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Abstract— Surface Acoustic Wave (SAW) devices featuring
Aluminum Scandium Nitride (AlScN) on a 4H-Silicon Carbide
(SiC) substrate, offer a unique blend of high sound velocity, low
thermal resistance, substantial piezoelectric response, simplified
fabrication, as well as suitability for high-temperature and
harsh environment operation. This study presents high-frequency
SAW resonators employing AlScN thin films on SiC substrates,
utilizing the second SAW mode (referred to as the Sezawa mode).
The resonators achieve remarkable performance, boasting a K2

value of 5.5% at 4.7 GHz and a maximum Bode-Q (Qmax) of
911 at 4.3 GHz, outperforming previous AlScN SAW devices.
Additionally, a SAW resonator with a 0.96 µm wavelength attains
5.9 GHz frequency with K2 of 4.0% and Qmax of 762. Our
study underscores the potential of the AlScN on SiC platform
for advanced radio-frequency applications. [2024-0075]

Index Terms— Surface acoustic wave, AlScN, SiC, microelec-
tromechanical systems, acoustic device.

I. INTRODUCTION

ACOUSTIC wave devices have established their domi-
nance in high-volume, radio frequency (RF) front-end

signal processing applications. Their superiority arises from
impressive performance metrics, encompassing compact size,
minimal insertion loss, high isolation, low power consump-
tion, precise filter responses, and potential for integration
and co-fabrication alongside analog and RF electronics [1].
In order to meet the stringent requirements of upcom-
ing wireless standards, the next generation of surface- and
bulk-acoustic wave (SAW and BAW) resonators must exhibit
an exceptionally sharp spectral response which translates to
both a high-quality factor (Q-factor) and a high electromechan-
ical coupling coefficient (K2) [2]. These attributes necessitate
low propagation loss and a wider bandwidth, crucial for the
performance of acoustic filters.
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SAW filters have been widely used in mobile phone hand-
sets at frequencies up to 2 GHz due to their ease of fabrication,
cost-effectiveness, and high repeatability [3]. However, achiev-
ing practical SAW devices operating at higher frequencies,
such as 4 to 6 GHz, poses significant challenges, making it
difficult for them to compete with their BAW counterparts [2],
[4]. At these frequencies, the miniaturization of the interdigital
transducers (IDTs) limits mass production, while other factors
such as increased series resistance of the IDTs, reduced
reliability due to poor heat dissipation and high thermal
stress constrain their overall performance. Overcoming this
frequency constraint involves leveraging high-velocity acoustic
waves, leading to extensive research on acoustic wave devices
operating above 3 GHz, making use of high-velocity SAW [5],
[6], [7], [8], [9].

Piezoelectric materials placed on silicon carbide (SiC)
have previously demonstrated SAWs with significantly higher
acoustic velocity compared to those on silicon, reaching
values exceeding ∼6600 m/s [10], 6310 m/s [9], and
>10,000 m/s [11] for the second order SAW mode (referred
to as the Sezawa mode) [9]. This characteristic enables
higher-frequency operation of SAW filters while effectively
confining the acoustic wave energy near the SiC surface.
SiC has also gained prominence in power electronics and
high-temperature electronics due to its high thermal conduc-
tivity of 370 W/(m·K), which enhances the capability of
SiC-based SAW filters to handle higher power levels before
signal compression [12], [13], [14]. Additionally, SiC offers
the advantage of a close lattice match with Aluminum Nitride
(AlN) facilitating the growth of high-quality, crystalline c-axis
oriented piezoelectric thin films [10], [15], [16], [17]. This
feature simplifies the integration of piezoelectric materials
with substrates at wafer scale.

