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Abstract— We present a new design for AlScN contour-mode-
resonators (CMRs) operating in the radiofrequency (RF) range.
This design relies on acoustic metamaterials (AM) based lat-
eral anchors to greatly enhance the power handling compared
to conventional CMR-designs. Such anchors generate acoustic
stopbands that prevent the leakage of piezo-generated acoustic
energy from the resonating body into the substrate. The AM
anchors reported in this work consist of the same AlScN film
as in the CMRs’ active region, combined with a periodic array
of SiO2 rods. Their use allows a reduction of CMRs’ thermal
resistance with respect to conventional designs, and enables a
significant temperature compensation. As a result, the CMRs with
AM anchors reported in this work show a ∼60% reduction in
their Duffing coefficient with respect to conventional designs with
fully-etched lateral sides, hence an improved linearity. Further-
more, when used to set the output frequency of high-power feed-
back loop oscillators, the CMRs with the AM anchors reported
here enable a lower phase-noise compared to what achievable
when employing the conventional counterparts. [2024-0053]

Index Terms— Aluminum scandium nitride, microacoustic res-
onators, acoustic metamaterials, contour mode resonators, phase
noise.

I. INTRODUCTION

I
N THE last decades, Aluminum Nitride (AlN) microa-

coustic resonators [1], [2], [3], [4], [5], [6], [7] have

been critical components of radiofrequency (RF) front-ends

in cellular handsets. When assembled in networks, the use

of these devices has enabled the proliferation of low-loss

filters covering a large number of service bands [8], [9], [10].

With the advent of the fifth-generation (5G) communication

standard, AlN has soon became inadequate to cover the more

stringent bandwidth needs. As a result, RF microacoustic

resonators using Aluminum Scandium Nitride (AlScN) as a

piezoelectric layer are becoming more and more popular.

When substituting AlN with AlScN, the achievable piezo-

electric coupling coefficient for any targeted mode of vibration

is enhanced, leading to a boosted electromechanical coupling

coefficient (kt
2) [11], [12], [13], [14], [15], [16], [17], [18].
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Since the bandwidth of any microacoustic filter is proportional

to the kt
2 value of its resonators, the use of AlScN enables

RF filters with wider bandwidths than AlN. Nonetheless, such

replacement comes with additional design challenges. One of

the most critical challenges is the lower thermal conductivity

that AlScN exhibits compared to AlN [19], [20], [21]. Due

to the reduction in thermal conductivity, and since the nonlin-

earities of AlN and AlScN piezoelectric resonators arise from

thermal effects (i.e., from heat generated into the active region

during the motion [22], [23], [24], [25], [26]), using anchoring

schemes validated for AlN resonators in AlScN counterparts

leads to worse linearity. At the same time, when assuming

the typical anchoring strategy, increasing the anchors’ width

to favor the heat flow into the substrate results into quality

factor degradations due to anchor losses [24], [27], [28],

[29], [30]. These degradations become even more significant

when targeting higher frequencies of operation and impedance

matching to 50 �.

AlN piezoelectric resonators have been also used as fre-

quency references in oscillators for timing applications and as

resonant sensors in closed-loop read-out schemes [31], [32],

[33]. For both application scenarios, a transition from AlN to

AlScN enables a lower power consumption for the controlling

electronic circuit. However, when used for timing applications,

the lower power handling capabilities of AlScN devices results

into increased phase-noise levels in oscillators compared to

what achievable with AlN devices (even when assuming the

same quality factor). In fact, when the resonator used as fre-

quency reference in an oscillator operates nonlinearly, a larger

amplitude-to-phase noise (AM-to-PM) conversion is generated

in the oscillator’s phase noise [34]. Similarly, nonlinearities in

resonant sensors lead to lower dynamic ranges in closed-loop

read-out schemes, heavily degrading the minimum achievable

limit-of-detection [35].

In order to overcome these challenges and reduce the gap

in linearity between AlN and AlScN resonators, our group has

recently developed a new approach to anchor AlScN devices

along their lateral direction [30]. This approach is centered

around the adoption of acoustic metamaterial (AM) anchors.

