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Abstract—This work describes the implementation of acoustic
metamaterials (AMs) made of a forest of rods at the sides of a
suspended Aluminum Scandium Nitride (AIScN) contour-mode-
resonator (CMR) to increase its power handling without causing
degradations of its electromechanical performance. The increase
in usable anchoring perimeter with respect to conventional CMR-
designs, enabled by the adoption of two AMs-based lateral
anchors, permits to achieve an improved heat conduction from
the resonator’s active region to the substrate. Furthermore,
thanks to such AMs-based lateral anchors’ unique acoustic
dispersion features, the attained increase of anchored perimeter
does not cause any degradations of the CMR’s electromechanical
performance, even leading to a ~ 15% improvement in the
measured quality factor. Finally, we experimentally show that
using our AMs-based lateral anchors leads to a more linear
CMR’s electrical response, which is enabled by a ~ 32%
reduction of its Duffing nonlinear coefficient with respect to the
corresponding value attained by a conventional CMR-design that
uses fully-etched lateral sides.

Index Terms—Acoustic Metamaterials, Aluminum Scandium
Nitride, Two-Dimensional-Resonant-Rods, Acoustic Reflectors,
Thermal Linearity, Quality Factor

I. INTRODUCTION

In the last decades, Aluminum Nitride (AIN) acoustic res-
onators have been developed and used for a broad range of
applications, including frequency generation, timing, filtering,
sensing, self-interference cancellation, and more [1]-[8]. In
particular, AIN Contour Mode Resonators (CMRs) [3], [4],
[9]-[11] have shown superior lithographic frequency tunability
in a CMOS-compatible fabrication process, allowing to mono-
lithically integrate multiple resonators with different resonance
frequencies (frs). CMRs are formed by a piezoelectric film
sandwiched between two metal layers. Each CMR’s suspended
plate is generally connected to the substrate through two
anchors placed along the in-plane direction (e.g., the y-
direction) that is orthogonal to the main vibrational direction
(e.g., the x-direction). Such anchors, referred to as y-anchors,
generally present a narrow width (even lower than half-
wavelength, A/2) to minimize the amount of acoustic energy
leaking into the substrate. The mitigation of such energy
leakage is key to prevent any reduction of the resonator’s
quality factor (Qs) [12], [13]. However, due to the requirement
of narrow y-anchors to maximize (Qg, the power handling
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of CMRs becomes primarily limited by thermally-induced
Duffing nonlinearity [14]. Moreover, the use of thin-film AIN
with relatively low thermal conductivity exacerbates this non-
linear phenomenon [15]-[18]. Consequently, a trade-off exists,
for CMRs, between power handling and maximum attainable
Qs (and FoM = k7 - Qs, being k;? the electromechanical
coupling coefficient) [19]-[22]. In recent years, the use of
Scandium-doped Aluminum Nitride (AlScN) in microacoustic
piezoelectric resonators has been largely investigated to boost
the k2 of the AIN counterparts [23]-[25]. Such a large
interest is justified by the superior piezoelectric strength of
AlScN in comparison to AIN. Yet, AIScN presents a thermal
conductivity that is up to two orders of magnitude lower than
AIN [26]-[29]. As a result, all the existing AIScN resonators,
including AIScN CMRs, are much more susceptible to Duffing
nonlinearity than the AIN counterparts, inherently exhibiting
lower power handling. This represents a huge limitation when
using AIScN CMRs in filters, since it causes distortion and
loss of information, and in oscillators, since it directly impacts
frequency stability. Therefore, it is necessary to find novel
design features that enable improved thermal dissipations in
AlScN resonators without compromising their achievable Q.

Recently, our group has reported a series of works on
acoustic metamaterials (AMs) formed by arrays of AIN
and AIScN locally-resonant rods. Such AMs present unique
acoustic properties since they are designed to have specific
dispersion characteristics that alternate acoustic passbands and
stopbands within a desired range of frequencies. For instance,
we demonstrated piezoelectric AMs-based devices embodying
a forest of resonant rods designed to suppress any high-
order Lamb waves via a stopband, increasing the mechanical
energy of two-dimensional modes of vibration piezoelectri-
cally transduced in all the rods. These devices constitute a
new class of Bulk-Acoustic-Wave (BAW) resonators, namely
the Two-Dimensional-Resonant-Rods (2DRRs). 2DRRs are
characterized by a considerably larger k,° than other AIN or
AlScN resonators operating within the same band [30]-[33].
In a separate demonstration, we also showed that the same
AMs can be used to form acoustic delay lines, offering
wide fractional bandwidths and high group delays enabled by
the slow-wave propagation characteristics of the AMs-based
structure. [34]-[36].
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Fig. 1. (a) Cross-sectional view of the unit-cell of the reported AMR,
consisting of an A1ScN rod on top of a thin Pt/AIScN plate. (b) Cross-sectional
view of a CMR with a pair of AMRs attached along their two lateral sides.
(c) Scanned electron microscope (SEM) picture of a fabricated CMRAM using
two AMRs, each formed by seven unit-cells.

