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Abstract— This paper demonstrates super high frequency
(SHF) Lamb and surface acoustic wave resonators based on
single-crystal orientation Aluminum Scandium Nitride (AlScN)
thin films grown on silicon substrates by molecular beam epitaxy
(MBE). We report on the experimental frequency response and
electromechanical properties of 400 nm-thick crystalline AlScN
acoustic resonators with up to 12% Sc/(Sc+Al) ratio. The film
thickness is optimized for operation at the SHF range, targeting
emerging wireless communication standards, such as 4G LTE/5G.
We report on high-performance acoustic devices that take advan-
tage of the crystallinity, and high piezoelectric properties of
400 nm-thick epitaxial AlScN films. Our work presents enhanced
effective electromechanical coupling coefficients (k2

ef f ) up to

5.3% and unloaded quality factors ( Qm) of ∼192 at 3-10 GHz.
However, fabrication challenges due to the high-stress levels of
sub-micron AlScN epi-layers grown on Si substrates remain
challenging and will be discussed in this paper. [2019-0231]

Index Terms— Acoustic resonators/filters, surface acoustic
wave resonators, lamb wave resonators, epitaxial aluminum
nitride, scandium, molecular beam epitaxy (MBE).

I. INTRODUCTION

THE next generation of wireless standards (e.g. “5G”)
is regarded as a promising solution with satisfying

demands for the drastically increasing number of bands
and the complexity in the wireless communication system.
Emerging 5G, Wi-Fi and 4G LTE communication standards
call for high-performance acoustic Micro-Electro-Mechanical
(MEMS) filters. Such acoustic filters are highly desirable
for operation at new RF band sections, starting from the
frequency range of LTE bands at 3.4-3.8 GHz [1], [2],
up to millimeter-wave 5G bands at 26 GHz [1], [3].
High-performance acoustic resonators and filters, such as
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surface acoustic wave (SAW) [4] and bulk acoustic wave
(BAW) [5] resonators are realized in different piezoelectric
material systems. Amongst them, aluminum nitride (AlN)
has been popular mainly due to CMOS compatibility and
well-developed micromachining techniques.

The key parameters that define the figures of merit of an
acoustic filter include 1) quality factor (Q), which determines
the insertion loss of the filter and steep skirts selectivity,
and 2) electromechanical coupling coefficient (k2), which
determines the filter bandwidth, and 3) thermal conductivity,
which affects the power handling and device self-heating.
It has been reported that there is a strong correlation
between the crystallinity of the piezoelectric device layer and
1) Q-factor [6], 2) piezoelectric coefficients that affect k2

of the device [7], and the 3) thermal conductivity of the
material [8].

Limited Q-factors have been observed in polycrystalline
AlN films due to an increase in the scattering losses at
the grain boundaries of films with large Full Width at Half
Maximum (FWHM) values [6]. Furthermore, limited k2 values
have been caused by the low FWHM values, and poor crystal
quality of thin films, affecting the bandwidth of the filter [7].

Additionally, recent work [8] on the dependency of AlN
thermal conductivity and the crystal quality has illustrated
that the thermal conductivity of AlN is strongly reduced in
sub-micron poly-crystalline thin-films due to phonon boundary
scattering caused by Al vacancies.

The three aforementioned parameters justify the investiga-
tion of epitaxial nitride piezoelectric materials for acoustic
devices, particularly targeting <1 μm thick films.