Through alloying of Scandium (Sc) with Aluminum
Nitride (AlN), previous studies have demonstrated a notable
enhancement in the electromechanical coupling coefficient.
The piezoelectric response coefficient for AlScN maxi-
mizes at around 42% Scandium concentration. Comparing
Al0.58Sc0.42N with pure AlN, the piezoelectric charge coeffi-
cient d33 is 4 times and the transverse piezoelectric coefficient,
d31, is about 6 times higher [18], [19]. It is important to
note that the coupling is also inversely proportional to the
relative dielectric constant and directly proportional to the
material’s modulus. The relative dielectric constant increases
and modulus decreases slightly with increasing scandium
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concentration [20]. As a result, the overall coupling coefficient
does not experience a quadratic growth with respect to the
scandium concentration but is still significantly higher than
that at lower Scandium concentrations [21].

In addition, high quality AlScN can be grown via sputtering
at temperatures below 400 ◦C at lower cost and higher growth
rates than epitaxial growth methods [17].

This study presents SAW resonators using ∼0.8 um thick,
Al0.58Sc0.42N thin films on SiC substrates, achieving a K2

up to 5.5% at 4.7 GHz and a maximum Bode-Q (Qmax)

[22] of 911 at 4.3 GHz, surpassing previous works. The
resonators exhibited a maximum Figure of Merit (FoM) of
31 at 4.7 GHz, doubling previous reports on AlScN based
SAW resonators [6], [9], [11], [23]. Notably, a 0.96 µm
wavelength SAW resonator device reached a frequency of
5.9 GHz while maintaining high K2 of 4.0% and Qmax of 762.
We study the frequency scaling of AlScN/SiC SAW devices
by fabricating and comparing SAW resonator devices with
different wavelengths.

II. FABRICATION PROCESS

The fabrication of the AlScN devices adhered to the pro-
cess flow depicted in Fig. 1(a). Four-inch, high resistivity
(> 105 ohm·cm) 4H-SiC substrates from Xiamen Powerway
Advanced Material Co., Ltd were employed. Piezoelectric thin
films were sputter deposited without breaking vacuum using an
Evatec CLUSTERLINE 200 II PVD system at a temperature
of 350 ◦C and a base pressure below 1 × 10−7 mbar. The
deposition process consisted of three steps: a 15 nm AlN seed
layer, a 35 nm gradient layer, and a 780 nm bulk AlScN
layer. As demonstrated in a previous study, the purpose of
gradient layer serves to mitigate film stress and led to improved
surface roughness and Q-factor [24], [25], [26]. Throughout all
three steps, a constant N2 flow of 20 sccm was maintained,
with no use of Ar as a process gas. For the 780 nm bulk
AlScN layer with a 42% Sc concentration, the Al and Sc
4-inch target powers were set at 1 kW and 770 W, respectively.
The Sc concentration was measured using Energy Disper-
sive X-ray Spectroscopy (EDS). The EDS was calibrated
based on a reference sample that had been measured using
Rutherford Backscattering Spectrometry (RBS). During the
gradient layer deposition, the Sc target power was gradually
increased from 0 to 770 W while keeping the Al target power
constant. The chamber pressure remained approximately
8.0 × 10−4 mbar during deposition. After the AlScN
film deposition, the films were subjected to analysis using
Atomic Force Microscopy (AFM, Bruker Icon) and an X-Ray
Diffractometer (XRD, Rigaku Smart Lab), as depicted in
Fig. 1 (b) and (c). Omega scan data of the deposited AlScN
centered at 18.3◦ with a Full Width at Half Maximum
(FWHM) of 1.43◦, indicating a high c-axis orientation of
the film. This value was slightly greater than that observed
in the Al0.6Sc0.4N grown by molecular beam epitaxy, which
had a value of 0.99◦ [17]. AFM scans revealed a root
mean square roughness (Rq) of approximately 1.31 nm across
a 10 × 10 µm2 area, suggesting the absence of abnormally
oriented grains (AOGs) [24].