Differently from conventional anchors, AM anchors exhibit

regions of inhibited propagation that can be used to prevent

energy leakage into the Si-substrate along the main vibrational

direction. At the same time, AM anchors enable a higher

heat flow from the resonators’ active region into the sub-

strate. As a result, using AM anchors reduces the resonators’
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thermal resistance (Rth) and their Duffing nonlinear coefficient

(αd [24], [36], [37]). A reduction of αd leads to extended

linearity in suspended AlN or AlScN devices [38].

In our previous work [30], we have demonstrated the

effectiveness of AM anchors relying on a corrugated AlScN

film. Unfortunately, these AM anchors are not manufacturable

with enough reliability to be compatible with a mass-scale

production. Also, the extent of the Rth reduction is inversely

proportional to the thickness of the thinnest AlScN portion

in the anchor. Therefore, the corrugation of the AlScN film

intrinsically comes with a higher Rth than what we would be

able to achieve if the AlScN film could preserve the same

thickness used in the resonators’ active region. Such discrep-

ancy is even bigger when the AlScN film in AM anchors is

processed to have a larger thickness variation across the AM

anchors’ length [30], [39]. Finally, while reducing Rth is key

to extend the linearity of AlScN microacoustic resonators, αd

also depends on other factors, namely the mechanical figure-

of-merit (FoM) and the temperature-coefficient-of-frequency

(TCF).

In this article, we surpass the limitations of our previ-

ously demonstrated AM anchors. We demonstrate AM anchors

formed by the same uncorrugated AlScN film used in the

active region of an AlScN contour-mode-resonator (CMR) [2],

[4], together with a periodic array of thick SiO2 rods. These

rods extend along the in-plane direction (i.e., the y-direction)

orthogonal to the CMR’s main direction of motion (i.e., the

x-direction). The AM anchors reported here provide a signif-

icant reduction of Rth by enabling the adoption of a larger

anchoring perimeter with shorter anchor length. The adoption

of the SiO2 rods also allows an effective TCF reduction.

Conjointly, the reduced Rth and decreased TCF lead to an

extended linearity. We have verified that the improvement in

linearity enabled by the adoption of the reported AM anchors

enables better phase-noise in a high-power oscillator compared

to what achievable when using conventional CMR designs

with fully-etched lateral sides.

II. PRINCIPLE OF OPERATION

The AM anchors we have developed in this work can be

described as finite chains of unit-cells deposited along the

lateral sides of a CMR (Fig. 1). Each unit-cell consists of

a SiO2 rod deposited on top of a Pt-AlScN bilayer plate.

The periodic nature of the AM anchors alters the disper-

sion of longitudinal modes displacing along the x-direction,

creating regions of inhibited propagation (i.e., stopbands).

Within these regions, the acoustic wave remains confined

within the CMR’s active region, allowing to preserve a high

quality factor at its series resonance frequency (Qs) despite

the fact that the CMR’s lateral sides are not fully-etched as

in conventional designs. When comparing AM anchors with

conventional metal Bragg reflectors (mBRs), an important

distinction must be drawn: the bandgap that mBRs generate

is significantly narrower than the bandgap generated by AM

anchors [30]. As a result, differently from mBR-based anchors,

AM anchors’ reflection bandwidth is insensitive to process

variations. This makes the same AM anchor-design usable by

CMRs operating over a wide range of frequencies. Within any

Fig. 1. Schematic view of (a) the AM anchors’ unit-cell exploited in
this work, and (b) their use to confine the lateral vibration of an AlScN
contour-mode-resonator (CMR). (c) A Scanned Electron Microscope (SEM)
picture of a fabricated CMR with the reported AM anchors is also shown.
To note, the adopted AM design parameters in this primary design, labeled
as “Device A”, include: Hr=2.25µm, Wr=4µm, Wu=8µm, Nu=6, Nf=7.