In this work, we describe the use of AMs to form compact
frequency-selective reflective anchors, from now on labeled as
Acoustic Metamaterials-based Reflectors (AMRs, Figure 1).
We show how using such AMRs along the lateral edges of
an AIScN CMR, in combination with conventional narrow y-
anchors, permits to confine the acoustic energy within the res-
onator’s active region while ensuring a much larger anchoring
perimeter than conventional CMR-designs. As a result, AMRs
provide a substantial release path for the heat generated in
the resonator’s active region, mitigating the thermal nonlin-
earities with respect to conventional, laterally-etched AIScN
CMRs. Figure 1 illustrates our idea by showing a fabricated
Alp72Scp23N CMR attached to substrate via both y-anchors
and AMRs.

II. PRINCIPLE OF OPERATION

This section discusses the operation of CMRs using AMRs
along their lateral sides (CMR*) and explains why using
AMRs permits to overcome the trade-off that currently exists
in the design of CMRs between anchor losses and power
handling. We first provide a review of the CMR-technology.
Then, we outline the operational principle of AMRs. Finally,
we compare CMR*M with CMRs using planar metal reflectors
(MRs) along their lateral sides through a Finite Element
Methods (FEM) investigation.

A. CMRs, Anchor Losses and Thermal Nonlinearities

In their most used design topology, CMRs are formed by
a piezoelectric plate sandwiched between one interdigitated
metal structure (IDT) and a floating metal plate. The IDT-
structure is responsible for the transduction of a longitudinal
mode of vibration from its generated electric field in the
piezoelectric plate. In particular, when relying on c-oriented
hexagonal AIN thin-films, CMRs excite a longitudinal mode of
vibration noted as contour-mode in their suspended membrane,
which coincide with the S, Lamb-wave mode in the limit
of A-being much larger than the CMRs’ thickness. In order
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Fig. 2. a) SEM picture and schematic cross-sectional view of a conven-

tional CMR design uniquely supported by two narrow y-anchors (dubbed as
CMRM): b) SEM picture and schematic cross-sectional view of a CMR
design with un-etched lateral sides (dubbed as CMRC™L); ¢) A comparison
of the measured admittance response for CMRM (in red) and CMR™L (in
yellow).

to piezoelectrically transduce such contour-mode, a standing
wave must form within CMRs’ active region and along CMRs’
lateral direction. Usually, such transduction requires the lateral
boundaries of the membrane to be cut-off and the structure to
be suspended in order to prevent the generated acoustic wave
from leaking into the substrate. In fact, when looking at the
electrical response of a conventional CMR with or without
such etched lateral sides, one would immediately notice that Qy
becomes too small for even being able to electrically detect any
resonance if such sides are left fully-attached to the substrate
(Figure 2). As a result, CMRs have historically recurred to
fully-etched lateral sides despite the fact that only having the
y-anchors to structurally support them heavily shrinks the path
available for the heat generated upon vibration to flow into the
substrate. In fact, CMRs’ rate of heat-flow into the substrate is
inversely proportional to an equivalent thermal resistance (Ry,)
that grows as lower anchoring perimeters are used. Larger Ry,
values relate to larger temperature increases in the CMRs’
body, which in turn induces larger thermal nonlinearities and
degrades CMRs’ power handling [14]. It is worth noting that
relying on a passive temperature compensation is one method
that can be utilized to limit the impact of thermal nonlinearities
in CMRs [37], but this method often comes with degradations
of CMRs’ electromechanical performance. Moreover, while
using AIScN offers a significant performance improvement in
terms of k2 with respect to AIN, this material is characterized
by a thermal conductivity that is up to two orders of magnitude
smaller than AIN [29]. As a result, for any selected anchoring
strategy, AIScN CMRs exhibit significantly worse thermal
linearity than their AIN counterparts. This represents a huge
challenge that is calling for new AIScN CMR-designs granting
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Fig. 3. FEM-analysis of CMR-designs with different W, values when using fully-etched lateral sides [dubbed as CMRNY, see (a-b)] or alternatively, when
using two AMRSs attached to the CMRs’ lateral sides [dubbed as CMRAM | see (c-d)]. In a) the admittance magnitude of the different analyzed CMRENY.
devices is reported; in b) the at-resonance total displacement modeshape for CMRNV-devices using three different W}, values is reported; in c) the admittance
magnitude of the different analyzed CMRA¥-devices is reported; in (d) the at-resonance total displacement modeshape for CMRAM-devices using two different
W) values is reported; in e) the acoustic transmission (7") for the AMRs used by the CMR*M_devices used in (d) is plotted vs. frequency; in f) the total
pressure distribution extracted from the FEM simulation we run to extract (e) is plotted for two different frequencies, within or outside of the widest AMRSs’
BG; in g) the lateral wavevector (k) for the contour-mode in the AMRs is plotted vs. frequency, showing the existance of two BGs; in h) schematic
cross-sectional view of unit-cell and boundary-conditions used during the FEM extraction of (g).