Fig. 1. (a) Process flow for fabrication of the AlScN/SiC SAW resonators
(b) XRD rocking curve measurement of 830 nm AlScN on top of SiC. The
Full Width at Half Maximum (FWHM) is 1.43◦. (c) AFM image of ∼0.8 µm
thick AlScN film deposited on SiC. Root mean square roughness (Rq) and
average roughness (Ra) are 1.32 nm and 1.04 nm, respectively. (d) Schematic
of a SAW resonator. (e) Scanning electron microscope (SEM) image of the
entire SAW including IDTs and reflectors. Ground (G) and Signal (S) pads
are labeled in the image. (f) SEM image focusing on the IDTs and reflectors.
(g) mBVD equivalent circuit model of the SAW Resonator.

Electron beam lithography (EBL) (Elionix ELS-7500EX)
was used to pattern lines with various widths and spaces for
interdigital transducers (IDTs). This was followed by Ti/Cu
(10 nm/170 nm) ebeam evaporation and liftoff. Fig. 1 (d)
provides an overview schematic of the SAW resonators. Two
Bragg mirrors positioned on both sides of the IDTs were
employed as reflectors to confine the SAW. The wavelength of
the SAW equaled twice the pitch of the IDTs and reflectors.
Fig. 1 (d) and (e) display a Scanning Electron Microscope
(SEM) image of a fabricated IDT and Bragg mirror.

The choice of copper as the top electrode material for
SAW resonators is primarily due to its high electrical con-
ductivity and, more importantly, its modal mass and stiffness
characteristics. Research on leaky shear horizontal SAWs
and cross-sectional Lamé mode resonators has demonstrated
that dense and stiff IDT electrodes are crucial for optimal
performance. There is an optimal electrode thickness for a
given wavelength and electrode material, as identified in these
studies [27], [28], [29], [30], [31]. The IDT contributes to
shifting the stress from the piezoelectric material towards the
metal electrode. As the stress moves closer to the interface
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Fig. 2. (a) Measurement results showcasing the resonance frequencies (fs)
of the SAW resonators’ Rayleigh modes and Sezawa modes. The dashed
and solid lines are a guide to the eye. (b-c) Finite Element Method (FEM)
simulations displaying the mode displacement of an 830 nm AlScN-on-SiC
device equipped with 10 nm Ti and 170 nm Cu electrodes for (b) the Rayleigh
mode and (c) the Sezawa mode.

between the metal and the piezoelectric layer, it better couples
with the electric field, leading to an increased K2 [30]. Denser
and stiffer materials, such as copper, outperform aluminum
in this regard. Aluminum typically requires a much larger
thickness to achieve the optimal coupling coefficient, which
can present fabrication challenges.

Resonator performance was measured using a Keysight
vector network analyzer (VNA) P9374A with a power level
of −20 dBm with 50 � port impedances. Prior to mea-
surement, a two-port calibration to the probe tips was
performed within the desired frequency range using the Short-
Open-Load-Through (SOLT) method. No de-embedding was
utilized. Resonator parameters were manually extracted from
the measured S-parameter data. Additionally, the widely rec-
ognized modified Butterworth Van Dyke (mBVD) circuit
model allowed for further assessment of the fabricated res-
onators (Fig. 1 (g)).

III. MEASUREMENT AND DISCUSSION

From a resonator design perspective, understanding the rela-
tionship between the resonance frequency and the wavelength
of the SAW is crucial, as it serves as a key fabrication param-
eter. Fig. 2 (a) shows the measured dispersion relationships
of the Sezawa and Rayleigh modes of the SAW devices.
The devices utilize an aperture width of 40 µm, 125 IDT
finger pairs, and 120 reflectors. The Rayleigh mode repre-
sents the fundamental mode with a frequency range spanning
from 1 to 4 GHz. The Sezawa mode is the second mode
at even higher frequencies, typically displaying higher K2

and Q-factors when the piezoelectric layer thickness and

Fig. 3. (a) Admittance curves depicting the measured Rayleigh modes of the
fabricated SAW resonators with varying wavelengths. (b) Admittance curves
illustrating the measured Sezawa modes of the fabricated SAW resonators
with differing wavelengths.