stopband, the imaginary part of the AM anchors’ wavevector

(kx ) relative to longitudinal modes is proportional to the size

of the stopband. This makes the attenuation per unit-meter

that AM anchors generate when reached by longitudinal waves

larger than what attainable when using mBRs. Hence, it allows

to minimize the anchor losses along the CMR’s lateral sides

with a low number of unit-cells, Nu (i.e., through short lateral

AM anchors connecting the CMR to the substrate). Being

able to minimize the amount of anchor dissipations along

the lateral side by engineering a short anchoring connection

to the substrate allows to largely reduce Rth compared to

conventional CMRs with etched lateral sides. The reduction of

Rth is key to ease the heat-flow from the CMR’s active region

into the substrate and, consequently, to reduce the impact of

thermal nonlinearities on the CMR’s electrical response.

In our previous work [30], we demonstrated AM anchors

using a corrugated AlScN film. This layer was formed by

partially-etching the same AlScN layer used in a CMR’s

active region. This approach was effective in generating a

confinement of the acoustic-wave within the CMR’s active

region, as well as in reducing Rth with respect to conventional

CMR devices. However, generating a profiled AlScN layer

requires a partial-etching step of the AlScN film, which is

hard to perform reliably over entire silicon wafers. Also, the

use of a grooved AlScN profile in the AM anchors comes with

a higher Rth compared to what could be achieved if the same

anchors could rely on the same AlScN thickness used in the

CMR’s active region.

We overcome this inefficiency by building AM anchors for

AlScN CMRs not requiring any partial-etching of the AlScN

layer. The AM anchors reported in this work are formed by

an array of SiO2 rods atop an un-etched AlScN layer. Using

SiO2 rods on the same AlScN layer used in the CMRs’ active

region makes it possible to achieve a certain degree of passive

temperature compensation [40]. Through this compensation,

the overall CMR’s TCF reduces. The extent of this reduction

depends on the ratio of the elastic energy stored in the AM
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anchors’ first unit-cells to the total elastic energy stored in the

active region. This ratio is proportional to the CMR’s number

of fingers (i.e., to the mode number). Thanks to the reduction

in TCF originated from the use of SiO2 rods in the AM

anchors, CMRs are affected even less by thermal nonlinearities

(i.e., αd is proportional to both Rth and TCF), thereby being

able to handle more driving power.

III. DESIGN OF AM ANCHORS

A. Acoustic Dispersion Engineering

We used Finite Element Methods (FEM) to tackle the design

of our AM anchors. We started by selecting a frequency of

operation (420 MHz) for a targeted CMR. Then, we recurred

to a dispersion analysis for one of the AM anchors’ unit-cell

by using Floquet periodicity. This analysis aimed to identify

the unit-cell’s dimensions producing a stopband around the

CMR’s targeted frequency of operation. During this step,

we assumed the same thickness for the AlScN and Pt layers

used in the CMR’s active region. We report in Fig. 2-a

the dispersion curves extracted around the targeted frequency

of operation for our identified optimum unit-cell geometry.

This optimum geometry includes a 2.25 µm thick Si O2 rod

(i.e., Hr=2.25 µm). After completing the design of the AM

anchors’ unit-cell, we verified their effectiveness in mini-

mizing anchor losses along the CMR’s lateral sides. This

verification was performed by running a frequency-domain

analysis wherein the CMR’s interdigitated metal electrodes

(IDTs) were driven by a voltage with frequency varying

between 300 MHz and 500 MHz. Perfectly-Matched-Layers

(PMLs) were incorporated in our simulations and positioned

at the outer edges of the AM anchors. By looking at the

achievable Qs value vs. Nu(Fig. 2-b), we found that using

six unit-cells is enough to minimize the anchor dissipations

along the CMR’s lateral sides. It is worth mentioning that the

number of unit-cells required for the minimization of anchor

losses is nearly half (6 vs. 11) of the one required when using

the AM anchors adopted in [30]. In the following. we will

label as “Device A” each CMR using seven fingers (Nf=7) in

the active region and six copies of the optimized unit cell in

each lateral AM anchor.

