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Abstract — This paper reports on the intrinsic switching of
GHz ferroelectric scandium aluminum nitride (ScAIN) surface
acoustic wave (SAW) resonators. The reversible switching was
demonstrated on 22% and 30% ScAIN for frequencies in the 1—
3 GHz range, with metal interdigitated transducers (IDTs) of
widths 1 pm—400 nm patterned with electron-beam lithography.
COMSOL simulations were used to model resonator
programming, with ScAIN switching under the IDTs. The
devices show strong resonances with a quality factor of 915 and
a coupling coefficient of 0.98% at 1.35 GHz. Two-state switching
of the resonator is demonstrated with single-sided pulses of + 6
MV/em, which demonstrates reversible on and off switching of
piezoelectricity in SCAIN. Progressively larger switching pulses
in the = (2-5) MV/cm range demonstrate multi-state switching
of the SAW device by tracking the S-parameters and quality
factor. The results presented in this paper open up pathways
towards programmable signal processing and sensing using
ferroelectric ScAIN.
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1. INTRODUCTION

Radio frequency frontend modules (RF-FEMs) for
wireless communications have been significantly enabled by
key technological progress in III-V nitride-based materials
such as gallium nitride (GaN) for power electronics and
switches, and aluminum nitride (AIN) for signal processing
and filtering with the film bulk acoustic resonator (FBAR)
[1]-[3]. Lithium niobate (LiNbO;) and lithium tantalate
(LiTaO3) have been used to achieve high performance RF
filters with surface acoustic wave (SAW) resonators, which
enable lithographic control of the filter frequency [4], [5].
Today, the definition of modern 5G and 6G communication
standards has resulted in a crowded frequency spectrum,
which necessitates both high performance operation, and
reconfigurable and adaptive RF-FEMs with tunable filters and
controllable signal jamming and transmission [6].

Improved filter performance can be achieved with
scandium-doped AIN (ScAIN) filters, which can improve the
piezoelectric coupling coefficients of AIN by up to 4 times [7].
As a result, high performance bulk and SAW resonators have
been demonstrated using ScAIN [8]-[10]. To demonstrate
reconfigurable and adaptive filtering, it is highly desirable to
achieve programmable piezoelectric coupling in ScAIN,
which can then be used to tune the frequency and transmission
level of the filter. Fichtner et al. have shown that high
scandium fraction incorporation in ScAIN (20-40%) makes it
ferroelectric by reducing the coercive field (E¢) needed for
polarization switching, below the breakdown field (Ezp) [11].
Ferroelectric ScAIN has a box-like polarization vs E-field
(PE) loop, which is attractive for applications in
programmable memory and signal processing for tunable
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filters. One of the challenges with device-level utilization of
ferroelectricity in ScAIN is the high Ec ~ 4-5 MV/cm which
necessitates large voltages for polarization switching, even in
200-300 nm films. We have previously reported on the
ferroelectric properties of various SCAIN compositions across
a range of device sizes, templating electrodes, film stress, and
frequency of switching with a goal of identifying reduced
switching voltages, including a reduction in the coercive field
by 37% with heating up to 193 °C [12], [13]. Polarization
switching in bulk and laminate film ScAIN acoustic wave
devices has been previously reported [10], [14], [15].
However, to our knowledge, there are no published reports on
intrinsic polarization switching in SCAIN SAW resonators.

II. DEVICE DESIGN

A. Ferroelectric SAW Resonator
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Figure 1: A). Thin-film stack used for the SAW device consisting of
an SiOz isolation layer, template bottom electrode, wurtzite c-axis
ferroelectric ScAIN, and top electrodes for SAW actuation. B).
Schematic cross-section of the transducer IDTs and ferroelectric
ScAIN showing three distinct configurations of ScAIN polarization:
as-deposited N-polar ScAIN with uniform polarization pointing
downward, up-switched ScAIN under signal IDTs to program
piezoelectric coupling in the active region, up-switched ScAIN under
reflector IDTs to program acoustic wave boundary conditions.

Figure 1A shows the cross-section of the film stack used
to make the resonator comprising: a continuous bottom
electrode which serves as the template, c-axis wurtzite SCAIN
of thickness #sc4v, and the top electrode for patterning the
SAW IDTs. The IDTs with width w and spacing s enable
lithographic definition of the resonance wavelength:

A=2(w+5s)

The passive reflector electrodes enable effective energy
confinement in the acoustic cavity defined by the IDTs. For
as-deposited N-polar ScAIN, the polarization points
downwards. As such, it is possible to switch the polarization
of ScAIN under signal electrode IDTs, ground electrode IDTs,
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reflectors, or a combination of these for local tuning of the
piezoelectric coupling, to program the resonator frequency
and Sy, reflection coefficient as shown in Figure 1B.