In addition to improving the crystallinity of piezoelectric
layers, introducing scandium (Sc) to AlN sputtered films
has shown enhanced piezoelectricity, to compensate for the
moderate k2 of pure AlN resonators. This has led to an
increase in the piezoelectric coefficients of Sc0.4Al0.6N, up to
4 - 5 times larger than pure AlN [9]. Various growth methods
and conditions to deposit AlN/AlScN have been reported
to date [10], [11]. Reactive magnetron sputtering is the
most common method for the deposition of AlN and AlScN
owing to low cost and relatively high deposition rate [11].
Although the crystal quality of the sputtered layers is inferior
to those grown using epitaxial methods with high vacuum
conditions, the effect of poly crystallinity can be averaged out
for thickness > 1 μm thick films [12]–[14], and has been
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the conventional method for commercially-available acoustic
filters [15], [16]. However, the crystal properties of sputtered
AlN films degrade with thinning down the film thickness,
particularly below 500 nm, and ultimately limits the acoustic
device performance for >2.6 GHz frequency range [17].
Recent work has reported on using optimized seed layers
to deposit sputtered AlN thin films [18]; however, epitaxial
growth can inherently yield higher crystal qualities, lower
FWHM values, and higher thermal conductivities for <500 nm
thick films.

A common epitaxial growth method of AlN is metal-organic
chemical vapor deposition (MOCVD), which is widely used
for the growth of III-N layers for electronic and photonic
devices. Although this technique provides high-quality crys-
tallinity [19], it has been challenging for the growth of AlScN
thin films because of the absence of scandium precursors and
the required phase separation for the reliable decomposition
of the precursors at typical MOCVD process temperatures,
so far [11]. There has only been one report of success-
ful MOCVD growth of AlScN films, recently demonstrated
in [20].

Another method for the epitaxial growth of AlScN films is
MBE. Ref [21] reported on the epitaxial growth of AlScN films
by MBE for high-power device applications. Our group has
been the first to show acoustic devices based on MBE-grown
AlScN films [22]–[25]. In this work, we extensively char-
acterize SAW and LWR resonators based on 400 nm-thick
AlN and AlScN epi-layers grown on Si substrates by MBE,
which is based on the reaction of the atomic or molecular
beam with a heated crystalline surface in an ultra-high vacuum
condition [26].

By taking advantage of the high-quality ultra-thin
(400 nm-thick) epitaxial piezo-layers, this work enables high-
performance acoustic resonators with the 3-10 GHz operat-
ing frequency range. Despite the enhanced film quality, the
main problem with the epitaxial growth of AlScN films is
controlling the stress in this ternary alloy that complicates the
fabrication process, particularly for the final release step of
suspended structures, discussed in detail in Section IV-B.

II. MATERIAL CHARACTERIZATION

A. AlScN Films Grown by MBE

Epitaxial AlN and AlScN thin films with 400 nm thickness
were grown on 4-inch Si (111) wafers in a ultra high vacuum
(UHV) environment. Al and Sc were evaporated from
effusion cells and activated nitrogen was introduced from a
plasma source [26]. Metal fluxes from the effusion cells were
adjusted to get 12% Sc concentration in the AlScN layer. The
crystal structure of the AlN and AlScN grown on Si (111)
was analyzed using X-ray diffraction (XRD) [22]–[24], [27].
Fig.1(a) illustrates XRD 2θ /ω scans of the AlN/AlScN
films on Si including only diffraction maxima attributed
to Si <111> and AlN/AlScN <0001>, indicating that
both piezoelectric nitride layers have a single out-of-plane
crystallographic orientation. Fig.1(b)-(c) illustrate the XRD ω
scan of the AlN/AlScN (0002) layers, demonstrating FWHM
values of (0002) peaks of 0.5◦/1.2◦ for AlN/Al0.88Sc0.12N

Fig. 1. 400 nm-thick AlScN and AlN film characterization: (a) X-ray diffrac-
tion (XRD) characterization, (b) omega (ω) scan of AlN, and (c) omega (ω)
scan of AlScN thin films grown directly on Si (111). (d) Scanning electron
microscope (SEM) image of the cross section of AlScN (0002) layer,
(e) high-resolution transmission electron microscopy (HRTEM) of AlScN
(0002) layer on Si (111) in <110> azimuth. (f) High-energy electron dif-
fraction (RHEED) pattern of AlScN on Si (111) in <110> azimuth. (g) The
XRD (103) phi scan of AlScN on Si films.

