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Abstract— This work demonstrates a group of shear horizontal
(SHO) mode resonators and filters using lithium niobate (LiNbO;)
thin films on silicon carbide (SiC). The single-crystalline X-cut
LiNbQO; thin films on 4H-SiC substrates have been prepared
by ion-slicing and wafer-bonding processes. The fabricated res-
onator has demonstrated a large effective electromechanical cou-
pling (k%) of 26.9% and a high-quality factor (Bode- Q) of 1228,
hence resulting in a high figure of merit (FoM = k* . Bode- Q)
of 330 at 2.28 GHz. Additionally, these fabricated resonators
show scalable resonances from 1.61 to 3.05 GHz and impedance
ratios between 53.2 and 74.7 dB. Filters based on demonstrated
resonators have been demonstrated at 2.16 and 2.29 GHz with
sharp roll-off and spurious-free responses over a wide frequency
range. The filter with a center frequency of 2.29 GHz shows a
3-dB fractional bandwidth of 9.9%, an insertion loss of 1.38 dB,
an out-of-band rejection of 41.6 dB, and a footprint of 0.75 mm?.
Besides, the fabricated filters also show a temperature coefficient
of frequency of —48.2 ppm/°C and power handling of 25 dBm.
Although the power handling is limited by arc discharge and
migration-induced damage of the interdigital electrodes and some
ripples in insertion loss and group delay responses are still
present due to the transverse spurious modes, the demonstrations
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still show that acoustic devices on the LiNbOs;-on-SiC platform
have great potential for radio-frequency applications.

Index Terms— Figure of merit (FoM), impedance ratio, lithium
niobate, MEMS, piezoelectric filters, piezoelectric resonators,
power handling, shear horizontal (SH0O) modes, silicon carbide,
temperature of frequency (TCF).

I. INTRODUCTION
ADIO-FREQUENCY acoustic devices are an essential
part of the front ends for emerging applications in 5G and

IoT. While RF acoustic devices have experienced tremendous
market growth in the past decade due to the increasing number
of bands incorporated for LTE and global compatibilities,
developments and advances in these devices are ever accel-
erating in anticipation of the wider bandwidth and higher fre-
quency requirements of the future generations. One of the most
exciting advances in recent years is the acoustic devices based
on transferred lithium niobate thin films, which were first
enabled by the ion slicing technique developed for integrated
photonics in the 90s [1]. These LiNbOs thin-film devices
so far have taken various forms (suspended [2] or solidly
mounted [3]) and employed a diversity of modes (SAW [4],
shear horizontal (SHO) [5], [6], SO [7], [8], and A1 [9], [10])
over a wide range of frequencies from kHz to 30 GHz. They all
have their unique merits and can be compared and rationalized
based on how one categorizes them. For instance, the devices
that use free-standing LiNbOj thin films typically can achieve
more significant electromechanical coupling and higher quality
factors. However, the latter is still debatable as Q depends
on the design as well as fabrication in an interleaved and
complex fashion. On the other hand, solidly mounted or
unreleased LiNbO;3 devices [3], [11], [12] can feature a more
straightforward process, lower cost, larger power handling,
and better linearity. In terms of the material stacks for both
types of devices, they typically use a transferred LiNbOj3 thin
film on either a LiNbOj3 or Si substrate, occasionally with an
intermediate layer of SiO, for film transfer, device release,
or temperature compensation purpose.

For unreleased devices, Si substrates are also typically
chosen so far as they are low cost and can support confined
propagation of SAW predominantly in LiNbO; due to the
sharp contrast of material properties between Si and LiNbO;
and their implied dispersions. Record high performance has
been reported as a result of the optimal exploitation of such
a material stack. To further advance the performance while
taking a similar material-driven approach, it is natural to pose
the question if Si is the best substrate available for engineering
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such devices; if not, then what material is better and what
modes it can support confined propagation. Without consid-
ering the cost and the availability of the substrate, diamond
is the best material [13], [14]. However, for implementing
deployable devices, diamond might be slightly out of reach
although future development on diamond thin film synthesis on
Si might help to reduce the cost and widen the access. Exclud-
ing diamond, the next best material is silicon carbide (SiC) as
it has a desirable mix of properties with respect to LiNbOs.
The large phase velocities for the longitudinal (12 500 m/s)
and shear waves (7100 m/s) [15], the exceptionally high
thermal conductivity [370 W/(m-K)] [16], the Si-comparable
but much lower than LiNbO; dielectric constant, and the great
/-0 product all promise great device performance and possibly
a new type of devices for harsh environment applications for
which SiC is also known.

To explore the potential of the LiNbO3; on 4H-SiC Plat-
form, this work designs and demonstrates the first class of
high-performance RF acoustic resonators and filters on such a
platform prepared by ion-slicing and wafer-bonding processes.
The fabricated resonators with effective electromechanical
coupling coefficients greater than 20% show scalable reso-
nances from 1.61 to 3.05 GHz, and impedance ratios between
53.2 and 74.7 dB. Filters with the same topology have been
demonstrated at 2.16 and 2.29 GHz with sharp roll-off and
spurious-free response over a wide frequency range. The filter
with a center frequency of 2.29 GHz shows the excellent
bandwidth, the good out-of-band rejection, and the decent
IL. Besides, the temperature of frequency (TCF) and power
handling of the filter have also been studied.