IDT design remain constant [9], [32]. Due to its substantial
phase velocity, the Sezawa mode is utilized for high-frequency
SAW resonator fabrication and demonstration. For simula-
tions, COMSOL Multiphysics® version 5.6 was employed
to model the SAW resonators featuring a 10 nm Ti layer
and a 170 nm Cu layer atop an 830 nm AlScN on a SiC
substrate. In this finite element method (FEM) simulation,
an infinitely repeated IDT finger pair assumption was applied,
allowing for the simulation of just one pair of IDT fingers
with periodic repetition. The distinction between the Sezawa
and Rayleigh modes becomes evident in the total mechanical
displacement field at the resonance frequencies correspond-
ing to the Rayleigh and Sezawa modes, as depicted in
Fig. 2 (b) and (c). Specifically, the Rayleigh mode is localized
near the top surface (AlScN) of the SAW resonator, whereas
the Sezawa mode is confined to the interface between AlScN
and SiC.

Fig. 3 (a) and (b) showcase the measured admittance
response of the SAW resonators within the frequency range
of 1 to 7 GHz. Fig. 2 (a) shows the measured admittances of
the Rayleigh modes while Fig. 2 (b) displays the frequency
response of the Sezawa modes. The resonance frequencies of
both the Rayleigh modes and Sezawa modes increase as the
designed wavelength of the IDT decreases, with minimal spurs
observed outside the Rayleigh and Sezawa frequency band.

Fig.4 compares the measured and simulated K2 values and
fs of the Sezawa mode for the SAW resonators. Additionally,
Fig. 5 contrasts the measured and simulated K2 values and fs of
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Fig. 4. (a) Comparison between measurement and COMSOL® simulation of
the Sezawa mode’s series resonance frequency (fs). (b) Comparison between
measurement and COMSOL® simulation of the Sezawa mode’s coupling
coefficient (K2). COMSOL® simulations utilize the materials properties from
Hashimoto et al. and Caro et al. [9], [20]. The dashed and solid lines serve
as visual aids.

Fig. 5. (a) Comparison between measurement and COMSOL® simulation of
the Rayleigh mode’s series resonance frequency (fs). (b) Comparison between
measurement and COMSOL® simulation of the Rayleigh mode’s coupling
coefficient (K2). COMSOL® simulations utilize the materials properties from
Hashimoto et al. and Caro et al. [9], [20]. The dashed and solid lines serve
as visual aids.

the Rayleigh mode SAW resonators. To account for the influ-
ence of spurs between fs and fp, which can cause inaccurate
estimation of the Q-factor and K2, the measured admittance
responses were fit using the mBVD circuit model and K2,
series resonance Q-factor (Qs), and parallel resonance Q-factor
(Qp) were calculated from the circuit model response. The

Q-factor is defined as the frequency of the series resonance
(fs) or parallel resonance (fp) over its 3 dB-bandwidth and the
K2 is calculated using the formula shown

K 2
=

f 2
p − f 2

s

f 2
s

. (1)

To the best of our knowledge, there are only two sets of
AlScN material parameters that have been previously proposed
for Sc alloying exceeding 40%. Hashimoto et al. initially
introduced the elastic constants, piezoelectric constants, and
dielectric constants of 40% AlScN, alongside demonstrating
the close agreement between simulated results and measure-
ments of AlScN/6H-SiC SAW delay lines with a wavelength
of 4 µm and AlScN thickness of 2 µm [9]. They demon-
strated a frequency of 1.6 GHz and K2 of 4.8% with this
setup [9]. Caro et al. conducted a density functional theory
(DFT) analysis of AlScN’s electromechanical properties [20].
Gokhale et al. incorporated Caro et al.’s proposed material
properties into their finite element simulation, comparing
scenarios with wavelengths of 3, 4, and 5 µm and AlScN
thicknesses of 500 nm [11]. They demonstrated that the
resonance frequency and phase velocity of the measured
Sezawa modes matched those of the simulation. However,
in their study, the resonance frequency and velocity of the
measured Rayleigh modes exceeded those of the simulated
frequency. In all, a systematic comparison between finite
element simulated responses and measured responses is still
lacking, particularly at high frequencies (> 3 GHz) and small
wavelengths (< 3 µm).