layers. Generally, the wider RC (0002) peak of AlScN
compared to AlN is expected due to local lattice distortion by
incorporation of scandium atoms in the wurtzite AlN crystal
lattice [28]. However, these values are lower compared to
that of sputter-deposited AlN and AlScN films [29], [30],
more prominent at submicron thicknesses, which indicates the
higher crystal quality of the epitaxially-grown materials [21].
As shown in Fig. 1(d), AlScN has a columnar structure with
the columns rotated around the c-axis, as can be seen from
cross-section transmission electron images taken in <110>
azimuth of the Si substrate. This is typical for III-N and
Sc-III-N layers grown on sapphire [31]. The layer has single-
out-of-plane crystal orientation from the interface without any
transitional layer, as seen in the HRTEM image presented
in Fig. 1(e). Additionally, in-situ reflecting high energy
electron diffraction (RHEED) patterns in <110> azimuth
confirmed that the nitride layers have single out-of-plane
orientation, as shown Fig.1(f). The in-situ RHEED analysis
shows characteristic six-fold in-plane rotation symmetry of
the crystal structure. This was also confirmed by the XRD
phi-scan of (103) asymmetric peak of the AlScN layers
as described in Fig.1(g), showing that the columns are
rotated by 60◦ from each other. Sc/(Sc+Al) of 12% was
confirmed by Rutherford backscattering spectrometry (RBS)
analysis. Higher Sc concentration is desired for the stronger

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on July 09,2020 at 05:52:30 UTC from IEEE Xplore.  Restrictions apply. 



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

PARK et al.: EPITAXIAL ALUMINUM SCANDIUM NITRIDE SHF ACOUSTIC RESONATORS 3

piezoelectric response but renders the growth challenging and
is expected to further increase the FWHM values [32].

B. Material Characterization of AlScN Films

In this section, the 1) piezoelectric coefficients, 2) elastic
properties, and 3) dielectric constants of AlScN films are
theoretically analyzed based on the Sc/(Al+Sc) ratio. Such
material constants define the phase velocity (Sec. II-C) and
electromechanical properties (Sec. III-A) of AlScN devices.

The evaluated piezoelectric coefficient and elastic constants
of Al1−xScxN are calculated by the flowing equations below,
where x is Sc/(Al+Sc) ratio [33]:

e15 = −0.367 (1 − x) − 0.435x + 0.417x (1 − x) ,

e31 = −0.424 (1 − x) − 0.286x − 0.615x (1 − x) ,

e33 = 1.449 (1 − x) + 8.182x − 5.912x (1 − x) . (1)

C11 (x) = 378.8 (1 − x) + 263.9x − 210.3x(1 − x),

C12 (x) = 128.9 (1 − x) + 185.1x − 61.9x (1 − x) ,

C13 (x) = 96.1 (1 − x) + 121.5x + 78.9x (1 − x) ,

C33 (x) = 357.5 (1 − x) − 51.3x − 101.4x (1 − x) ,

C44 (x) = 112.4 (1 − x) + 159.0x − 137.3x (1 − x) . (2)

A full set of piezoelectric coefficients, eij (Cm−2), and
composition-dependent elastic constants Cij(GPa) are shown
in (1) and (2), which are derived from density functional
theory (DFT) calculations using large periodic supercells and
the Berry-phase theory of polarization [33].

It has been reported that the relative dielectric constant of
the films shows an increasing tendency as Sc concentration is
increased [34]. The relative dielectric constant of Al1−xScxN
can be evaluated by the flowing equations below [35]:

ε33, f = (9.0 ± 0.6) + (20.9 ± 0.6) x + (47.5 ± 20.1) x2,

ε33 = ε33, f − e2
33

ε0C33
. (3)

where ε33, f is the relative dielectric coefficient (clamped), ε0
is the vacuum permittivity, e33 is the piezoelectric coefficient,
and C33 is the elastic stiffness at the constant electric field.
On the other hand, it has been found that the dielectric constant
of AlN at high frequency decreases to 4.84 compared to
the dielectric constant used for AlN (9.1) at low frequen-
cies [22]–[24], [36]. In this work, we utilized the dielectric
constant for a high-frequency response along with the
Sc concentration [36].