The design of the AM anchors’ unit cell also requires

identifying the width of each rod (Wr). Wr can be expressed

in terms of a design parameter, ¸, equal to the ratio of Wu

to the width of the unit cell (Wr). In Fig. 2-c, we compare

the FEM-simulated admittance of Device A (using a ¸ value

equal to 0.5) with the admittances of two identical devices only

differing in the adopted ¸ value. The two devices consider the

case of ¸ equal to zero (i.e., no SiO2 layer is used) and the case

of ¸ equal to 1 (i.e., a full SiO2 layer plate is used). The mode-

shapes of their at-resonance total displacement can be found

in Fig. 2-d. It is clear that anchor losses are unsustainable

when no SiO2 is used, leading to an over-damped electrical

response. Using a not etched SiO2 layer is also significantly

worse than using SiO2 rods.

B. Thermal Characterization

Nonlinearities in AlScN CMRs are mainly originated from

thermal effects. When these resonators are driven by high

Fig. 2. a) FEM-simulated dispersion curves across for the AM unit-cell
described in Fig. 1-a, within a frequency range close to the resonance
frequency of the CMRs considered in this work (i.e., Device A); b) FEM-sim-
ulated trend of Qs vs. Nu, normalized to the maximum Qs value achievable
when assuming a quality factor value for all the remaining dissipation
mechanisms of 1000. c) FEM simulated admittance of Device A (which uses
a ¸ value equal to 0.5, and of other two devices only differing in the adopted
¸ value (zero or one). d) At-resonance modeshapes of the total displacement
magnitude for the three CMRs described in (c).

power signals, the temperature increase produced during their

motion generates a reduction of the AlScN Young’s modulus

that is proportional to the temperature reached. As a result,

AlScN CMRs’s resonance frequency lowers, a phenomenon

often referred to as “softening” effect [38], [41], [42]. The

dynamics governing the mechanical motion of CMRs for

high driving power levels are well described by those of a

mechanical resonator with a Duffing nonlinear term [24] that

can be analytically estimated as:

³d = |T C F | · Rth · (Rm + Rs) · (2Ã fres)
2 (1)

As shown in Eq. (1), αd is directly proportional to both

Rth and TCF, while being inversely proportional to the CMR’s

figure-of-merit, FoM [i.e., (Rm+Rs) is inversely proportional

to FoM, which is equal to Qs·kt
2]. Therefore, when comparing

the power-handling capabilities of different CMR designs

with comparable FoM values, the design ensuring the highest

power-handling can be identified by finding the one that has

the lowest Rth ·TCF product. Hence, after identifying the

minimum number of unit-cells (i.e. six unit-cells, see Fig. 2-b)

in the AM anchors allowing to minimize the amount of

anchor dissipations, we proceeded with the characterization of

the AM anchors’ thermal properties when the same number

of unit-cells is considered. We started with Rth and with

the CMR’s thermal time constant (τact). While τact plays

no role in CMRs’ power-handling, its value determines the

time required by CMRs’ active-region to reach its steady-

state temperature. τact also corresponds to the time required

by CMRs to reach their steady-state resonance frequency

value once power is injected through their IDTs. Rth and τact

were extracted through FEM for both Device A and for a

conventional CMR using the same active region’s geometry

but fully-etched lateral sides, which is labeled as “Device B”

for the rest of the paper. The geometries and simulation set-up
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Fig. 3. a-b) Schematic view of the geometry we have used in our FEM
simulations to analyze the thermal behavior of both (a) the CMR using
the AM anchors reported in this work (Device A) and (b) a conventional
CMR using fully-etched lateral sides (Device B). c-d) Simulated temperature
distribution across the geometry used in our simulations for both the Device
A and Device B.