The rest of this article is organized as follows. Section II
offers the design of RF acoustic resonators and filters on the
LiNbO3-on-SiC platform. Section III presents the fabricated
LiNbOj3 thin film on SiC and the SHO resonators and filters.
Section IV presents and discusses the measured results of the
resonators and the filters, including the admittance responses
of the resonators, S-parameters, TCF, and power handling of
the filters. Finally, the conclusion is stated in Section V.

II. DEVICE DESIGN
A. SAW Resonators on Heterointegrated Substrates

The schematic of a typical one-port SAW resonator on
a heterointegrated substrate is shown in Fig. 1 with the
key parameters explained in Table I. The top view of the
resonator is shown in Fig. 1(a), where two grating reflectors
are placed at both ends of the interdigital transducers (IDTs).
The IDTs are composed of N; pairs of metal strips aligned
and connected to the busbars periodically, while the grating
reflectors are composed of N, pairs of shorted metal strips.
The period P, of the grating reflectors is generally set to
half of P; so that the resonant frequencies of the IDT and
the reflectors align with each other and desired mechanical
reflection can be achieved [17]. The cross-sectional view of
the resonator is shown in Fig. 1(b), where the single-crystal
LiNbOsj thin film is transferred onto a substrate. Although the
performance of this kind of SAW resonators will be affected by
a variety of factors, such as its mode of operation, dispersion,
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Fig. 1. Schematic of a one-port resonator with key design parameters. (a) Top
view. (b) Cross-sectional view.

TABLE I
KEY PARAMETERS OF SOLIDLY MOUNTED RESONATORS

Sym. Parameter Sym. Parameter
Thiezo Piezoelectric film thickness w, IDT finger width
Tous Substrate thickness W, Reflector finger width
T. Electrode thickness W, Aperture width
; IDT finger period W, Air gap width
P, Reflector finger period W, Air gap width
N; Number of IDT pairs N, Number of reflector pairs

electrode configuration, the material properties of the selected
substrate, and a variety of device design details, the selected
substrate plays a fundamental role in determining the mode
that can be excited and confined, as well as the quality factor,
electromechanical coupling, thermal and power handling of
the device.

B. Comparison of Different Substrates

Since the substrate is so important, it is beneficial first to
analyze the causality between material properties and device
performance in a general and device-design-agnostic fashion
and subsequently establish the following criteria and their
rationale:

1) large phase velocity contrast to LiNbOs, i.e., a harder
material with lower density;

2) large thermal conductivity and capacity for better power
handling and wider temperature range of operation;

3) low mismatch in coefficient of thermal expansion for
bonding robustness over a wide temperature range;

4) significant lower dielectric constants than that of LiNbO3
for electrical field confinement in LiNbOs;

5) low acoustic loss and large intrinsic f - Q product so
that if any acoustic fields are present in the substrate
material, propagation in the substrate will not induce
high loss;

6) not prohibitively expensive.

Note that the above criteria are qualitative and do not

strictly predict device performance superiority. However, it is



ZHANG et al.: SURFACE ACOUSTIC WAVE DEVICES USING LITHIUM NIOBATE ON SILICON CARBIDE

3655

TABLE 11
MATERIAL PROPERTIES OF DIFFERENT SUBSTRATES

. . . Thermal Thermal
Density | Stiffness constants 17 Vg Relative .. .
Substrates (ke/m’) (GPa) (m/s) (ms) ermittivit conductivity expansion Cost Reference
g P Y| wmK) | (ppmrc)
LiNbO; 4628 | C;=198,Cy=59.7 | 6541 | 3592 {452'2’;}5'6’ 4.2 {14;"5;5 9 Low [18], [19], [20]
Silicon 2329 | Ci=166,Ce=79.6 | 8442 | 5846 11.7 142 2.6 Y:\fvy [21], [22], [23]
JC-Sic 3210 | Ci=371,Ce=111 | 10751 | 5880 10.5 64 4.1 Low [24], [25], [26], [27]
(Polycrystalline) 1 > e : ’ ’ ’ ’
3C-SiC 3210 C11=352, Cs=232 10472 | 8501 9.7 360 3.8 Medium [28], [16]
4H-SiC 3210 | Ci=501,Cau=163 | 12493 | 7126 | {9.7,10.0} 370 {3.1,3.2} | Medium [15], [16], [29]
6H-SiC 3210 | C;=501,Cu=163 | 12493 | 7126 | {9.7,10.0} 490 {3.2,3.3} | Medium [15], [16], [29]
Diamond 3515 | C,=1079, Ce=578 | 17521 | 12823 5.9 600-2000 1.1 High [13], [30], [14], [31]
Sapphire 3968 | C;=490, Cy=145 | 11113 | 6045 | {9.4,11.5} 325 (5.0, 6.6} Low [321, [33]
(a-A1,05)
o-quartz 2649 | C1,=86.7,C4y=57.9 | 5721 | 4675 | {3.9,4.1} 11.1 {13.7,7.5} Low [34], [35], [36]
SiO; _ _
(Amorphous) 2200 C11=75.0, C44=22.5 | 5839 3198 35 1.1-1.4 0.6 Low [371, [38]
still valuable to compare available materials based on these 35 _—
criteria in the material selection process. To this end, we col- & 5] ——SHOmode |8
. . . . .7 — Rayleigh mode = SHO mod
lect the material properties of some commercially available 2 2 304 _Raw;‘gh sorees:
substrates in Table II for comparison [13]-[16], [18]-[38]. The =~ *° 1h:
propagation characteristics of longitudinal and shear waves in 5 20 =
. . . . . . Q =
different crystal materials are derived and explained in detail & i 2199 Vi
in [39] and [40]. Although the propagation of bulk waves in g ' 2 o ]
anisotropic elastic materials is qu}t'e complicated, we are most 53 s < = e P
concerned about the phase velocities of the slow shear wave hik. hia.
(vs) and the slow longitudinal wave (v;). Here, the slow longi- (@) (b)
tudinal wave refers to the longitudinal wave with the slowest Fig. 2. Simulated dispersion curves of the SHO and Rayleigh modes in