As depicted in Fig. 4 (a), the simulated Sezawa mode
frequency closely aligns with the measured data. A fs of
5.9 GHz was attained with a wavelength of 0.96 µm. The
phase velocity, which is the product of wavelength and res-
onance frequency, demonstrates an increase with wavelength.
This phenomenon occurs because at longer wavelengths, the
velocity rises due to greater coupling of the surface acoustic
Sezawa mode into the SiC substrate, where the sound velocity
of 4H-SiC (11,900 m/s) exceeds that of AlScN [33]. As a
result, a maximum Sezawa velocity of 7,100 m/s was achieved
at wavelength of 3.36 µm.

Due to the mass loading effect, Tang et al. demonstrated
that employing copper electrodes in IDT materials could
elevate the K2 from 2.8% to 9.1% for the AlScN/Si struc-
ture, showcasing a much greater improvement compared to
aluminum electrodes, which can achieve a maximum of 7.7%.
They also illustrated that the coupling coefficient peaks when
the ratio of copper electrode thickness to wavelength is
approximately 0.15 [34]. This corresponds with our find-
ings, as depicted in Fig. 4 and 5. K2 reaches its maximum
at a wavelength of 1.44 µm and a copper thickness of
170 nm, resulting in a thickness-to-wavelength ratio of 0.12.
The electrode thickness-to-wavelength ratio of other frequen-
cies have not been optimized in this study. Future studies
can maintain a constant ratio of 0.12 for all the different
wavelengths SAW devices, potentially enhancing K2 across
the entire frequency range. Additionally, using metals with
higher acoustic impedance, such as tungsten, which have
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greater Young’s modulus and density, could further improve
overall K2 [30], [31].

The maximum of 8% achieved in the simulation is almost
two times higher than the measured K2, as shown in Fig. 4.
This discrepancy is likely due to the limited reflectivity of the
Bragg mirror which stores significant acoustic energy, which
will be further addressed below.

With an aperture width of 40 µm, 125 IDT finger pairs,
and 120 reflectors, the measured Sezawa mode’s K2 reaches a
maximum of 4.6% at 4.3 GHz and a wavelength of 1.44 µm,
corresponding to an AlScN thickness/wavelength ratio (t/λ)

of 0.58. Across the wavelength range of 0.96 µm to 2.56 µm,
where fs ranges from 5.9 GHz to 2.6 GHz, the K2 maintains a
value greater than 3.5%, consistent with some previous reports.
Hashimoto et al. reported a simulated maximum of 5.26% at
t/λ = 0.58 for Al0.58Sc0.42N/SiC [9], while Gokhale et al.
reported a simulated maximum of 2.5% at t/λ = 0.35 for
Al0.75Sc0.25N/SiC [11].

The resonance frequency of the measured Rayleigh mode
surpasses that of the simulation, and both Hashimoto’s and
Caro’s material properties indicate comparable velocities.
However, there is notable difference between Hashimoto’s and
Caro’s materials properties in the simulated K2, due to their
difference in the elastic constant and piezoelectric constants,
whereas the measured value of K2 falls between the two
simulations. A maximum of 3.6% for K2 was achieved at a
wavelength of 1.28 µm and fs of 2.9 GHz.