we relied on during our thermal simulations are described in

Fig. 3-a,b. In Fig. 3-c,d we report the temperature distribution

for both investigated cases when assuming the substrate to be

at ambient temperature and when a 1 mW power is injected

in the center of the two CMRs’ active region. Due to the high

degree of symmetry in the investigated devices, our thermal

simulations for both the conventional design and the design

with AM anchors were run by considering only a quarter

of the CMR’s suspended region. Evidently, the adoption of

the AM anchors allows Device A to achieve a nearly two

times lower Rth value compared to the conventional device

with fully-etched lateral sides (Fig. 3-c,d). This Rth-reduction

comes with a comparable reduction in τact. In fact, despite

the larger volume of the released area, the effective thermal

capacitance (Cth) for Device A is comparable to the one of

the conventional design. This is motivated by the fact that

nearly no displacement is generated in the AM anchors. As a

result, the only region really influencing the transient dynamics

of the resonance frequency once the power is injected remains

the Device A’s active region.

After extracting Rth and τact for Device A, we studied its

TCF through FEM. First, we investigated the dependence of

TCF on the thickness of the SiO2 rods (Fig. 4-a). As expected,

we found that using taller rods enables a reduction in the

magnitude of TCF. This reduction is motivated by the larger

amount of elastic energy stored within the rods closest to

the active region of the CMR. Consequently, the effect of

a temperature increase on the modal stiffness of the CMR

becomes less pronounced when the rods’ thickness is higher.

This is due to the increased amount of elastic energy stored

in the SiO2 rods. In fact, SiO2 exhibits a TCE with opposite

sign compared to AlScN, which is key to achieve a passive

temperature compensation [40]. The degree of achievable

temperature compensation is directly related to the ratio of

the elastic energy stored in the SiO2 rods to the one stored in

the AlScN layer of the CMR’s active region. This motivates

why the overall TCF achieved by a CMR using AM anchors

depends on the CMR’s number of fingers (Nf). In fact, the

higher the number of fingers in the CMR’s active region and

Fig. 4. Simulated TCF values using the same AM anchors as in Figure 2,
but considering different thicknesses of the SiO2 rods (Hr) and two different
number of fingers in the CMR [Nf equal to 1 (in green) and 7 (in blue)];
b) Simulated TCF for Nu equal to 6, for the same Hr value we used in our
experiment (2.25µm) and for different numbers of fingers (Nf) in the CMR’s
active region.

the larger is the difference between the elastic energy stored

in the CMR’s active region and the one stored in the SiO2

rods. In order to demonstrate this feature, we extracted TCF

vs. the CMR’s number of fingers (Fig. 2) when considering

the optimal AM anchors’ design and the same finger’s design

for the active region used by Device A. As expected we

found that a higher number of fingers leads to higher TCF

values approaching the TCF value achieved by a CMR with

fully-etched lateral sides (Fig. 4-b). Given that CMRs with

low numbers of fingers are more easily compensated by the

SiO2 rods in the AM anchors, it is useful to investigate the

minimum SiO2 thickness required to achieve a TCF equal to

zero when relying on CMRs with only one finger (i.e., CMRs

exploiting a fundamental lateral mode of vibration). We report

in Fig. 4-a the trend of TCF vs. the SiO2 thickness for a CMR

with only one finger. We found that a 3.6 µm-thick SiO2 layer

is needed for a full temperature compensation of a CMR with

Nf equal to 1.

IV. FABRICATION

In order to experimentally characterize the performance of

the AM anchors presented in this work, we built CMRs using

optimized AM anchors along their side. The main steps of

the fabrication process we relied on are described in Fig. 5.

We started from a multi-layer stack deposition on a high resis-

tivity silicon wafer. We first deposited a 20 nm-thick AlN seed

layer by using reactive sputtering. Then, we sputtered a 80 nm-

thick Pt layer and co-sputtered a 500 nm AlScN film with a

30% scandium-doping concentration. The deposition of these

three layers was run in the same chamber without breaking

the vacuum. Then, we formed the release windows using

inductively coupled plasma reactive-ion etching (ICP-RIE),

as shown in Fig. 5-a. Later, we generated the SiO2 rods for the

AM anchors. A plasma-enhanced chemical vapor deposition

(PECVD) process was conducted to deposit the SiO2 layer.