phase velocity in an anisotropic elastic material. For hexagonal
(e.g., 4H-SiC, 6H-SiC) and trigonal (e.g., LiNbO3, Sapphire,
o-quartz) materials, the corresponding phase velocities can be
approximated by [39], [40]

v R LJer/p (1)
U5 R/ Caa/p 2

while for cubic (e.g., silicon, 3C-SiC, diamond) materials,
the corresponding velocities can be approximated by [39]

v A NJen/p (3)
Vs A \/Co6/p “

where ¢;; and cq4 (ces) are stiffness constants related to
the longitudinal and shear waves, respectively, and p is the
material density.

Let us consider a typical device structure in Fig. 1 and
suppose that the LiNbO; thin films are transferred to the
heterogeneous substrates listed in Table II. The electrical
energy confinement of the intended mode in the thickness
direction will be related to the dielectric constants of the
selected substrate, and lower dielectric constant provides a
higher electromechanical coupling. Besides, the mechanical
energy confinement is closely related to the phase velocities

a transducer cell in an X-cut LiNbO3 thin film on a 4H-SiC substrate.
(a) Resonant frequency versus //2. (b) Coupling coefficient k> versus h /1.

of the shear and the longitudinal bulk waves in the selected
substrate. Larger phase velocity contrast to the intended mode
will provide better energy confinement. It is probably not
surprising that diamond is the best material although it might
be too costly for making deployable devices. The next best
material is SiC, as it has the desirable mix of properties with
respect to LiNbO3;. Among the various types of SiC, 4-H and
6-H are preferred due to the large thermal conductivities and
availability.

C. SHO Mode Resonators in LINbO3 on SiC

Considering a hetero-integrated X-cut LiNbOj3 thin film on
4H-SiC, the simulated dispersion curves of the SHO mode and
Rayleigh mode in a transducer cell are presented in Fig. 2,
where & is the thickness of the transferred LiNbOj5 thin film,
and 4 is the wavelength of the excited SHO (Rayleigh) mode.
k? of SHO waves versus the propagation direction in the X-cut
LiNbO; plate has been studied in [41], [42]. The maximum
k* orientation is around —10° to the +Y-axis. To suppress
Rayleigh waves while attaining large k%, the propagation
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Fig. 3. (a) Simulated admittance response of a one-port SHO mode resonator.
(b) Top view and the cross-sectional view of the displacement mode shapes at
the resonant frequency in the real-space domain (y-z). (c) Cross-sectional view
of the displacement mode shapes at the resonant frequency in the wavenumber
domain (B, — ;).

direction is set to —12° to the +Y -axis. As shown in Fig. 2(a),
when i/4 is between 0.15 and 0.45, the resonant frequency
of the intended SHO mode is always lower than that of the
Rayleigh mode, which means that the Rayleigh mode shows
up as in-band spurious mode. Note that the phase velocity
of the intended SHO mode is dispersive and is related to
the ratio of h/A, which determines the effective stiffness
of the LiNbOj thin film. When //1 is between 0.15 and
0.35, the corresponding coupling coefficient of the intended
SHO mode gradually increases while that of the Rayleigh mode
is almost 0. When 4/ is between 0.35 and 0.45, the coupling
coefficient of the intended SHO mode gradually decreases
while that of the Rayleigh mode gradually increases to 12%,
as shown in Fig. 2(b). Therefore, to mitigate the effect of the
in-band Rayleigh mode of an SHO mode resonator, /2/4 should
be set to be less than 0.35.

Following the guideline above, we set the operating wave-
length 4 is 1.86 um, and the thickness of the LiNbO3 and the
SiC substrate is 530 nm and 500 um, respectively. We then
design an SHO mode resonator with 20 pairs of IDTs and
15 pairs of reflectors on the opposite ends of the IDTs on
the LiNbOs3-on-SiC substrate. The resonator is simulated with
3-D finite element analysis (FEA) in COMSOL Multiphysics.
As shown in Fig. 3(a), the simulation indicates a resonance
of 2.234 GHz and a k? of 35.3% for the intended SHO mode.
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Fig. 4. Simulated admittance responses of SHO-mode resonators at different
wavelengths.