improved thermal linearity without affecting the achievable
electromechanical performance. The nature of this challenge
unfolds as we realize that the acoustic motion to be leveraged
and the heat accumulation in CMRs’ body to be minimized are
both originated from elastic vibrations. Meanwhile, the com-
plex ballistic process of heat and acoustic phonons that may
impair the heat conduction only occurs when the characteristic
dimension of the vibrating structure becomes smaller than
the mean free path (MFP) of heat phonons. Therefore, when
analyzing CMRs’ ability to dissipate heat, we can reasonably
treat the heat conduction from CMRs’ active regions into the
substrate as a diffusive process which obeys Fourier’s law
[29], [38]-[40]. Such assumption helps us largely simplify
the investigation and helps us lay out our design strategy.
In fact, to improve the thermal linearity of CMRs we just
need to increase the total anchoring perimeter, and finding
ways to introduce anchors even along the lateral directions
represents the most effective way to do it. Yet, these anchors
should be characterized by a frequency selectivity that inhibits
the propagation of acoustic waves to prevent any undesired
acoustic leakage. This is key in fact to reduce Ry, while
preserving a high-Qs. In the next section, we will explain how
and why a set of two AMRSs placed along the lateral sides
of CMRs allows to meet this need. Also, we will show that
AMRs offer significant advantages compared to classic MR-
topologies [41].