C. Phase Velocity Dependence on Sc/(Al+Sc) Ratio

The phase velocities of SAW and Lamb-wave (LW) modes
depend on the longitudinal (P-wave) wave and shear wave
(S-wave). The P-wave (v p) and S-wave (vs) propagating along
the <100> direction are defined by the following equation [12]:

v p = √
C11/ρ,

vs = √
C44/ρ. (4)

where C11 and C44 are elastic coefficients, determined by
the wave propagation and polarization directions. ρ denotes

Fig. 2. (a) Dispersion curve of SAW phase velocity measured for AlN and
Al0.88Sc0.12N on Si substrate, and (b) resonant peak frequency shift of the
same LWR design for AlN and Al0.88Sc0.12N, showing the spring softening
effect in Al0.88Sc0.12N resonators.

material density. Besides the reduction of the elastic coeffi-
cients (Eq. 2), the mass density of Al1−xScxN films slightly
increases as the Sc concentration increases, [35], further
decreasing the AlScN film phase velocity. Fig. 2(a) shows the
phase velocity of the AlN and Al0.88Sc0.12N vs. the normalized
thickness (h/λ) using different pitch sizes of the SAW devices.
Fig. 2(b) illustrates the resonant peak frequency shift observed
in the same LWR design with a pitch of 300 nm, based
on AlN and Al0.88Sc0.12N films. The resonant peak shift of
Al0.88Sc0.12N compared to pure AlN is due to the reduced
phase velocity [37].

III. RESONATOR ELECTROMECHANICAL

CHARACTERIZATION

Higher piezoelectric coupling coefficient (K 2) is obtained in
resonators that use AlScN compared to AlN resonators due to
higher piezoelectric coefficients [7], [9], [38]. The piezoelec-
tric response can be boosted by 4-5 times with an increased Sc
concentration up to ∼40% [9]. Besides the known effect of Sc
concentration, the crystal quality of the piezoelectric material
plays an important role in defining the piezoelectric response
and ultimately, the performance of the acoustic filters [17].
The dependence of the acoustic resonator/ filter figure of
merit (K 2) for SAW and Lamb-wave resonator (LWR), on the
piezoelectric coefficients (e33,31 ) is presented in equation (5):
[29], [39]–[41]

K 2 = e2
33,31

c · εoεr
. (5)

where c is the effective elastic constant, e33/−e31 is the
longitudinal/transversal piezoelectric coefficient, εo is vacuum
permittivity and εr is the relative dielectric constant.
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TABLE I

MATERIAL CONSTANTS USED IN FINITE ELEMENT SIMULATIONS

Fig. 3. FEA simulation results of the electromechanical coupling coeffi-
cient (k2) of (a) SAW and (b) LWR fundamental symmetric mode (S0) vs.
the normalized thickness ( h AlN

λ ). A 400 nm-thick Al1−xScxN piezo-layer is
used with 80 nm of Ti/Au top electrode, at various x=Sc/(Al+Sc) ratios.

The electromechanical coupling of the Al1−xScxN
resonators is simulated using COMSOL finite element
analysis (FEA) using Eq. sets (2) and (3), with varying x,
as shown in Table I. Fig. 3. demonstrates the FEA simulated
electromechanical coupling coefficient (k2) of SAW and
LWRs [12], [42], based on the normalized AlN/AlScN
thickness using: [40], [42]

k2 = v2
0 − v2

m

v2
0

= 2 × v0 − vm

v0
. (6)

The k2 is evaluated based on the phase velocity of electrically
free AlN surface (vo) and the phase velocity of the shorted sur-
face (vm) using Eq. (6). The dispersion curve is characterized
by using the lowest order of symmetric LW mode (S0) with

Fig. 4. (a) 400 nm AlN-on-Si starting epi-wafer. (b) The fabrication process
of a one-step exposure of the SAW devices. (c) Patterning Oxide hard mask
and etching AlN in a Cl2-based plasma etching. (d) Isotropic etching of the
Si substrate to release the LWR membrane [23], [24].

electrodes thickness of 80 nm of Ti/Au. The k2 is extracted
based on the Sc concentration ranging from 0 to 40%.