k* is given by k* = z%/8 x (f; — f2)/f}, where f; and f,
are resonant and antiresonant frequencies, respectively. The
top view and the cross-sectional view of the displacement
mode shapes of the intended SHO mode in the real-space
domain (y-z) are shown in Fig. 3(b), from which we can find
the energy of the SHO mode is well confined in the surface
(LINbO3 film) of the LiNbOj3-on-SiC substrate. In addition,
as shown in Fig. 3(c), the displacement vectors (obtained from
the FEA) in the real-space domain (y-z) are converted into the
wavenumber domain (f, — f;) using a calculation method
of 2-D fast Fourier transform (2D-FFT) indicated in [43].
The wavenumber domain is equivalent to a spatial frequency
spectrum, where the separation of acoustic wave modes can be
visualized, and the characteristics and the relations between the
modes can be analyzed. In the wavenumber domain depicted
in Fig. 3(c), two lines stretch in the z-direction with long
red areas (i), which correspond to the SHO-SAW traveling
in the surface area in Fig. 3(b). In the center of Fig. 3(c),
lighter blue curves of the shear bulk wave responses (iii)
and the longitudinal bulk wave responses (ii) in the SiC
substrate can be seen in the dark blue backdrop [39]. Note
that the light blue curves representing the shear (iii) and the
longitudinal (ii) waves in the SiC substrate do not contact that
of the SHO-SAW (i). This is due to the large contrast of the
phase velocities between (i) and (ii) as well as between (i) and
(iii), and the SHO-SAW can only be converted into the shear
or the longitudinal waves in the SiC substrate with a large
radiation angle. Therefore, hardly any bulk wave radiation
is generated and that the energy of the SHO-SAW can be
maintained in the surface area.

Fig. 4 shows the simulated admittance responses of the
SHO-mode resonators that share a similar device structure
to the resonator in Fig. 3(b) at different wavelengths. When
A = 1.2 and 1.4 um (the corresponding h/4 = 0.442, 0.378),
the in-band Rayleigh mode is strong and the main resonance
response of the SHO mode is notably affected, which is
consistent with the simulation results shown in Fig. 2.

D. Acoustic Filters

In this section, a high-order ladder-type filter consisting
of series and shunt resonators is designed. The resonant
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Fig. 5. (a) Simulated dispersion curves of the SHO mode in a 530 nm thick

X-cut LiNbO3 thin film on a 4H-SiC substrate. (b) Simulated admittance
responses of the series and shunt resonators. (c) Topology of a high-order
ladder-type filter. (d) Simulated S-parameters (S1; and S»;) of the high-order
ladder-type filter.

frequencies of series and shunt resonators are designed with
a frequency offset between them, which approximately gives
the bandwidth of the filter [44]. To achieve a large bandwidth
allowed by the k> of these standalone resonators, the offset
should approach the spectral separation between the reso-
nances and the antiresonances. The required frequency offset
can be attained by varying the period of the IDT fingers (P;
or 1) as suggested by the dispersion curves of SHO mode
shown in Fig. 5(a). This technique permits the monolithic
implementation of multifrequency resonators required by the
ladder topology as well as the lithography-based frequency
trimming.

Fig. 5(b) shows the simulated admittance responses of the
designed series and shunt resonators. The wavelength of the
series resonators is set to 1.86 um for attaining a filter
center frequency at 2.23 GHz, while the wavelength of the
shunt resonators is set to 2.20 xm for attaining the required
frequency offset of 250 MHz and achieving a fractional band-
width (FBW) greater than 10%. Fig. 5(c) shows the topology
of the high-order ladder-type filter. To make the filter footprint
compact and symmetric, each shunt branch is implemented
with two identical resonators in parallel. To attain an adequate
Cy for matching to 50 Q and sufficient out-of-band rejection
of 40 dB, the numbers of the IDT finger pairs are increased to
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TABLE III
KEY PARAMETERS OF SERIES AND SHUNT RESONATORS

Parameter L - W Wa N’
(m)  (um)  (m) () (pain)

Series resonator 1# 130 1.86 465 19 44

Series resonator 2# 130 1.86 465 20 44

Series resonator 3# 130 1.86 465 21 44

Shunt resonator 130 2.20 550 22 72

44 and 72, respectively, for series and shunt resonators. Last,
to mitigate the effect of the transverse modes, the apertures
(W,) of the series resonators are set to 194, 204, and 21A4.
The key parameters of the series and shunt resonators are listed
in Table III. The simulated performance (S,;) of the high-order
filter is shown in Fig. 5(d), exhibiting an OoB level of about
40 dB.

III. MATERIAL AND DEVICE FABRICATION

A. Fabrication of X-Cut LiNbO; Thin Films on SiC
Substrates

The heterogeneous integration of a single-crystalline
LiNbO3 thin film onto a 4H-SiC substrate is achieved by the
ion-slicing process [1], [45]. First, a 4-in LiNbO; wafer is
implanted with helium ions (He%) at a 7° tilt to minimize
the ion channeling effect. Then, wafer bonding is performed
at 100 °C. The bonded wafer pair subsequently underwent
an annealing process so that the implanted Het migrated to
induce the exfoliation of the LiNbOj thin film. A 4-in LiNbO3
thin film with a thickness of less than 600 nm is eventually
split from the bulk wafer and transferred on the SiC substrate.
Finally, the rough and exfoliated surface is smoothed with
inductively coupled plasma (ICP) etching.