B. Analytical Modeling and COMSOL Simulations

The key design considerations for a ferroelectric SAW
resonator are the switching voltage V¢ and the
electromechanical coupling coefficient &k (Figure 2). V¢
scales linearly with fsciv. As such, thinner ScAIN enables
lower switching voltages:
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Figure 2: A). Periodically repeating unit cell along the X-axis for
COMSOL modeling to simulate ki and ferroelectric switching. B).
ScAIN thickness-dependence of the coercive voltage Vc (for Ec = 5
MV/em) and simulated coupling coefficient ki for the film-stack.

COMSOL finite element modeling (FEM) was performed
to determine the non-linear dependence of kon fs.4y using a
unit cell of the SAW device with periodic boundary
conditions. For a SAW device with A= 1.6 um, the
maximum simulated value of k? = 0.99% was achieved for
tscaiv = 100 nm. Unlike conventional SAW devices which
are made on thick substrates >> A and without a bottom
electrode, the need to: 1). reduce V¢ and 2). template c-axis
ScAIN necessitate the chosen thin-film stack. To template
high crystal quality ScAIN while maintaining a sufficiently
large k7 and to avoid using extremely large voltages, tg.ay =
200 nm was used for devices in this paper.
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Figure 3: A). SAW resonator polarization configurations with ScAIN
under the signal and ground IDTs switched up or down, denoted by
U and D, and shown with black and white arrows respectively. B).
Simulated admittance of each configuration showing a resonant
response for as-fabricated SAW devices and suppression of the
resonance with signal or ground IDT up-switching. The inset mode
shapes show relative displacement for high and low piezoelectric
coupling. The ScAIN polarization in the regions without metal
coverage is assumed to be down-switched in all 4 configurations.

COMSOL was also used to simulate and verify the SAW
resonator programming due to polarization switching. Figure
3 shows admittances for 4 distinct polarization states. As-
fabricated devices with uniform polarization pointing

downwards (signal D, ground D) show a resonant admittance
response. With ScAIN polarization switching under either of
the signal or ground electrodes (signal U, ground D or signal
D, ground U), the resonance is almost completely suppressed,
resulting in a capacitive response. This result can be
explained as an averaging effect of the alternating opposingly
poled ScAIN under the signal and ground electrodes that
leads to an average near-zero piezoelectric coupling in the
SAW resonator cavity. For up-switched ScAIN under both
sets of IDTs (signal U, ground U), both, a frequency shift and
resonance amplitude change are observed.

III. EXPERIMENTAL RESULTS

A. SAW Resonator Fabrication

200 nm ScAIN films with 22% and 30% doping were
deposited on continuous Pt and Mo bottom electrodes
respectively by reactive co-sputtering (Sc) of scandium and
aluminum (Al) in nitrogen. A double-layer lift-off process was
to evaporate 10 nm/100 nm Ti/Au metal electrodes with
contact pads, routing lines, and test capacitors patterned using
contact photolithography (smallest features = 3 um), and the
metal IDTs patterned using electron-beam lithography. The
IDT width w were designed to be from 1 pm down to 400 nm,
corresponding to target SAW frequencies in the 1-3 GHz
range for the two ScAIN compositions. Figure 4 shows a
scanning electron microscope (SEM) image and zoom-in of a
ScAIN SAW device with 400 nm IDTs including a process
simulation with MEMSPro to verify high-fidelity contact with
the 2-layer evaporation.

Contact lithography

Process check: MEMSPro

Figure 4: SEM image of a SAW device with 400 nm IDTs, including
a zoom-in view of the overlapping metal layers patterned with e-
beam and contact lithography. A 3D isometric view serves as a
process check to confirm high-fidelity contact between the two layers.

B. SAW Resonator Characterization

A network analyzer (Keysight ES061B) was used to measure
S11 amplitude and phase of SAW devices on 30% ScAIN with
Mo bottom electrode. Figure 5 shows data for 1 pm and 400
nm SAW IDTs with resonances at 1.35 and 2.75 GHz
respectively. The 1.35 GHz resonator has a high Q-factor
(Q =915) as determined from the expression below [16]:

_ (49 1514 |
¢=o (E) (1 - |511|2>
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Figure 5: S11 amplitude and phase, and Y11 admittance plots for 30%
ScAIN SAW devices with 1 um (top) & 400 nm (bottom) IDTs.

Here, ® and % are the angular frequency and group delay.

The measured values of &7 at 1.35 and 2.75 GHz are 0.54%
and 0.98% respectively, in close agreement with simulated
values. Table 1 summarizes the performance of the devices.