The k2 of S0 mode increases as Sc concentration increases
and can reach values up to 25 % when a 40% Sc/(Sc+Al) ratio
is reached, confirming the applicability of AlScN films with
high Sc dopings for 5G applications. As shown in Fig. 3 (b),
the normalized thickness of 0.5 provides the highest k2

of 4.7%/ 7.56% for AlN/Al0.88Sc0.12N based-devices, showing
the 1.6 times increased k2 value for the Al0.88Sc0.12N com-
pared to pure AlN device. While higher Sc concentrations are
desirable for higher k2 values, the high levels of stress and
cracks in the thin films limited us from further increasing the
Sc/(Sc+Al) ratio in this work.

IV. FABRICATION PROCESS

A. SAW and Lamb-Wave Resonators

The fabrication steps are summarized in Fig. 4 by illustrat-
ing the cross-section of the devices. Fig. 4(a)–(b) depict the
fabrication of a SAW resonator/filter and Fig. 4(c)–(d) show
the fabrication process of a LWR. Each interdigitated trans-
ducer finger width is 200 nm and is defined with electron-beam
lithography (EBL) and Ti/Au with a thickness of 5 nm/75 nm
is deposited as the top inter-digitated (IDT) electrode.

The fabrication of SAW resonators/filters is a simple
one-mask process, without the need to suspend the piezo-
layer. Fabrication of LW devices requires plasma etching of
AlN/AlScN trenches using an oxide hard mask. After etching
400 nm-thick AlN/AlScN layers, the device is exposed to
xenon difluoride (XeF2) gas for the final release step to create
suspended structures from the host Si substrate. Fig. 5 shows
the SEM images of the SAW and LW resonators.

B. AlScN Resonator Fabrication Challenges

Etching high crystal quality AlScN films and the subsequent
release of the device is challenging due to 1) low etch rate
and poor selectivity of epi AlScN to photoresist or SiO2
mask layer, and 2) deformation of the device due to stress.
To pattern the trenches, AlN/AlScN layers are etched by
Cl3-based thermal inductively coupled plasma (ICP). It has
been reported that the etch rate of AlScN films drops by
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Fig. 5. SEM images of the fabricated devices of (a) SAW with 400 nm of
pitch width and (b) LWR with 400 nm of pitch size [22], [24].

∼25% compared to pure AlN films [21], [43]. Compared to
AlN, the etching of AlScN films shows low etch rates and poor
selectivity to the mask layer because AlScN films are more
resistant to BCl3-based recipes [44]. Moreover, re-deposition
effects occur owing to maintained and accumulated Sc-based
non-volatile byproducts during the etching process [21], [44].

Besides the effect of Sc concentration on the etch rate,
the etch rate is also strongly dependent on the crystalline qual-
ity of the AlN films [45]. AlN films with poorer crystallinity
are more susceptible to be attacked by etchant due to the
greater number of weakened bonds [46]. Thus, single-crystal
orientation AlN films show significantly lower etch rates
compared to polycrystalline AlN grown by sputter deposition
techniques.

Furthermore, the film cracks are caused by thin-film stress
during the release step. Fig. 6 illustrates SEM and microscope
images of AlN/AlScN LW devices. The stress gradient
applied to a sub-micron thickness of AlN/AlScN is strong
enough to break two tethers and make cracks on the edge of
the device as shown in Fig. 6(a). Flakes appear because of the
re-deposition of Sc-based non-volatile byproducts from the
AlScN etching process shown in the outer frame of the AlN
trenches in Fig. 6(b). Considering such challenges, the future
work would focus on the mitigation of re-deposition and
precise control of the thin film stress to improve the quality
of the ultra-thin epitaxial AlScN resonators and their yield.