Fig. 6(a) presents a cross-sectional transmission electron
microscope (XTEM) image of the fabricated LiNbO3-on-SiC
sample, in which the glue is used to increase the conductivity
of the sample surface to assist the preparation of the TEM
sample. The bonding interface between the LiNbO3 film and
the SiC substrate was investigated by high-resolution TEM
(HRTEM), as shown in Fig. 6(b). A 3.7-nm amorphous
SiO, layer at the bonding interface was formed due to the
surface oxidation of the SiC. Furthermore, the selected area
electron diffraction (SAED) pattern of the transferred LiNbO3
in the inset of Fig. 6(b) suggests the high crystallinity of
the transferred LiNbOj3 thin film, too. Fig. 6(c) presents the
atomic force microscope (AFM) image of the transferred
LiNbO3-on-SiC sample, and the uniform root-mean-square
(rms) roughness value less than 2 nm is obtained after ICP
etching. The full-width at half-maximum (FWHM) of the XRD
rocking curve of the transferred LiNbO; after ICP etching
is 122 arcsec, again confirming the high crystallinity of the
LiNbOj5 thin film.

B. Fabrication of the Devices

The devices were in-house fabricated. First, the device
patterns were formed by electron beam lithography, aluminum
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Fig. 6. (a) XTEM image and (b) HRTEM image of a single-crystalline
LiNbOs3 thin film on a 4H-SiC substrate. (¢) AFM image of the transferred
LiNbOs3 thin film after ICP etching. (d) XRD rocking curve for (110) plane
of the transferred LiNbOs3 thin film.

- e R -

Fig. 7. Optical microscope images of the fabricated SHO mode resonator.
(a) Zoomed-out image of the resonator. (b) and (c) Zoomed-in images of
different areas of the resonator.

evaporation, and lift-off process. Then photolithography was
performed to open windows in busbar and pad areas for the
evaporation of the second layer of aluminum, followed by the
evaporation of the aluminum and the lift-off process. A Cooke
E-Beam Evaporator was used for the aluminum evaporation,
and the thickness of the first layer and the second layer of the
evaporated aluminum are 130 and 275 nm, respectively. The
optical images of the fabricated resonator (filter) are shown
in Fig. 7 (8). The devices show good uniformity, and the IDTs
and the reflectors are well defined with high fidelity.
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Fig. 9. Measured and fitted (a) admittance responses and (b) Bode-Q of the
fabricated SHO mode resonator shown in Fig. 7. Some of the fitted parameters
in the multiresonance model are listed in the inset table.

IV. MEASUREMENTS AND DISCUSSION
A. SHO Mode Resonators

The fabricated devices were characterized at room temper-
ature with a Keysight N5249A PNA network analyzer. The
measured and fitted admittance responses and the quality fac-
tors (Bode- Q) of the resonator are shown in Fig. 9(a) and (b),
respectively. As shown in Fig. 9(a), the resonator displays
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TABLE IV
COMPARISON OF SOLIDLY MOUNTED ACOUSTIC RESONATORS

2

Ref Substrate (’;) | O (szlz) FoM ML

3] LiTa0, 80 1050 19 8 N
[45] LiNbO, 70 1070 10 75 N

[4]  LiNbOjonSi 7.5 1700 1.6 128 N

[3]  LiTaO;onML 98 4200 19 411 Y
[44]  LiNbO;onML 247 665 35 164 Y
V’f’:ll}:( LiNbOson SiC 269 1228 22 330 N

an SHO mode resonance at 2.28 GHz with an extracted k>
of 26.9%. The extracted static capacitance Cy and the quality
factor at resonant frequency Qy (based on the multiresonance
model [46]) are listed in the inset table of Fig. 9. It also shows
an impedance ratio of 74.7 dB, defined by the impedance at
the antiresonance f, relative to that at the resonance f, and an
FBW of 10.4%, defined by the relative separation between f,
and f,. Several transverse modes are also seen in the intended
resonance, which may be mitigated by tilted resonators [47]
or dummy electrodes [48]. The extracted f, is slightly lower
than the simulated result and the extracted k> is smaller
than the simulated one. The following factors may cause
this phenomenon: 1) the actual orientation of the device may
deviate from the setting; 2) electrical loss of the electrodes;
and 3) excited transverse modes. Fig. 9(b) shows a comparison
of the measured and fitted Bode-Q and the agreement is good
from 1.9 to 3.2 GHz. However, deteriorations are also seen
in measured Bode-Q near f,, which is caused by transverse
modes. From the fitting results, the maximum Bode-Q near
fa 1s estimated as 1228, hence resulting in a high figure of
merit (FoM) of 330 at 2.28 GHz.

A comparison between the above resonator and other
mounted acoustic resonators [3], [4], [49], [50] is shown
in Table IV. Although more optimizations are still required
for transverse mode suppression and electrical loss, the device
in this work has already demonstrated a quite high k> and
Bode-Q. We believe that after reducing the electrical loss of
the electrodes, the Bode-Q of our device will further increase.
In [3] and [44], single-crystal piezoelectric films are bonded
to multilayered (ML) substrates, which work as reflectors and
confine the energy to the surfaces of those substrates, thus
resulting in high Q. However, fabrication of the ML substrates
is complicated and costly, and conductive layers (e.g., Pt)
in the ML substrates typically require patterning to prevent
unwanted capacitive coupling between the electrodes on the
top surface.

