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Abstract—Scandium doped Aluminum Nitride (ScAIN) has
become a piezoelectric material of interest for Bulk Acoustic
Wave (BAW) resonators as it offers an intrinsically high elec-
tromechanical coupling (k?). However, little is known about
ScAIN at mm-wave frequencies. In this work, we demonstrate
an innovative Overmoded Bulk Acoustic Resonator (OBAR)
design that incorporates 35% Scandium doped Aluminum Nitride
(Sco.35Alp.65N) piezoelectric layer. The ScCAIN OBAR presented
herein is a BAW device that is excited in the 2" overtone by
means of the ScAIN layer and a stack of metal electrodes that act
simultaneously as acoustic cavity and as acoustic Bragg mirrors.
The fabricated device demonstrates k2 of 6.1% and Quality
factor (Q) of 114 at 52 GHz - a substantial improvement in the
k? - Q figure of merit of ScAIN acoustic resonators at mm-wave
frequencies.

Index Terms—Scandium Aluminum Nitride (ScAIN), mm-wave
resonator, acoustic resonator, overmoded bulk acoustic resonator
(OBAR)

I. INTRODUCTION

Bulk Acoustic Wave (BAW) resonators are prevalent in
the commercial market for signal filtering and timing appli-
cations below 6 GHz as they offer compact footprint and
high performance [1]. As the industry continues the trend of
moving towards higher frequency bands for faster wireless
communications, the demand for compact high performance
filters continues to increase.

However, significant challenges in scaling BAW resonators
to operate at mm-wave frequencies still remain. Directly
thinning down the piezoelectric layer thickness to increase res-
onant frequency results in thinner electrodes and reduced film
quality, translating into a degradation in the electromechanical
coupling (k?) and quality factor (Q). Utilizing an overtone
instead of the fundamental frequency to increase resonant
frequency results in a severe reduction in k? due to charge
cancellation in the piezoelectric material [2], [3]. Because the
resonator k7 and Q directly correlate to filter performance,
such as bandwidth, insertion loss, out of band rejection and
roll off [4], it is critical to address these challenges.

One method used to tackle these challenges has been
research into novel resonator designs. The combined overtone
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Fig. 1. 3D schematic of a unit SCAIN OBAR device. Multiple such units
may be chained together.

resonators hybridize thickness and lateral extensional modes,
enhancing the k7 [5]. The periodically polarized resonators
mitigate the effects of charge cancellation by inducing over-
tones through piezoelectric layers of alternating polarity [6],
[7]. The solidly mounted Overmoded Bulk Acoustic Res-
onators (OBAR) use a second overtone to operate at mm-wave
frequencies and incorporate partial transduction main cavity
and acoustic Bragg mirrors to mitigate the k7 degradation from
operating in overtones [8], [9]. Fig. 1 shows a 3D schematic
of a solidly mounted OBAR.

Another method used to tackle the challenges has been
research and development of novel piezoelectric materials.
Scandium doped Aluminum Nitride (ScAIN) has recently
become a material of interest for BAW resonators as it has
an intrinsically higher k7 than Aluminum Nitride (AIN), and
its material properties can be tuned by varying the amount of
Scandium doping [10]. Additionally, ScAIN sputtering allows
broad material choices for metal electrodes. In this work, we
demonstrate the 35% ScAIN OBAR, combining the advantages
of the ScAIN and the solidly mounted OBAR. The fabricated
and measured ScAIN OBAR operates at 52 GHz, with kf of
6.1% and Q at series resonance of 114.

II. DESIGN AND FABRICATION

A. OBAR Design

The solidly mounted OBAR is comprised of the main cavity,
the acoustic Bragg mirrors, and the electrodes. The main cavity
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Fig. 2. (a) Mirror Transmissivity simulated with Mason equivalent circuit.
(b) 2D FEA simualtion of mechanical displacement for the SCAIN OBAR.

excites a second overtone through partial transduction, and
confining as much acoustic energy as possible in this region
is necessary to achieve high k7. The acoustic Bragg mirrors
are alternating layers of materials with high and low acoustic
impedance which reflect acoustic energy back into the main
cavity. The electrodes route and connect the resonators. We
model the acoustic Bragg mirror with the Mason equivalent
circuit for thickness mode transducers [11] to simulate its
transmissivity of acoustic energy. We optimize the Bragg
mirror to best suppress undesired resonance modes while
reflecting as much acoustic energy back into the ScAIN layer
as possible around the resonant frequency. After establishing
the Bragg mirror design, we use the Mason equivalent circuit
simulations to optimize the ScAIN thickness to achieve res-
onant frequency of 50 GHz and highest k? possible. Then,
we simulate the complated OBAR design with Finite Element
Analysis (FEA) methods to verify the design. Fig. 1 shows the
3D schematic of ScCAIN OBAR unit device, and Fig. 4 shows
the finalized design cross section.