This step was followed by a lithography step and by a ICP-RIE

step defining the final rods’ shape (Fig. 5-b). Then, we formed

an 150 nm-thick IDT made of aluminum by using sputtering

and lift-off processes (Fig. 5-c). This allowed to form the

CMRs’ top electrodes. Finally, we structurally released the

CMRs by using a XeF2-based isotropic etch (Fig. 5-d). As a

final step, we covered the CMRs’ pads with a 150 nm-thick

Au-layer in order to minimize the pads’ contact resistance.
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Fig. 5. Main fabrication steps we run for the CMRs with AM anchors demon-
strated in this work. (a) After depositing a AlN/Pt/AlScN stack, we formed the
release pits used for structurally releasing the devices. (b) Then, we deposited
through PECVD and patterned the SiO2 rods. (c) Next, we deposited and
patterned the Al IDTs. (d) Finally, the devices are released.

A Scanned Electron Microscope (SEM) picture of a Device A

prototype fabricated in this work is reported in Fig. 1. All the

AMs built in this work rely on the same thickness of the SiO2

layer and the same geometric parameters for the unit-cell listed

in the caption of Fig. 1. Also, we used the same finger-width

for all the CMRs built in this work.

V. EXPERIMENTAL RESULTS

A. Small Signal

After completing the fabrication, we started our experimen-

tal characterization. In order to assess the effectiveness of our

AM anchors in confining the acoustic vibration within CMRs’

active region, we first analyzed CMRs with AM anchors using

different numbers of unit-cells (see Fig. 8-a). For our testing,

we probed all the CMRs by using ground-signal-ground probes

and by recurring to a vector network analyzer (VNA) for

the extraction of the CMRs’ admittance curves. As expected,

we found a sharp increase with Nu of the CMRs’ quality factor

at the series resonance frequency (Qs), with a Qs reaching a

nearly saturated value for Nu=6 (Fig. 6-a). This matches well

the expectations based on our FEM analysis (Fig. 2-b). Also,

it confirms that six unit-cells are enough to simultaneously

minimize the acoustic dissipations while still achieving a low

Rth value. A trend similar to that of Qs was found for the

CMRs’ figure-of-merit (FoM) vs. Nu (see the yellow curve in

Fig. 6-a). We also report (Fig. 6-b) the measured admittance

for the highest-Qs device among all the fabricated replicas of

Device A.

To compare the performance, we built replicas of Device B

on the same wafer as Device A. We tested 27 and 20 replicas

for Device A and Device B respectively. The statistical results

for Qs and FoM are plotted in Fig 7-b,c. We discovered that

using AM anchors leads to improved Qs-values compared to

conventional designs with etched lateral sides. We speculate

this Qs-improvement to be related to a mitigation of the

mode conversion happening at stress-free boundaries that have

sidewall angles lower than 90 degrees (see 7-a). Due to this

mode conversion, more energy leaks through the anchors along

the y-direction. We also found the kt
2 for CMRs using AM

anchors to slightly reduce compared to conventional designs.

This is expected since the device becomes a bit stiffer than the

Fig. 6. a) Measured Qs (in blue) and FoM (in orange) vs. Nu for the CMRs
with AM anchors built in this work. Three devices per configurations were
tested. The standard deviation for both Qs and FoM trends are reported; b)
Measured admittance (Y11) of the Device A-prototype with the highest-Qswe
found in our measurements.

Fig. 7. a) SEM pictures of a CMR with AM anchors (Device A, left) and of
one with conventional stress-free boundaries (Device B, right). (b) Averagely
measured Q for the CMR designs used by the devices depicted in (a).
Evidently, the Qs value of Device A is higher than Device B. (c) Averagely
measured FoM for the CMR designs used by the devices depicted in (a).
Evidently, the FoM value of Device A is also higher than Device B. The
improvement is a bit lower than that detected for the Qs due to a slight

reduction of the kt
2 for the CMR with AM lateral anchors.