B. Acoustic Metamaterials-based Reflectors

Inspired by electromagnetic (EM) metamaterials, AMs have
recently attracted interest from several research groups seeking
novel ways to re-engineer acoustic devices [42]-[53]. AMs
gained traction by taking advantage of unique surface features
to manipulate the dispersion and reflection of acoustic waves
propagating along the solid/fluid interface [42], [45], [47].
More recently, the use of AMs has been proposed towards
novel ultrasonic frequency selective devices [43], [44], [48],
[50]-[52], [54]. A common feature of all these prior works is
the attempt to leverage the exotic dispersion features of AMs
to generate passbands and stopbands for acoustic wave manip-
ulation. Similarly, in this work, we have explored the adoption
of AMRs to generate stopbands that can help tackle the design
challenge introduced in Section II-A. Like other AMs-based
structures previously demonstrated by our group, AMRs are
formed by a forest of piezoelectric rods built on a thin plate.
Both such plate and the rods are attained by partial-etching
the same AIScN plate used as active material in the CMRs’
body. Figure 1-a describes the structure of a unit-cell of AMRs,
which is formed by an unpatterned bottom Pt-layer underneath
a corrugated AlIScN film. AMRs are directly built along the
lateral sides of a CMR by cascading a chain of AMRS’ unit-
cells, as shown in Figure 1-b,c where both AMRSs’ cross-
sectional and top views are presented. As explained above, our
goal is to maintain CMRs’ lateral connections to the substrate
in order to conduct the heat away from the plate while
simultaneously constraining the acoustic energy in the active
region (Figure 1-c). To verify AMRSs’ ability to inhibit the
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propagation of the contour-mode excited by CMRs, one could
directly investigate AMRSs’ wave-propagation characteristics.
In this regard, Tzung-Chen Wu et al. analyzed the Lamb wave
dispersion of a similar grooved structure in [50], and found
that the topology added by rods or pillars that are comparable
or even thicker than their supporting plate can change dramat-
ically the velocity of the Lamb modes propagating along the
plate. Such hybridization-process can leads to the generation
of multiple Bragg bandgaps (BGs) in the acoustic transmission
spectrum relative to incident longitudinal modes exhibited by
such corrugated AMs-based structure. Also, such BGs become
wider as thicker rods are used due to a phenomenon of
mode-coupling involving multiple Lamb modes. Given such
intriguing acoustic dispersion features, we first recurred to
a Finite Element Model (FEM) to verify whether AMRs
placed along the lateral sides can really generate large BGs
constraining the vibration produced by CMRs along their
lateral direction (Figure 3). During this FEM investigation,
ten CMR-pairs characterized by different IDT pitches (W,
labeled as P;-Pjo) were defined. In each pair, one device
(labeled as CMRAM, Figure 3-c,d) was implemented with
AMRs formed by seven unit-cells with the same numerically
optimized geometry used in our experiments, while the other
(labeled as CMRMY, Figure 3-a,b) used stress-free lateral
boundaries. We report in Figure 3-a the admittance response
of the simulated CMR"Y-devices, each one having a different
fres-value set by its IDT pitch [W,, is tuned from 6 um (P;)
to 15 ym (Pjp)]. In Figure 3-b, examples of the at-resonance
total-displacement modeshapes are reported for the CMRM-
devices with W, respectively equal to P, Ps and Py. The
admittance responses for CMRA¥-devices employing the same
W,-values used for the analysis of the CMR"-devices are
also reported in Figure 3-c. Comparing Figure 3-c against
Figure 3-a, it is easy to notice that the CMR*¥-devices do
not show any strong resonances for frequencies below 280
MHz, contrary to the CMRV-devices. Yet, the CMRAM-
devices show clear responses when their resonance falls into
the 280-550 MHz range. In order to understand the origin
of such a frequency-selective electrical response, it is useful
to look at the at-resonance total displacement modeshapes
relative to two CMR*-devices, with resonance frequencies
below and above 280 MHz respectively. For this purpose, we
report in Figure 3-d different total-displacement modeshapes
for the CMR*¥-devices with W, equal to P, and Py. Evidently,
the CMR*M-device with W, equal to Py exhibits a rapidly
decaying displacement profile along AMRSs’ length, thus show-
ing negligible anchor losses. In contrast, the CMR*M-device
with W, equal to P, shows a significant displacement along
the AMRs’ length, justifying the presence of unsustainable
anchor losses that ultimately render the device’s admittance
almost undetected. The cause of such a difference has been
studied through FEM by simulating the acoustic transmission
(T)) frequency-response of the same AMR-structure used by
the analyzed CMR*-device when considering a longitudinal
wave incident upon one of AMR’s lateral sides. Interestingly,
as shown in Figure 3-e.f, we verified that a region of zero-
transmission exists covering the entire 280-550 MHz range,
thus explaining the ability to confine the acoustic energy
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Fig. 4. a) Plot of the FEM-extracted transmission of the AMRs used in Figure
3 wvs. frequency, when varying the thickness of the rods (77-); b) Plot of the
contour-mode’s k, versus frequency for AMRs used in Figure 3 and for the
same 77 values used during the extraction of (a).

within their cavity that all CMRA*-devices operating within
such frequency range exhibit. In addition, another narrower
zero-transmission frequency range exists, covering the ~800-
850 MHz band. A large transmission is instead found across
the remaining portion of the analyzed spectrum. A set of total-
displacement modeshapes extracted from this latter analysis is
provided in Figure 3-f, showing the total pressure distribution
for two different frequencies of the incident wave. Evidently,
when an incident acoustic wave has a frequency falling out of
the two zero-transmission bands, it can propagate through the
AMR. Differently, when the incident wave has a frequency
included in such bands, it cannot propagate along the AMR,
decaying exponentially along its length.

In order to identify the origin of the AMR’s zero-
transmission bands, an eigenstudy has been performed through
FEM by using one AMR’s unit-cell and by applying Floquet
periodic conditions (FPCs) along its lateral boundaries. The
AMR’s computed 1-dimensional Bloch diagram within the
first Brillouin zone (positive half) is shown in Figure 3-
g.h, capturing the wavevector (k,) of the contour-mode vs.
frequency. Evidently, this analysis confirmed that the two
zero-transmission bands found in the previous acoustic FEM-
investigation of the considered AMR-structure originate from
two acoustic BGs that cover exactly the same bands occupied
by the zero-transmission regions in Figure 3-e. As already
mentioned, another feature that emerged from this FEM in-
vestigation is the existence of a second BG, centered around
twice the center frequency of the first one. In line with what
already observed in [50], the origin of such a second BG is
to be attributed to the rods, which generate new regions of
inhibited propagation when their thickness is comparable or
higher than the thickness of the supporting plate.