Table 1: Frequency, coupling coefficient, and quality factor for 1
m and 400 nm IDT devices on 200 nm 22% ScAIN

IDT width | Frequency Coupling Quality
w (um) (GHz) coefficient kZ (%) | Factor Q

1 1.35 0.54 915

0.4 2.75 0.98 226

C. ScAIN Ferroelectric Characterization
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Figure 6: Polarization vs. E-field (PE) loops for 1.1 and 2.3 GHz

SAW devices and a test pad on 22% ScAIN. The devices in this paper

show lower remnant polarization in comparison with an in situ

deposited metal pad (outer green loop), potentially due to surface

oxidation as a result of exposure to ambient oxygen.

Ferroelectric characterization of 22 % ScAIN was done
for 1.1 and 2.3 GHz SAW devices, and a 40 pm diameter test
pad. A Sawyer-Tower circuit with a continuous wave (CW)
1 kHz positive-up-negative-down (PUND) input was used for
ferroelectric wake-up of the tested devices, using a 11.8 kQ
series resistor to measure switching and leakage currents. The
coercive field and remnant polarization pairs (E¢, P;) for the
1.1 and 2.3 GHz SAW devices were (5.4 MV/cm, 38.9
uC/cm?) and (5.4 MV/cm, 53.6 uC/cm?) respectively, lower
than that of a 50 um x 50 pm test capacitor (5.6 MV/cm, 72.5
uC/cm?). This indicates incomplete saturation, likely due to

the 2-3x larger area of the SAW devices and large access
resistance of the IDTs. For reference, an in situ deposited
metal pad on ScAIN has a larger remnant polarization than
the SAW devices, a likely consequence of ScAIN surface
oxidation because of exposure to the ambient.

D. SAW Intrinsic Ferroelectric Switching
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Figure 7: A). Si1 amplitude (in dB) and B). phase (in °) for a 2.3 GH
22% ScAIN SAW resonator showing two-state ScAIN programming.
The as-fabricated, up-switched, and down-switched responses
demonstrate reversible polarization switching, which enables
turning off of the piezoelectric coupling and its full recovery to
demonstrate a programmable resonator.

Two-state ScAIN programming (hard-switching): Single-
sided triangular pulses of + 6 MV/cm (larger than the coercive
field), were applied to the SAW signal IDTs to sequentially
up-switch and down-switch the ScAIN underneath them,
followed by Sii measurements after each switching cycle.
Figure 7 shows S;; amplitude and phase responses of a 2.3
GHz 22% ScAIN SAW device for as-fabricated, up-switched
(-6 MV/cm pulses), and down-switched (+6 MV/cm pulses)
cases. Consistent with COMSOL modeling, the resonance
vanishes with up-switching of ScAIN due to an average
turning off of piezoelectricity in the device but is fully
recovered with down-switching. This process is repeatable
over multiple cycles, demonstrating reversible intrinsic
switching of the resonator with minimal degradation.
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Figure 8: A). S11 amplitude (in dB) and B). Q-factor as a function of
increasing up and down switching fields between 2-5 MV/cm on
ScAIN. Si1 and Q, both decrease with up-switching due
depolarization with a dramatic decrease at 5 MV/cm, followed by a
nearly complete recovery with repolarization via down-switching.

Multi-state programming (partial-switching): Progressively

larger negative pulses from —2 to —5 MV/cm were applied to
the signal IDTs to partially up-switch 22% ScAIN. This was
followed by down-switching with increasing positive pulses
from 2 to 5 MV/cm. The RF response of the SAW device was
measured after each switching input (Figure 8). The amplitude
ofthe Sy, reflection is observed to progressively decrease with
large negative amplitudes, with a sharp drop at -5 MV/cm
which indicates depolarization of the SAW device (Figure
8A). By applying increasing positive pulses, the ScAIN is
progressively down-switched which repolarizes the device
and recovers the resonant response of the SAW. The
depolarization and repolarization are also reflected in the Q-
factor of the SAW, which decreases with up-switching (from
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344 to 17) and increases with down-switching (from 17 to
270). The incomplete recovery of Si; and the Q-factor can be
attributed to partial degradation of the ScAIN during the >
10,000 switching pulses applied with the CW switching setup.

IV. CONCLUSIONS

Intrinsic ferroelectric switching of 1-3 GHz ScAIN SAW
resonators has been demonstrated for 22% and 30% ScAIN.
The polarization switching is able to completely turn off as
well as fully recover the piezoelectricity in the SAW device.
Hence, the paper demonstrates a programmable resonator
towards reconfigurable and adaptive filters. Two-state and
multi-state switching of the ScAIN present a viable pathway
towards a CMOS-compatible programmable filter with
frequency and amplitude control. The ability to track Si; and
Q-factor as a function of progressively larger switching fields
also opens up opportunities for using highly-doped ScAIN for
programmable signal processing and sensing applications.
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