Fig. 10(a) shows the measured admittance responses of the
fabricated SHO mode resonators with an IDT periodicity (4)
from 1.2 to 3.2 um. In devices with 1 = 1.2 and 1.4 um,
the Rayleigh wave is obvious, and its resonance is close to
that of the intended SHO wave. Increasing 4, that is, decreasing
h/A, can mitigate the effect of Rayleigh waves, as suggested
in Fig. 2(b). Fig. 10(b) shows the resonances of the fabricated
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Fig. 10. Measured (a) admittance responses, (b) resonance frequencies and
phase velocities, (c) electromechanical coupling (k%) coefficients and quality
factors (Bode-Q), and (d) impedance ratios of the fabricated SHO resonators
with different wavelengths.

resonators with different A, ranging from 1.61 to 3.05 GHz,
as well as the phase velocities, ranging from 3667 to 5158 m/s.

Fig. 10(c) shows the fitted electromechanical coupling (k%)
coefficients and the maximum Bode-Q of the fabricated res-
onators with different 1. The variation of the k” is caused by
the wave (SHO) dispersion in a thin plate of LiNbO3 and the
energy penetration to the SiC substrate when A is relatively
large. As A increases, the maximum Bode-Q increases first and
then decreases. The increase in the maximum Bode-Q may
be related to electrical loss. Note that these resonators were
fabricated by a lift-off process, and smaller A corresponds to
narrower finger width. Therefore, the evaporated electrodes of
narrower width may have larger resistivity, thus causing more
significant electrical loss. Besides, the surface roughness may
cause more severe scattering of the SHO waves when /1 is
relatively small. As for the decrease in the maximum Bode-Q
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may be caused by the energy leakage to the SiC substrate
when 1 is relatively large.

Fig. 10(d) shows the measured impedance ratios of the
fabricated resonators with different A, from which we can find
that as A increases, the impedance ratio increases first and
then decreases, which has the same trend as the maximum
Bode-Q. The factors causing the variation of the maximum
Bode-Q may also cause the variation of the impedance ratio.

B. Discussion on RF Measurements

The aluminum electrodes used in this work typically bear
a thin layer of aluminum oxide, which introduces contact
resistance in probe-based measurements. Unless a strain-gauge
embedded probe is adopted, the contact resistance varies from
one probe landing to another, thus resulting in uncertainties
in the calibration and making accurate RF measurements of
small impedance very difficult.

We used two types of RF probe: the first with tips made
of beryllium-copper (BeCu) and the second with tips made
of tungsten (W). Note that all the measurement results shown
thus far are attained with the BeCu probes, which provide more
stable and repeatable results. On the other hand, the stiffness
of tungsten is three times greater than that of BeCu. Therefore,
the tungsten probes can break the aluminum oxide layers more
easily. In our experience, with proper contact pressure applied,
the tungsten probe can punch through the aluminum oxide
layers more thoroughly and form a better electrical contact
with the aluminum electrodes, thus reducing the Q loading
effect from the poor contact and impedance observed.

Fig. 11 shows the measurement results with the two types
of probes. The admittance at the resonant frequency increase
from —4.79 to 3.26 dB [Fig. 11(a)], while the corresponding
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TABLE V
EXTRACTED PARAMETERS OF SHUNT AND SERIES RESONATORS

Parm. k* L, R, Cn G R, R
- (GHz) (%)  (nH) © ™ @ @ ©

Shunt 2.05 276 193 0293 312 1395 16 0

Series 228 269 274 0357 178 815 20 0

impedance is reduced from 1.64 to 0.65 Q [Fig. 11(c)] when
switching from BeCu to W. The measured impedances on the
Smith chart in Fig. 11(d) also show the same effect. It indicates
that the Q of the presented resonator can be potentially even
higher than so-far claimed values. As evidenced in Fig. 11(b),
the measured Q is 2000, almost twice as the value attained
with BeCu. However, we do not claim such value as probing
with W tips has poor repeatability in our cases and the SLOT
calibration may be less accurate. The lack of reproducibility
arises from the fact that W probes can easily pick up aluminum
and aluminum oxide from the probe pad, and have aluminum
oxide build up on the tips. As a result, the contact resistance
will gradually increase [51], and the mechanical damage of
the electrode pads will be unavoidable and severe. In addition,
the contact pressure is much more critical with tungsten probes
than with BeCu probes [51], suggesting W probes needing
more precise control to produce reliable results. Based on the
above analysis, the remaining measurements are still done
using the BeCu probes, which provide us with stable and
repeatable results.