This has been confirmed by simulating through FEM T
and k, vs. frequency for increasing rod-thicknesses (7, see
Figure 4) and when assuming the same in-plane AMR’s unit-
cell geometry considered in Figure 3. Evidently, as the ratio
of T; to the thickness of AMR’s AlIScN plate (7)) increases
above ten percent, the main AMR’s BG starts widening and
the second and narrower BG starts forming. We speculate that
the near 2:1 correlation between the center frequencies of the
identified BG is to be attributed to an elastic energy storing
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Fig. 5. Comparison between the trends of the contour-mode’s ki vs.

frequency for AMRs (in blue), for MRs made of aluminum (in yellow) and
for MRs made of platinum (in red).

effect becoming more significant as larger corrugations of the
AlScN layer are formed. It is worth mentioning that a similar
effect occurs in the MRs used by Surface Acoustic Wave
(SAW) resonators operating at frequencies lower than the cut-
off frequency for BAW-propagation. In such a scenario, in
fact, MRs exhibit a total-reflection at twice the fundamental
Bragg-frequency.

C. AMRs vs. Planar Metal Reflectors

While in the previous section we have described the op-
erational principles of AMRs and discussed the origin of
AMRs’ BGs, it is natural to wonder how AMRSs’ performance
compare to those of MRs. Historically, MRs have been widely
used as acoustic reflectors for SAW resonators and transversal
filters. They are formed by gratings of metallic strips that
create a spatial modulation of the acoustic impedance (Z,.)
along the SAW propagation direction. Such a Z,.-modulation
produces a BG that ultimately inhibits the lateral propagation
of Rayleigh waves along MRs’ width.

As proven in [41], MRs can also be used along the lateral
sides of AIN Lamb wave resonators to avoid etching their
sides. Yet, the perturbation of the Lamb modes’ dispersion
properties caused by the use of MRs can be significantly
different from the one generated by AMRs. Therefore, it is
important to compare AMRs’ and MRs’ performance with
respect to their ability to reflect the acoustic energy produced
by CMRs and to favor a heat-flow along the lateral direction.
In particular, two key metrics need to be considered when
comparing such two reflector-structures: the fractional width
of their widest BG and their minimum size to ensure a strong
enough confinement of the acoustic energy and, consequently,
to maximize Q. In order to compare AMRs vs. MRs, we
relied on a set of FEM simulations. First, the dispersion curve
for the contour-mode has been extracted when considering a
MR formed by a 120 nm-thick aluminum layer (e.g., the same
top-metal thickness and material used in our experiments) and
having the same pitch used by the AMR considered in Figure
3. Evidently (Figure 5), AMR’s widest BG has a bandwidth
that is more than twice the size of the analyzed MRs’ BG.
This has two crucial practical consequences. First, when using
AMRs as lateral anchors of CMRs they ensure performance
that are less sensitive to undesired process-variations, which
often cause shifts in the center frequency of the BG with
respect to the originally targeted one. Second, the same pair of
AMRs can be used to confine the acoustic vibration produced
by a large pool of CMRs with different resonance frequencies.
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Fig. 6. a) 3D Schematic view of two CMRs, one using MRs along its lateral
sides and the other using AMRs; b) plot of the simulated Qs vs. the lateral
length (L) of each adopted reflector for: in blue- a CMRAM using the same
optimized unit-cell geometry used in Figure 3; in red- a CMR using optimized
MRs made of platinum; in yellow- a CMR using optimized MRs made of
aluminum. The plotted Qs-values are normalized to an arbitrarily selected
maximum value which was set to 10000 in our FEM simulation. The L™"
value for each of the investigated topologies is also reported in the inset.

Obviously, this is important as it simplifies the complexity
of the fabrication process required to manufacture multiple
CMR*M_devices with different resonance frequencies on the
same wafer.

Another FEM simulation was run to estimate the minimum
size (L,™") of AMRs and MRs when used as lateral anchors
in CMRs (Figure 6). In order to find L™n we extracted the
normalized distribution of the achievable Qg (normalized to
an arbitrarily chosen intrinsic value, @4z, set to 10,000 in
our FEM simulation) vs. the size of the AMRs or MRs used
by a CMR to minimize the acoustic energy leakage. In this
analysis, the CMR’s f-value (~443 MHz) was assumed
to be included in both the BGs formed by our analyzed
AMR- and MR-structures. Then, we identified L™" as the
L,-size ensuring normalized Qs-values equal to 0.9. For a fair
comparison, MRs formed by Pt or Al were also considered
here. It is worth mentioning that using aluminum to form
MRs for CMRs is practically easier since CMRs generally
use Al top-IDTs and no additional fabrication steps would be
needed to build the MRs. However, Al offers relatively low
values of reflectivity when placed on AlScN, thus being not the
best material to use when targeting a MR-design. In contrast,
platinum offers a significantly larger reflectivity when placed
on AIScN films. Yet, the use of platinum to form the top-
IDT of CMRs is not ideal due to the higher thermoelastic
and ohmic dissipations that CMRs’ Pt IDTs cause. Excitingly,
our simulation clearly shows that L,™" is significantly lower
for AMRs than for MRs made of Pt or Al. Therefore, we
can conclude that AMRs provide a more compact solution
than MRs. This generates two key advantages. First, CMRAM-
devices can be smaller than CMRs using MRs. Secondly and
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Fig. 7. A 3D-FEM study for the extraction of Ry for CMRNY (in red),
CMRAM .7 (in blue) and for CMRs using optimized aluminum (in yellow)
and platinum (in orange) MRs along their sides. For these two last cases
we considered a length for the MRs equal to the corresponding L,™" values
found in Figure 6. The extraction of Ry, for all these devices passed through
the evaluation of the average temperature originated in their suspended portion
when applying a 1 mW power in their active regions and after setting heat-
sinks at the outer edges of all the anchors. The extracted values of Ry, for all
the considered cases is reported.