B. Device Fabrication

The fabrication flow for ScAIN OBAR is shown in Fig.
3. The process starts with the sputtering of metals and the
35% ScAIN (Scg.35Alp.65N) onto a Sapphire substrate. These
depositions steps are performed at Fraunhofer FEP [12]. The
metal layers sandwich the ScAIN. The layers close to the
ScAIN will form the acoustic Bragg mirror, while the layers
furthest away will form the electrodes.

First, the top Bragg mirror is patterned with photoresist and
ion milled until the ScAIN layer is reached. This patterns the
top electrode of series connected resonators.

Second, the bottom Bragg mirror is patterned with photore-
sist and ion milled until the Sapphire substrate is reached.
This defines a unit device formed by the series connection of
2 resonators through the floating electrode.

Third, a 1.1 pm thick SiOs film is sputtered to form dielec-
tric spacers for the routing electrodes between the resonators.

Fourth, the SiO; is patterned with photoresist and etched
with an advanced oxide etcher. This anisotropic etch opens up
the via holes for contacting the top electrodes.

Fifth, a 1.4 pm thick aluminum film is sputtered, patterned
with photoresist, and etched with a chlorine based reactive ion

Deposited Mirror 1. Top Mirror Etch 2. Bottom Mirror Etch
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Deposition Spacer Etch Pattern
Al Si0,
W Au
Ti Al,O; Substrate
ScAIN
Fig. 3. Cross sectional diagram of ScAIN OBAR fabrication steps. The

aspect ratio of the diagram is not to scale, and the lateral dimensions are
approximately 100x larger than thickness dimensions.

etch. This forms the interconnects and the probe pads, finishing
the fabrication process. The resulting device is encapsulated in
an oxide matrix, with only the aluminum electrodes exposed to
the environment. A thin coating of alumina can be deposited
over the electrodes to hermetically seal the device if required.

III. MEASUREMENTS AND RESULTS

Fig. 4 shows a top down view of a fabricated SCAIN OBAR
and its corresponding cross section. We measure the completed
ScAIN OBARs on a Keysight PNA-X Microwave Network
Analyzer with two 100 pum pitch GSG probes. The overall
setup is able to perform measurements up to a frequency of
67 GHz. We perform the calibration with a two-port short-
open-load-thru (SOLT) reference standards on a calibration
substrate.
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Fig. 4. Fabricated ScAIN OBAR and cross sectional diagram.
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Fig. 5. Measured characteristic response of the SCAIN OBAR. Admittance
(dB) is plotted with a blue trace, and the phase of admittance (°) is plotted
with a red trace.

TABLE I
COMPARISON OF FIGURE OF MERITS BETWEEN SCALN OBAR SIMULATION
AND MEASUREMENT

Figure of Merit Design Measured
fs 50.3 GHz | 51.3 GHz
fo 51.6 GHz | 52.6 GHz
k2 6.2% 6.1%
Qs — 114
Qp — 67

We then perform de-embedding with the corresponding on-
chip open and thru test structures and extract the admittance
of the device under test. The measured admittance response is
shown in Fig. 5.

The series resonant frequency (fs) is 51.3 GHz, and the
parallel resonant frequency (f,) is 52.6 GHz. k7 is extracted
from the resonant frequencies [1], and is equivalent to:

K2 — gﬁtan(W) (1)

To extract parameters such as Q at series resonance ((Qs) and
Q at parallel resonance (Q),), the measured admittance is fit
to a modified Butterworth-Van Dyke (mBVD) model [13].
The extracted parameters and the comparison between design
and the measurement are summarized in Table I. Compared
to the simulated design, both the series and parallel resonant
frequencies are 1 GHz higher. The measured k7 of 6.1% is
closely matched with the simulated k7 of 6.2%. The measured
Qs of 114 is greater than measured @), of 67.

IV. CONCLUSION

In this work, we designed and fabricated a 35% ScAIN
OBAR operating at 51.3 GHz. The demonstration achieves Q
of 114 and k? of 6.1%, which is a significant improvement
in figure of merit (k? + Q) over the state of art mm-wave

ScAIN resonators [7], [14]. The ScAIN sputtering allows
broad material choices for metal electrodes and facilitates
incorporation of a fully encapsulated Bragg mirror used in
solidly mounted OBAR. These characteristics show the ScAIN
OBAR is a promising technology for mm-wave acoustics and
filtering applications. Further studies into sources of loss,
incorporation of periodically polarized ScAIN, and further
screening of conductive materials for the Bragg mirror and
electrodes will improve the SCAIN OBAR performance and
provide significant advancements in mm-wave acoustics and
its applications.
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