Fig. 8. a) Admittance response around resonance for Device A vs. frequency
and vs. temperature. This characterization was run by using a temperature
controlled chuck during the device electrical characterization; b) Admittance
response around resonance vs. frequency and vs. temperature for Device B.
Both characterizations were run by using a temperature controlled chuck
during the device electrical testing.

conventional case. Nonetheless, the overall FoM(=Qs·kt
2) is

higher when using AM anchors rather than fully etched lateral

sides.

Authorized licensed use limited to: Northeastern University. Downloaded on February 18,2025 at 14:21:10 UTC from IEEE Xplore.  Restrictions apply. 



478 JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 33, NO. 4, AUGUST 2024

Fig. 9. Measured (blue triangle) and simulated (dashed line, replotted from
Fig. 4-b) TCF vs. the number of fingers in the active region for the CMRs
reported in this work that use AM anchors and a Nu value equal to 6. It is
worth mentioning that the TCF of conventional designs with fully-etched
lateral sides is 39.1 ppm, as shown in Fig. 8.

B. Temperature Sensitivity

Next, we extracted the TCF for a Device A and compared

it to what is attained by a Device B (see Fig. 8). As expected,

we found Device A to show a lower TCF (-28.1 ppm/K)

compared to Device B (−39.1 ppm/K). This further confirms

that using SiO2 rods to form the AM anchors can not

only ensure acoustic energy confinement but also benefits

the achievable TCF. To confirm that the achievable TCF is

ultimately dependent on the number of fingers in the CMR’s

active region, we built a set of CMRs with different number of

fingers (from 2 to 12) in the active region and with the same

AM anchors’ design used by Device A. As expected, we found

that CMRs with low numbers of fingers exhibit lower |TCF|

values than those with high numbers of fingers (see Fig. 9).

In fact, the degree of temperature compensation achievable

when relying on the SiO2 rods in our AM anchors is directly

proportional to the ratio of the elastic energy stored in the rods

to the one stored in CMRs’ active region. This last energy term

grows proportionally with Nf.

C. Power Handling

Following this first round of testing, we proceeded with

a characterization of the power handling capabilities of the

Device A considered in Fig. 8. During this characterization

we drove such device with increasing power levels (from

−10 dBm to 2 dBm) and repeated the extraction of its

admittance for each power level. For this extraction, we set

a low IF bandwidth (50Hz) in our VNA. Setting a low IF

bandwidth during this measurement is key to provide the tested

CMR with enough time to heat-up according to its electrical

admittance, thermal characteristics and driving frequency [24],

[30]. We found αd to be 1.7e20 C-2 for Device A, which

is 6 times lower than what we were able to demonstrate in

our previous work when using AM anchors with a corrugated

AlScN film [30]. The same extraction was performed for the

Device B considered in Fig. 8. We found that the measured αd

for Device A is 57.5% lower than the αd value (4.0e20 C-2)

of the tested Device B (see Fig. 10-b). This further confirms

that CMRs with lateral AM anchors can achieve superior

power-handling capabilities compared to conventional CMRs

with fully-etched lateral sides. It is also worth mentioning that

the extraction of αd was executed through the same proce-

dure discussed in [24]. The measured αd values can also be

TABLE I

LIST OF ACRONYMS

TABLE II

SUMMARY OF THERMAL NONLINEARITY AND RELATED FACTORS

Fig. 10. Admittance responses for increasing power levels and around
resonance of Device A (a) and of Device B (b). It is worth mentioning that for
both cases, (Rm+Rs) is nearly equal to 50 �. So, the power applied during
the sweep matches closely the power absorbed at resonance.

compared to the corresponding analytical predictions (labeled

as αd
an values for clarity). To extract the αd

an values for

Device A and Device B, we relied on a temperature-dependent

mBVD model [24] to extract (Rs+Rm) and TCF. Also, we used

the FEM simulated Rth values. All these parameters allow to

compute αd
an for both Device A and Device B by using Eq. 1.