most importantly, due to their more compact size with respect
to MRs, AMRs generate a shorter path for the heat generated
into CMRs’ active region upon vibration to flow into the
substrate. This results into a lower Ry, and, consequently, in
lower thermal nonlinearities and higher power handling. In
order to demonstrate this feature, we numerically computed
Ry, for a CMRA¥-device using the optimum number of unit-
cells based on the calculated L,™". Ry, was also computed for
two corresponding CMRs with the same design of the active
region used by the CMR*M-device but relying on Pt and Al
MRs, optimally-sized based on the calculated corresponding
L™ values found in Figure 6. Finally, as a reference, we
computed Ry, for a conventional CMR suspended exclusively
through the y-anchors. For all these calculations, Ry, was
determined following Eq. 1 and by using the results of ad-hoc
3D-FEM thermal simulations predicting both the thermal time
constant (t¢,) and the thermal capacitance (Cy,) of the devices
under-study. Evidently, among all the investigated devices, the
CMRAM_device shows the lowest Ry,.

Tth = Ry - Can (D

It is worth to emphasize that the identification of Ry, is
particularly important as it allows to predict which devices in
a pool of devices are expected to be more or less affected
by thermal nonlinearities. In fact, the nonlinear Duffing coef-
ficient (oa¢ [14]) capturing the distortion of CMRs’ admit-
tance response caused by thermal nonlinearities is directly
proportional to Ry,. Thus, regardless of which lateral anchoring
strategy is used to achieve the highest possible quality factor
value, the thermal linearity of a CMR will be ultimately set
by Rin.

III. EXPERIMENTS AND ANALYSIS

To validate the new reported AISCN CMR*M-design using
AMRs, we built and tested six sets of lateral-field-excited
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Fig. 8. Fabrication flow used to build all the devices reported in this work.
a) Sputtering deposition of 5 nm/60 nm Ti/Pt on top of Si; b) A reactive
co-sputtering of Al and Sc in a N, atmosphere under 350 °C to form the
Alp72ScoogN film; c) Sputtering and lift-off steps to create the Al IDTs ;
d) Partial Al 72ScgN-etch using ICP-RIE and a patterned SiO; layer as a
hard mask; e) the remaining portions of SiO, are removed by dry-etching
and the devices are released by an isotropic XeF, Si-etch. A top-view SEM
picture and XRD 2-theta scan and Omega scan of the Alp7,ScoogN film are
also shown, to observe the AIScN film’s low density of abnormally oriented
grains (AOGs), as well as its good crystallinity resulting into a the rocking
curve with 1.9° Full-Width-Half-Maximum (FWHM).

(LFE) Alg7,Sco23N CMRs with identical active regions, mate-
rial composition and y-anchors’ width. In this study six differ-
ent lateral anchoring strategies were explored. One configura-
tion (CMRY) consists in a regular CMR-design with lateral
sides fully-etched to form stress-free boundaries. Another
configuration (CMRC™") was designed with the AlScN plate
un-etched along the CMR’s lateral sides. The four remaining
configurations (CMRAM Nu=135.7) were designed with AMRs
along the CMRs’ sides formed by 1, 3, 5 and 7 unit-cells
respectively, and with an identical numerically optimized unit-
cell geometry (7, = 350 nm, W, = 4 ym, W, = 8 um). It is
worth emphasizing that the unit-cell geometry we used for
our experiments is the same we relied on in the simulations
we reported for the CMRAM, - considered in Figure 3. All
the devices were fabricated on the same wafer by using the
fabrication process summarized in Figure 8. In particular,
starting from a Si-substrate, we deposited (and patterned under
the pads) a 5 nm/60 nm Ti/Pt layer (Figure 8-a). Then, we
deposited a 500 nm Aly72ScoosN film (Figure 8-b) by co-
sputtering Al and Sc at 350 °C in a nitrogen plasma. The
achieved effective concentration of Sc-doping was controlled
by individually tuning the power levels on the Al- and Sc-
targets. Next, a room-temperature sputtering and lift-off step
was performed to pattern a 100 nm-thick Al layer, forming
the IDTs of all CMRs under-investigation (Figure 8-c). Later,
we deposited a 200 nm-thick Au layer to form the electrical
routing traces and probing pads (this step is not shown in
Figure 8). Then, a SiO,-layer was deposited via Plasma
Enhanced Chemical Vapor Deposition (PECVD) and patterned
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Fig. 9. Measured and fitted admittance responses of the best measured