V. DEVICE CHARACTERISTICS AND

EXPERIMENTAL RESULTS

A. Frequency Response and Resonant Mode Characteristic
of SAW and Lamb-Wave Resonators

The devices are measured using the Keysight N54244B
PNA microwave network analyzer. Fig. 7(a)–(b) show

Fig. 6. (a) SEM and (b) microscope/SEM images of AlScN resonators,
showing (a) film cracks due to the film stress on the tethers and the outer
frame and (b) residues due to re-deposition on the outer frame of the trenches.

Fig. 7. Measurement results of AlScN/Si SAW and AlScN LW resonators.
(a)-(b): Wideband frequency response of SAW with frequency range at
1-10 GHz and LW with frequency range at 1-20 GHz. (c)-(d): Zoomed-in
admittance plots of SAW and LW resonators [22], [23].

wide band scattering matrix (S)-parameters tested over the
frequency range from 1 to 10 GHz for 400 nm pitch size of
Al0.88Sc0.12N SAW devices and 1-20 GHz for 300 nm pitch
size of the Al0.88Sc0.12N LW devices. Fig. 7(c)–(d) demon-
strates corresponding zoomed-in peaks of each resonator
in Y-parameter. In the wideband frequency response, LWR
shows a multi-resonant frequency response showing various
asymmetric (Ai) and symmetric (Si) modes [42], [47], [48].
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Fig. 8. Simulation results of the resonance displacement mode shapes:
(a) SAW and (b) fundamental Symmetric (S0) LW mode, showing structural
deformation at the resonant frequency of 3.97 and 7.9 GHz, with thickness
of 400 nm AlN piezoelectric layer and 80 nm Ti/Au electrode.

Fig. 9. Frequency characterization of SAW resonator with (a) Modified
Butterworth-Van Dyke (MBVD) model. The measured and MBVD fitted
Zoomed-in Y11 magnitude response of (b) SAW with 400 nm pitch is plotted
at the resonant frequency of 3.9 GHz. Extracted Bode Q of SAW based on S11
with transforming the source impedance to 57.96+j18.5�: (c) the measured
and MBVD fitted result plotted on the Smith chart and (d) the evaluated
Bode Q of 160.

Fig. 8 illustrates the FEA simulation result of the excited
two resonance modes along with the displacement mode shape
at the resonance frequency of 3.9 and 7.9 GHz. Fig. 8(a) shows
the mode shape of the SAW device on Si substrate. Fig. 8(b)
describes the S0 mode of LWR, showing the symmetric
deformation shape in the piezoelectric layer. The calculated
phase velocity of SAW / LWR with the 400 nm pitch is 3104 /
6376 m/s, which is matched with the measurement results.

B. Motional Parameter Characterization

The measured frequency responses of SAW resonators
are fitted with the Modified Butterworth-Van Dyke (MBVD)
model, with center frequency at 3.97 GHz, as shown in Fig. 9.
In the MBVD model, the static capacitor (Co) and resistor (Ro)
are contained as the dielectric loss in the substrate, and the
motional branch consists of the motional resistor (Rm), induc-
tor (Lm), and capacitor (Cm). The Co and Ro are evaluated

TABLE II

ELECTROMECHANICAL CHARACTERISTICS EXTRACTED FROM
MBVD MODEL FITTING OF AlScN RESONATORS

by exploiting imaginary and real parts of the off-resonance of
Y-/Z- parameters [42], [49], and Sonnet electromagnetic (EM)
simulation. The evaluated Co is 290 fF for SAW resonators.
The unloaded quality factor (Qm) of the resonator is estimated
by using the motional branch [49]. The extracted Qm of SAW
resonator with a value of 192.