The Q-factor obtained may be influenced by both the reflec-
tivity of copper, which can vary with the SAW wavelength,
and the inherent loss of the AlScN piezoelectric material. The
copper mirrors might confine energy differently at different
wavelengths, leading to varying Q-factors. Investigating the
characteristics of the device, it has been observed that both
the Rayleigh mode and Sezawa mode showed high Q-factor
(>200). In the Sezawa mode, the Qs reaches its maximum
of 702 at 3.2 GHz and its minimum of 297 at 2.1 GHz.
The Qp achieves its maximum of 781 at 3.2 GHz and a
minimum of 331 at 2.1 GHz. These devices typically have
a series resistance, Rs, of around 1∼2 �. To investigate
the impact of Rs, a reference short device was fabricated
where the IDT finger pairs and mirrors were replaced with
a sheet of metal. According to the admittance measurement,
this device is equivalent to a 0.1 � resistor in series with
a 0.45 nH inductor. This indicates that most of the series’
resistance originates from the IDT finger pairs themselves.
Therefore, de-embedding this small resistance will not be
helpful in improving the overall device Qs. Other techniques
which reduce the resistance of the IDT fingers, for instance,
decreasing the entire SAW aperture or increasing the metal
thickness, can be used to enhance the overall Qs.

An analysis was conducted on the impact of both the num-
ber of IDT fingers and the number of reflectors to delve into
the disparity observed between the simulated and measured
K2 values. SAW resonators featuring varying numbers of IDT
finger pairs were fabricated and compared in Fig. 6. These
devices were designed with an aperture width of 40 µm and
100 reflectors, corresponding to a wavelength of 1.44 µm
and a resonance frequency of approximately 4.3 GHz. As the

Fig. 6. (a) Comparative analysis of measured admittance responses based on
varying numbers of IDT finger pairs. (b) Comparison of the series resonance
Q-factor (Qs) with varying numbers of IDT finger pairs. (c) Comparison of the
coupling coefficient (K2) values concerning different number of IDT finger
pairs.

number of IDT finger pairs increased, the admittance response
shifted upward to smaller impedances due to the rise in parallel
capacitance (C0). As the number of IDT finger pairs increases
to 325, the motional impedance, Rm, decreases. Consequently,
the series resonance peak broadens, leading to a decrease
in Qs. The admittance response fluctuates around the series
resonance peak as the impedance reaches a very low value,
underscoring the importance of determining the Q-factor and
K2 from the circuit model fitting as indicated by the dotted
line. K2 increased from 3.8% to 4.9 % with the number of IDT
finger pairs. However, this improvement came at the cost of
reduced Qs, which decreased from 377 to 102 when compared
to other 4.3 GHz devices.

One reference open device without IDT fingers and mirrors
but with the same pad design as the SAW with 40 µm
aperture, 125 IDT finger pairs, and 120 reflectors has been
fabricated and measured. According to the admittance mea-
surement, the pad-to-pad feedthrough capacitance is 0.02 pF.
This capacitance is significantly smaller than the capacitance
within the IDT. Thus, the improvement in K2 with increasing
IDT pairs does not originate from an increase in the IDT
capacitance with respect to that between the pads. Instead,
the enhancement in K2 is due to the increased area of the IDT
coupling regions relative to the mirror regions. The increase
in K2 with more IDT finger pairs indicates that expanding
the coupling region while maintaining the same mirror results
in more of the total mechanical energy being stored within
the IDT. Surface acoustic wave energy is stored in both the
IDT regions and mirror regions. However, the energy stored
in the mirror decreases K2, because it is not readily available
for transducer. Consequently, with a larger area of IDTs, the
measured K2 improved. This serves as one of the reasons for
the lower simulated K2 compared to the measured K2. Future
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studies utilizing reflector materials with higher reflectivity
than copper, for example, tungsten, could maintain the same
Q-factor while improving K2 by better confining the SAW
energy in the IDT region.