devices for all the investigated CMR-configurations; a) shows the admittance
magnitude (|Y]) for CMRMY, CMR¢"L and CMRA [1,3,5,7] within a span
ranging from 435 MHz to 535 MHz; b) measured wide-span admittance
response for the best CMR™Y and CMRAMy,_; tested in this work; c)
Measured trends of Qs and Qp vs. the number of adopted unit-cells for
CMRAM [1,3,5,7] and CMRCL. The Qs and Q, values exhibited by CMRNY
are also reported.

through Ton Coupled Plasma Reactive Ion Etching (ICP-RIE)
to create an hard-mask for etching the Ti/Pt/Aly72Sco 28N stack
and open the release pits (this step is also not shown in Figure
8). After the release pits were created, a second patterning
of the same SiO;-layer was performed to generate the hard-
mask required to form AMRs’ rods (Figure 8-d). Finally,
the remaining SiO, was removed through dry-etching and all
devices under-investigations were released by an isotropic Si-
etch in XeF,, as shown in Figure 8-e. A top-view scanning
electron microscopy (SEM) picture and an X-ray diffraction
(XRD) 2-theta and Omega scan of the Aly7,Scg2gN film are
shown in the right inset of Figure 8 to demonstrate the low
density of abnormally oriented grains (AOGs) and the good
crystallinity we were able to achieve for our Aly7,Scg N film.
A SEM picture of CMR*™ . _; is shown in Figure 1-c.

After building the devices, we measured their admittance
responses. The measured admittance magnitude ([Y'|) for the
best devices tested for each analyzed configuration is shown
in Figure 9. In particular, Figure 9-a shows |Y| from 435
MHz to 535 MHz, thus within the widest BG of the adopted
AMRs (see Figure 3-g). The red and yellow curves correspond
to the responses of CMR™Y and CMRC™". The additional
four curves from the measured CMRAY Nu=13,57 are reported
in orange, green, purple and blue, respectively. Evidently, we
observe the at-resonance admittance magnitude to proportion-
ally grow with the adopted number of unit-cells, indicating
an increase of Qs. Not surprisingly, even the quality factor
(Qp) exhibited by CMR*™y,_; 357 at the parallel resonance
frequency shows an increase vs. the number of unit-cells. In
fact, the Qp-value of any CMR generally matches closely to
the CMR’s mechanical (e.g., unloaded) quality factor (Qy,)
and it is mainly limited by anchor losses for CMRs operating
below 1 GHz [13]. The measured trends of Qs and O, vs.
the number of unit-cells (e.g., N,,) is reported in Figure 9-
b. This trend has been attained by testing and averaging the
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TABLE I
MEASURED ELECTROMECHANICAL PERFORMANCE FOR ALL THE BUILT
CMR-CONFIGURATIONS.

Device AVE i STE! | AVE o ste! | K FoM
CMRMV 409 37.3 415 33.1 0.02 8.2
CMRCTL 0 - 0 - - -

CMRAM 48 0.7 54.5 0.4 - -
CMRAM 4 266 69.0 246.3 19.8 0.02 5
CMRAM s | 409.7 89.1 4333 98.2 0.016 6.5
CMRAM, _, 468 70.5 499 81.5 0.02 9.4

! Standard errors (STE) were also computed for the measured Qs and Op
values relative to each configuration tested in this work. The same STE
values are shown in Fig. 9-c as error bars.