C. High-Order Ladder-Type Filter

The measured S-parameters of the fabricated filter (shown
in Fig. 8) and the admittance responses of the build-in series
and shunt resonators are shown in Fig. 12, and the extracted
parameters of the shunt and the series (3#) resonators based
on the MBVD model are listed in Table V. The measurements
were performed with a 50-Q system impedance. As shown
in Fig. 12(a), although the measured resonant frequency of
the series resonators is slightly higher than the simulated
value, the resonant frequency offset is well achieved. Besides,
comparing the admittance curves of the three series resonators,
we can find that the transverse modes of the same order
are staggered from each other because of the variation of
the aperture (shown in Table III). The measured S»; and Sj;
of the filter are shown in Fig. 12(b), which shows an IL
of 1.38 dB, a 3-dB FBW of 9.9%, and an out-of-band rejection
of 41.6 dB at 1 GHz from the center frequency. The measured
return loss at the center frequency is about 10 dB, which is
seriously decreased by the in-band ripples (transverse modes).
Note that the upper band transmission zero has disappeared in
the measurement response shown in Fig. 12(b), which may
arise from the fact that some energy is coupled from the
source to the load or from imperfect grounding [52]-[54].
The measured group delay response of the filter is shown
in Fig. 12(c). The in-band group delay is less than 12 ns but
with substantial variations that cause distortions to RF signals.
The group delay ripples are induced by the transverse spurious
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Fig. 12. (a) Measured admittance responses of the series and shunt resonators.
(b) Measured S-parameters (S and S»1) of the fabricated filter. (c) Measured
group delay of the fabricated filter. (d) Measured S-parameter (S»;) of the
fabricated filter over a wide frequency range.

modes of the series and shunt resonators. Several methods have
been reported to mitigate or suppress the transverse modes,
such as apodized IDT electrodes [41], dummy electrodes [48],
and the tilted transducers [55], which will be studied in our
future work. Besides, the fabricated filter shows a spurious-
free response over a wide frequency range from 10 MHz to
8.5 GHz, as shown in Fig. 12(d). Comparing the magnitude of
the in-band IL ripples on the left and right parts, we can find
that shifting the same order transverse modes of the build-in
resonators can help to mitigate the in-band ripples. Although
the magnitude of the in-band IL ripples is relatively large due
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TABLE VI
COMPARISON OF SOLIDLY MOUNTED ACOUSTIC FILTERS

FBW IL OoB  TCF
Ref Substrate e
(GHz) (%) (dB) (dB)  (ppm/k)
[49] LiNbO; 2.49 62 35 200 /
LiNbO; on Dia-

(0] ek 232 1.0 280 200 /

3] LiTaO;on ML 1.88 48 08 350 8.0
[51] LiTaOsonML 244 41 09 450 /
This | iNbOson SIC 229 9.9 138 416  -482
work

* Sputtered LiNbOj thin films on the diamond-coated silicon, in which the
diamond films are also sputtered.

to the strong transverse modes, the above filter still shows
good performance.

D. Temperature Characteristics

The filter with the topology shown in Fig. 5(c) and a
center frequency of 2.12 GHz were measured at different
temperatures, ranging from 295 to 350 K. The measured
S>; and the extracted TCF are shown in Fig. 13. As shown
in Fig. 13(a) and (b), the passband drifts to lower frequencies
due to the negative temperature coefficient of stiffness of the
LiNbOj3 thin film [56] and the SiC substrate [57]. The tem-
perature coefficient of the center frequency (TCF) is plotted
in Fig. 13(c), showing a fitted TCF around —48.2 ppm/K. The
result shows good linearity over the measured frequency range.

A comparison between the fabricated filter (with a center
frequency of 2.29 GHz) and other solidly mounted acoustic
filters [3], [58], [99], [60] is shown in Table VI. Although
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more optimizations are still required for transverse mode
suppression and TCF, the filter in this work has already
demonstrated a quite large FBW and a decent IL with respect
to an OoB rejection of 41.6 dB. In [3] and [51], single-
crystal LiTaOs films are bonded to ML substrates, in which
an intermediate layer of SiO, is applied for temperature
compensation. Due to the smaller TCF of LiTaO3 than LiNbO3
and the temperature compensation layer, the filter (shown
in [3]) built on the LiTaOs-on-ML substrate exhibits a good
TCE. However, LiTaO;3 itself has weaker electromechanical
coupling than LiNbOj3, which will limit the bandwidth of
LiTaOs-based devices, thus limiting its application in the
growing wideband applications. In [50], LiNbO; films are
sputtered on the diamond-coated silicon substrates. Due to the
limited crystalline quality of the sputtered LiNbO3 films and
the diamond films, the built filter shows poor performance,
which highlights ion-slicing and wafer-bonding processes.

E. Power Handling

The schematic of the power handling measurement circuit is
shown in Fig. 14. The measured power handling performance
of the filter is shown in Fig. 15. As shown in Fig. 15(b),
when the power applied to the filter increases from —10 to
24 dBm, the variation of S,; is less than 0.2 dB, which
suggests good thermal stability and sufficient heat dissipation
through LiNbO3 on SiC substrates. When the applied power
increases to 25 dBm, the performance degradation becomes
more pronounced, and the Sy, decreases by an additional
0.3 dB. Furthermore, when the applied power increases to
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Fig. 16. Optical images of the filter after the power handling measurement.
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Fig. 17. SEM images of the filter after the power handling measurement.

26 dBm, the filter shows significant irreversible performance
degradation and eventually fails. The failure starts near the
resonant frequency (fs, 2.28 GHz) of the series resonators.
This is anticipated as the series resonators withstand more
power relative to the shunt ones, and are therefore more prone
to breakdown.