By comparing the C0 of SAW resonators with different
number of IDTs finger pairs, the permittivity of Al0.58Sc0.42N
can also be calculated. The parallel capacitance obtained by
circuit model fitting are 0.42 pF, 0.75 pF, 1.12pF, 1.3 pF, and
1.68 pF for SAW resonators with 75, 125, 175, 225, 275 fin-
ger pairs, respectively. This corresponds to approximately
0.15 nF capacitance per meter per finger pair. A previous
study has shown that when the thickness-to-wavelength ratio
exceeds 0.08, the electric field strength decays exponentially
along the thickness, and the permittivity of the regions nearest
to the surface have a greater influence on the measured capac-
itance than those further away. In such cases, the IDT fingers
can no longer be considered as a parallel plate capacitor [35].
Instead, the elliptical integral of electric field must be adapted
to calculate the C0

C0 = ϵ0ϵe f f
K (k′

0)

K (k0)
Le Np (2)

where Np represents the pairs of IDTs, Le stands for the
acoustic aperture, ε0 denotes the permittivity of vacuum, K(k)
is the complete elliptic integral of the first kind, and k0 is the
modulus of the elliptic integral function. The detailed equation
for k0 and effective permittivity ϵe f f can be found in [36].
For this device, the wavelength is 1.44 µm, the thickness of
AlScN is 830 nm, and both the electrode width and gap are
0.36 µm. Using the capacitance density of 0.15 nF capacitance
per meter per finger pair, the ϵe f f can be calculated as 13.2.
Given the relative permittivity of 4H-SiC is 9.7 [37], the
relative permittivity of Al0.58Sc0.42N can be found as 29. This
is consistent with the value reported by Hashimoto of 30 [9].

Fig. 7 illustrates a scenario where the spurs overlap with
fp, invalidating the direct 3dB bandwidth Q-factor calculation
from the measured response. This spurious mode is known
as the transverse mode. Although both devices operate with
similar frequency around 2.5 GHz, the Sezawa mode depicted
in Fig. 7 (d-f) operates at a significantly higher velocity
than the Rayleigh mode in Fig. 7 (a-c). This leads to a
smaller frequency spacing in the Rayleigh mode (Fig. 7 a-c)
than in the Sezawa mode (Fig. 7 d-f). The scenario is
depicted where spurs overlap with fp, rendering the direct 3dB
bandwidth Q-factor calculation from the measured response
invalid. For devices operating at frequencies above 4 GHz,
the spurious modes are less prominent, possibly due to the
larger effective aperture. Several techniques have been intro-
duced previously to suppress these transverse modes, such
as apodization IDT [38], piston mode IDT [39], and tilted
IDT [40].

Another method to evaluate Q-factor involves using the
Bode Q (Qmax), which is defined by using the phase group
delay of the S11, as expressed in (3).

Q Bode = ω
dφ

dω

|S11|

1 − |S11|
2 . (3)

Fig. 7. Admittance response (a and d), Smith plot with 50 � reference
impedance (b and e), Qmax with changed source impedance (c and f) for
(a-c) Rayleigh mode with wavelength of 1.28 µm and (b-f) Sezawa mode
with wavelength of 2.88 µm.

Here dφ
dω

represents the group delay of the S11 measurement
of the resonator, where 8 represents the phase of S11 and
ω denotes the radial frequency. In order to calculate Qmax
of the SAW resonators, all of the S-parameter data must lie
nearly equidistant from the center of the Smith chart [22], [41].
As depicted in Fig. 7 (b and e), a 50 � source impedance
is not sufficient to center the Smith chart. Therefore, source
impedances of 80.1-15.7j and 91.7-6.6j were selected to cal-
culate the Bode Q in Fig. 7 (c) and (f), respectively. The
Qs and Qp are annotated in the figure, and they align on the
same line on both the Bode Q of the measurements and the
Bode Q circuit model. This illustrates the effectiveness of the
circuit model fitting and Bode Q calculation. The oscillation
between fs and fp is attributed to the transverse mode, and the
circuit model fitting aids in filtering out those spurious modes
and determining the accurate value.

