure.

IV. CONCLUSION

We have presented the first implementation of a single-
crystal LN/SiOy/LN layered structure for high-frequency
SAW devices with excellent temperature stability. Significant
improvements in TCF have been obtained for SAW devices
with working frequencies > 1.5 GHz. Theoretical calculations
have been performed to identify the physical origins of tem-
perature compensation in the proposed structure. It is found
that both TCV and CTE of the proposed layered structure are
lower than those in existing SAW devices, thus resulting in
excellent temperature stability.
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