After the power handling measurements, the measured filter
was examined under an optical microscope and a scanning
electron microscope (SEM). The optical images and the
SEM images are shown in Figs. 16 and 17, respectively.
As shown in Fig. 16(a), the first series resonator exhibits
damages in some areas of the active region. The zoomed-in
images in Fig. 16(b) and (c) clearly indicate that the inter-
digital aluminum electrodes have been degraded, including
material spreading of the electrodes and shorting between
two adjacent electrodes. Fig. 17(a) shows the corresponding
SEM image of the resonator shown in Fig. 16(b), while the
zoomed-in SEM image shown in Fig. 17(b) depicts Region
A in Figs. 16(b) and 17(a). As marked in Fig. 17(b), three
types of damages are observed: 1) aluminum spreading with-
out breaking the electrical continuity of an electrode (e.g.,
the electrode marked by the white-dashed rectangular); 2) alu-
minum melting or rupture breaking the electrical continuity
of an electrode (e.g., area marked by the purple-dashed box);
and 3) shorting between two adjacent electrodes of opposite
polarity (e.g., the electrodes marked by the green dashed box).

The transducer electrodes of high-frequency SAW devices
can be damaged by dc voltage pulses and metal melting,
rupture or splattering may be observed due to arc discharge
(metal to metal discharge) [61], [62]. Besides, temperature rise
and continuous heavy cyclic stress at the interface between
IDTs and substrates will result in Al atoms migrating and
thus forming rupture (extrusions and voids) of the electrodes,
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which is called acoustomigration [63]. The metal melting and
rupture that do not cause an electrical short [e.g., area in the
white-dashed or pink-dashed box] represents a surface irregu-
larity for the traveling acoustic waves. The degradation of the
filter performance (S;;) is inevitable if such discontinuities
occur. When the melted and splattered metal globules or the
ruptured metal happen to be in the interelectrode regions in
the active region (e.g., the electrodes marked by the green
dashed box), the shorting between adjacent electrodes may
occur, which will significantly degrade the filter performance
and may cause the failure of the filter. In our measurements,
when the applied power increases to 25 dBm, the perfor-
mance degradation becomes obvious, and the corresponding
S»1 decreases by 0.3 dB, which may be caused by the melted
or ruptured but not shorted electrodes. When the applied
power increases to 26 dBm, the filter shows the significant
performance degradation and gradually fails, which may be
caused by the shorted electrodes.

In this work, several reasons may cause the damage of
the aluminum electrodes, which degrade the power handling
performance of the filter. First, the Al atoms migration (acous-
tomigration) may form extrusions and voids in IDTs. Second,
the transferred LiNbOj thin films for device fabrication are
unreduced, as well as the single-crystal LiNbO; wafer used
for wafer bonding. So there may be a strong electrostatic
field at the surface of the transferred LiNbOs thin films
when the temperature changes due to pyroelectric charging
effects [64], [65], which may stimulate or enhance the arc
discharge. Besides, the electrode material, aluminum, which
naturally forms an oxide surface layer, would be especially
susceptible to high rates of electron emission [66], which may
stimulate or enhance the arc discharge, too. Based on the above
analysis, to mitigate the electrode damage caused by the arc
discharge and to improve the power handling performance,
it is better to use the reduced LiNbOj3 wafers for bonding.
The reduction process increases the dc electrical conductivity
of the wafer, thus mitigating the spurious pyroelectric charging
effects during thermal cycling [64]. Meanwhile, strengthened
electrodes will suppress acoustomigration in IDTs and thus
improving the power durability of acoustic filters, such as Al
alloy [67], [68], layered structure [67], [69], highly textured
Al film [70]-[72], and passivation layer [73], [74]. We believe
that power handling is limited predominately by the electrodes,
and has not yet reached the thermal nonlinearity limit. With
improved processing and strengthened electrodes, power han-
dling might be further enhanced to expose the benefits of
having SiC as substrates.

V. CONCLUSION

In this work, we have demonstrated a group of SHO mode
surface acoustic wave resonators and a group of filters based
on the SHO mode resonators using LiNbOj thin films on SiC
substrates. The single-crystalline X-cut LiNbOj3 thin films onto
the 4H-SiC substrates have been prepared by ion-slicing and
wafer-bonding processes. Thanks to the excellent piezoelectric
properties of the LiNbO; thin film and the desirable mix of
mechanical properties of the SiC substrate. The fabricated
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resonator has demonstrated a k? of 26.9%, a quality factor of
1228, and an FoM of 330 at 2.28 GHz. Additionally, resonators
with resonances from 1.61 to 3.05 GHz have been studied,
which show the impedance ratios between 53.2 and 74.7 dB.
Filters based on the SHO resonators have been demonstrated
at 2.29 GHz with an excellent FBW, a good OoB rejection,
a low IL, and a spurious-free response over a wide frequency
range. Besides, the fabricated filters also show a TCF of
—48.2 ppm/°C and a power handling of 25 dBm. Although
the composition and the process of the interdigital electrodes
need to be optimized to obtain greater power handing, and
the geometry of the IDT fingers should also be optimized to
mitigate or suppress the transverse spurious modes, the demon-
strations still show that acoustic devices on the LiNbO5 on SiC
platform have great potential for radio-frequency applications.
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