Fig. 8 (a, b, and e) shows the measured response of
four different SAW resonators with frequencies ranging
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Fig. 8. From left to right: Admittance response (with coupling coefficient (K2) labeled), Smith plot with 50 � reference impedance, Smith plot with modified
reference impedance, Bode Q with modified impedance, and circuit model of Sezawa mode SAW resonators with wavelength of (a) 0.96 µm, (b) 1.12 µm,
(c-d) 1.28 µm, and (e) 1.44 µm. (a,b,c, and e) SAW resonator with aperture of 40 µm, 125 IDT finger pairs, and 120 reflectors. (d) SAW resonator with
aperture of 40 µm, 350 IDT finger pairs, and 120 reflectors. The changed port impedances are (a) 48.2-4.9j �, (b) 50-4.1j �, (c) 52.2- 3.5j �, (d) 28.1- 1.7j �,
and (e) 57.3- 3.7j �.

from 4∼6 GHz, demonstrating the high K2 and Q-factor
of the fabricated devices. The devices were designed with
an aperture width of 40 µm, 125 IDT finger pairs, and
120 reflectors and with different wavelengths from 0.96 µm
and 1.44 µm. The circuit model showed a good agreement
with the measured frequency response. All four resonators
exhibit an Rs of around 1 � and C0 of around 0.7 pF.
Fig. 8 (c) illustrates another scenario where more IDT
finger pairs were added to enhance K2 at the cost of
reduced Q- factor, resulting in a K2 increase from 4.6%
to 5.5%.

IV. CONCLUSION
Table I provides a comparison of the SAW resonators with

state-of-the-art high-frequency SAW counterparts from the
literature. The Figure of Merit (FoM) defined as the K 2

× Q p,
reaches a peak value of 31 at a frequency of 4.7 GHz in the
resonator devices. This FoM value is more than double that
of previous works utilizing AlScN to form SAW resonators.
In this study, a maximum resonance frequency of 5.9 GHz
was achieved, surpassing the previously highest frequency of
4.61 GHz achieved for AlScN based SAW resonators. Recent
research has showcased leaky SAW resonators using LiNbO3
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TABLE I
COMPARISON OF HIGH FREQUENCY ALSCN SURFACE

ACOUSTIC WAVE RESONATORS

on SiC, achieving remarkably high K2 at 4.9-5.9 GHz [5].
Although the acoustic energy is well confined in the LiNbO3
at the resonant frequency, Zheng et al. utilized 2D FEM to
show that partial acoustic energy leaks into the substrate at
the parallel resonance frequency, which results in a moderate
Qp [5]. Furthermore, some of these studies employed narrow
(150 nm) and thin gold electrodes, which exhibited high series
resistance and consequently constrained the Qs [42]. It is
also noteworthy that AlScN/SiC based SAW resonators offer
several advantages over LiNbO3/SiC based SAW resonators.
In this study, AlScN could be directly sputtered on top of
SiC, simplifying the fabrication process and reducing costs.
In contrast, LiNbO3 thin films require complex steps such as
ion implantation, exfoliation, transferring, post-annealing, and
chemical-mechanical polishing for integration with SiC [5],
[43]. Additionally, AlScN/SiC based SAW devices are suitable
for applications requiring high temperatures or integration with
processes requiring elevated temperatures. The high pyroelec-
tric coefficient of LiNbO3 renders it vulnerable to shattering
under rapid temperature changes [44], [45].

In conclusion, we successfully demonstrated high-
performance SAW resonators utilizing a sputtered
Al0.58Sc0.42N-on-SiC platform, optimized for high frequency,
high K2, high Q-factor, and weak spurious modes. We attribute
this to the exceptional piezoelectric properties of the AlScN
thin films and the lattice matching of the SiC substrate.
The impact of varying IDT finger pairs on performance
was thoroughly explored. The frequency response trends
concerning different wavelengths and frequencies were also

outlined. Our devices outperform previous high-frequency
SAW devices using AlScN due to the SiC substrate’s higher
acoustic velocity and better lattice matching to AlScN, the
co-sputtering process optimizing AlScN film quality [25],
and the structural optimizations including a thick copper
electrode improving the coupling coefficient. While further
optimization of IDT finger geometry is required to address
spurious modes in the low-frequency SAW resonators, this
study underscores the promising potential of AlScN/SiC
acoustic devices for radio-frequency applications.
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