measured quality factor values relative to at least three devices
for each configuration. Also, the quality factor values relative
to N, equal to zero in Figure 9-b refer to the ones of CMRCE,
whereas the Qs- and Qp,-values of CMR"" are indicated with
green and blue dashed lines respectively. Interestingly, we
found CMR4M ;7 to exhibit even higher quality factor values
than CMRYY. We speculate that such boosted performance
may be attributed to CMRAMy,_7’s lower anchor losses along
the y-direction than CMRM. Such a loss-reduction may
be enabled by a weaker mode-conversion experienced by
CMRAM,_; along its not straight partially-etched lateral sides
with respect to CMRMY [12]. Finally, a wider frequency-span
for |Y'| is shown in Figure 9-c for CMR**y,,_; and CMRM.
Evidently and as expected (Figure 3), while CMR“MY shows
strong spurious modes in the passbands of the AMRs used by
CMRAM, 5. the unique dispersion features of AMRs render
these modes almost undetected in CMRAM,,_;. This further
confirms that AMRs generate frequency-selective boundary
conditions along CMRAM . _;’s lateral sides that are reflective
only within AMRs’ BGs. Finally, we report in Table I a
summary of the averaged Qs, Op, k?, and FoM attained for
all tested devices and configurations. It is worth noticing that
the adoption of AMRs along the lateral sides of CMRAM-
devices does not degrade the achievable k> with respect to
what attained by CMREM. As a result, the FoM of CMRAM .,
also exceeds the one of CMRM by nearly fifteen percent.
After completing the electromechanical characterization
for the CMR-configurations under investigation, we pro-
ceeded with assessing and comparing the thermal linearity
of CMR*My,_» and CMR. In order to do so, we relied
on the extraction of a ¢ for both configurations. For a fair
comparison between CMRY and CMRAM,_;, the extrac-
tion of aafs was performed by considering a CMRAM -
device among those we fabricated with nearly the same at-
resonance admittance magnitude of the best CMRY. This
choice, in fact, ensures that both devices under-test absorb
the same amount of power, which is critical to compare
their nonlinear characteristics. During the measurements, the
intermediate frequency bandwidth (IFBW) of the input signal
was maintained at 50 Hz to make sure that the sampling rate
was much slower than the devices’ tyg-values, thus ensuring
that any measured nonlinear behavior was caused by thermal
effects. As expected, we observe the peak of the resonance
in the admittance curves bending towards lower frequencies
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Fig. 10. a) Measured admittance response of the best CMRMV device tested
in this work vs. its input driving power; b) measured admittance response vs.
the input driving power for a CMRAMy, _; device with the same at-resonance
admittance magnitude than the CMRM in (a). The fitted values of o.; for
both devices in (a) and (b) are also shown. .

when increasing the input power level (Figure 10-b,c). This
represents a key sign of the presence of thermal Duffing
nonlinearities[14], [21], which cause a softening-mechanism
due to the temperature dependence of the AIScN Young’s
Modulus. The extraction of as ¢ was performed by relying
on an equivalent nonlinear-MBVD (Modified-Butterworth Van
Dyke, [3]) model, following the methodology discussed in
[14]. Such a model replaces the conventional linear motional
capacitance (Cy,) of the resonator under-investigation with a
charge-dependent one (Cy,(¢)) defined in Eq. 2 as:

Cn(q) = Co - (1 — 0ps - ¢%) 2)

where ¢ is the motional charge. Then, o, ¢ was found by fitting
the measured nonlinear admittance responses for both devices
at different input powers. o was found to be -1.6E21 C'~2
for CMRM and -1.1E21 C~2 for CMR*M ;. The fact that
the magnitude of o is significantly lower for CMRAM,_,
confirms our expectations and proves that CMRAM . _; suffers
less from thermal nonlinearities than CMRMY,

IV. CONCLUSION

We reported on the first Aly72Sc2sIN CMR relying on a pair
of acoustic metamaterials-based reflectors (AMRSs) to laterally
anchor the device along its main vibrational direction. We ob-
served that the use of AMRs enables ~15% improved quality
factors with respect to conventional CMR designs that rely
on fully-etched lateral sidewalls to define the resonant cavity.
Moreover, we showed that using AMRs along the lateral sides
of CMRs makes it possible to lower the thermal nonlinearities
of CMRs. Such unique features, enabled by AMRs, make
the CMR-designs reported for the first time in this work a
compelling alternative to any prior designs, granting improved
electromechanical performance and power handling. In fact,
the best device using AMRs that we measured in this work
shows a ~32% reduction of the Duffing nonlinear coefficient
and a ~15% improved figure-of-merit (FoM) with respect
to its conventional counterpart. While in this work we have
shown how using AMRs can be key to attain future higher
performance and more linear filters and oscillators based on
AlScN CMRs, we strongly believe that their adoption can be
also crucial to improve the performance of other resonator
technologies, relying on AlScN or even on other piezoelectric
materials available today.

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https:/www.ieee.or
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