Another method to evaluate Q is using Bode Q based
on S11. The Bode Q is computed using the motional branch
of the S11 fitted MBVD curves following by [37]:

Qbode = ω × |S11| group_delay(S11)

1 − |S11|2
. (7)

The Qbode is defined by using the phase group delay of
S-parameter. Fig.9(c) illustrates the S11 response of the mea-
sured and MBVD fitted model on the Smith chart. The
continuous Q circle is placed in the center of the smith
chart using source impedance matching [50]. Fig.6 shows
the evaluated unloaded Q along with the frequency response
achieving Qbode of 160. Table II summarizes the MBVD
parameters and Qm of the SAW device.

SAW reflectors are fabricated in the same fabrication step,
whereas the trenches for LWR are fabricated in a separate step
and thus prone to lithography alignment error. A waveguide
with rough sidewalls caused by etching AlN/AlScN trenches
lowers Q [44]. Moreover, utilizing epitaxial metal electrodes,
instead of sputtered metal electrodes is necessary to maximize
the Q of acoustic devices. This reduces the scattering losses
of polycrystalline metal layers and the poor-quality metal-
piezoelectric interface [51]. The Q factors reported in this
work would improve from using an all-epitaxial resonant
stack. Furthermore, better anchor designs, use of phononic
crystals, and improvement of the fabrication process could
enhance acoustic wave confinement in the resonator structure
and thus enhance anchor Q of the LWR designs [23], [52].

Next, we characterize the effective electromechanical cou-
pling coefficient (k2

e f f ) of the SAW and LWRs [22], [23],
using:

k2
e f f = π2

4
× fs( f p − fs)

f 2
p

. (8)

where fs is the series and f p is the parallel resonant
frequency which is determined from measured admittance
(Y11)-parameter of the device. Table III summarizes the eval-
uated k2

e f f of SAW and LWR devices in Al1−xScxN films.

C. The Dependency of Resonance Frequency on Temperature

In order to study the temperature characteristic of the
resonance frequency of SAW and LW resonators, temperature
measurements in the range of 150 to 600 K were performed
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TABLE III

EXPERIMENTALLY EVALUATED ELECTROMECHANICAL PARAMETERS
OF EPITAXIALLY-GROWN AlN AND AlScN RESONATORS

Fig. 10. The measurement result of temperature characteristics of acoustic
MEMS resonators with temperature range from 200-600 K for (a) AlScN
SAW resonator and 150-400 K for (b) AlN/AlScN LWRs.

using a cryostat probe station ARS 17-A269. Fig. 10 shows
the temperature coefficient of frequency (TCF) measurement
results of SAW and LW resonators, showing the resonance fre-
quency variation as a function of temperature. The measured
TCF (=	 f / f . 	T ) value of SAW is −102 ppm/K as shown
in Fig. 10(a), and TCF value of LWR is −45.8/−59.4 ppm/k
for AlN/AlScN as presented in Fig. 10(b). LWR has a lower
TCF value than SAW devices due to a fully suspended
geometry which can avoid stress based on a mismatch of the
coefficient of thermal expansion between AlN and Si [53].
Furthermore, AlScN has a slightly higher TCF value, caused
by increased thermal expansion and decreased elastic modulus
due to the Sc composition in the AlN film [53]. It has been
reported [54], [55] that AlN film has a smaller TCF value
compared to other piezoelectric material counterparts, such as
ZnO or LiNbO3, and thus, AlN resonators are better candidates
for frequency-stable acoustic devices for high-temperature
operation.

VI. CONCLUSION

In this paper, 400nm-thick epitaxial AlN and
Al0.88ScAl0.12N films were investigated for the design of
acoustic MEMS resonators, targeting the 3-10 GHz frequency
range. We took advantage of the high crystal quality of

ultra-thin AlN/AlScN epi-layers, as well as the enhanced
electromechanical coupling coefficient by incorporation of
Sc to AlN epitaxial films. The variance of phase velocity
due to the softening effect from Sc composition in AlScN
films was verified with experimental results. This is the first
demonstration of acoustic devices fabricated using epitaxial
AlScN films, showing significant improvement of k2

e f f at the
super-high frequency range as summarized in Table III.
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