We found that the αd values we experimentally extracted for

both devices under consideration in Fig. 10 match closely

the corresponding αd
an values (2.42e20 C-2 for Device A

and 5.99e20 C-2 for Device B). A summary of analytical

and experimental αd values, along with the related thermal

properties, are shown in Table-II.
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Fig. 11. a) Schematic of the oscillator-circuit topology we have used
in this work to characterize the long-term stability of LOCNV and LOAM;
b) A picture of the assembled circuit including a power splitter (Fairview
Microwave MP01500B-2), an amplifier (Mini-Circuits ZKL-1R5+). During
our measurements we used a signal-source-analyzer (SSA, Keysight E5055A)
for phase-noise extraction.

D. Phase Noise Impact in Oscillators

To provide experimental evidence that reducing CMRs’

αd by using AM anchors is beneficial in RF systems

that use CMRs for timing applications, we assembled two

feedback-loop oscillators (LOs). One oscillator (labeled as

LOCNV) uses the Device B prototype discussed in Fig. 10-b

as the frequency-setting resonant component. The other one

(labeled as LOAM ) uses the Device A prototype discussed

in Fig. 10-a. Both oscillators rely on the same topology

(Fig. 11) and on identical electronic off-the-shelf components

listed in Fig. 11. Also, both oscillators were characterized

by connecting their output (i.e., one of the ports of a two-

ways power-splitter) to a signal source analyzer (SSA) A

schematic of the circuit we used to characterize the stability

of LOCNV and LOAM is reported in Fig. 11, together with a

picture of the actual set-up we assembled for LOAM in our

laboratory. During the performance characterization of both

oscillators, we specifically looked at their short-term stability

for high power levels in their CMR. Being able to achieve

large short-term stability (i.e., low close-in phase-noise or,

equivalently, low RMS jitter values for frequency offsets, f off,

between 10KHz to 1 MHz) for increasing power levels in

the CMR is particularly of interest for sensing applications.

In fact, when CMRs are used as sensors in closed-loop

sensing schemes, their limit-of-detection can be reduced by

increasing the dynamic range of the oscillator circuit used for

reading-out their resonance frequency. Yet, such increase of

dynamic range is only achievable when CMRs can tolerate

higher-power driving signals, which is generally challenging

due to their strong thermal nonlinearities. While few previous

studies have shown that relying on Duffing nonlinearities

in CMR-based LOs gives access to special operating points

affected by lower phase-noise levels in the close-in region

([24]), it is practically very hard to continuously and stably

operate at such working points. As a result, for almost all

cases, CMRs’ Duffing nonlinearities produce a degradation of

the phase-noise response caused by a stronger amplitude-to-

phase-noise conversion for increasing power levels driving the

resonator. Consequently, the thermal nonlinearities affecting

CMRs is ultimately the main limiting factor for the limit-of-

detection of any closed-loop sensing system based on their

use.

TABLE III

RESULTS OF THE PHASE NOISE CHARACTERIZATIONS

Fig. 12. Measured phase-noise levels of LOAM (a,c) and LOCNV (b,d) for
increasing output power levels [i.e., for increasing dc-volgates (from 6V to
8.2V) biasing the amplifier used in the oscillator].

As mentioned earlier, the use of AM anchors allows to

reduce αd compared to conventional CMRs with fully-etched

lateral sides. Due to the relatively low (Rm+Rs) value (∼ 50�)

for both CMRs under consideration, the bias-voltage (Vdc)

of the amplifier used to sustain the oscillation in both loops

can be largely increased. The increase of Vdc beyond the

minimum bias voltage (Vdc=6V) allows to boost the minimum

loop-gain required to start the oscillation. As a result, tuning

Vdc allows to control the oscillator’s output power, as well

as the power driving the resonator. We can compare the

phase-noise profile of LOAM with LOCNV for different Vdc

values. This allows to assess to the phase-noise performance

of both oscillators for different power levels driving their

CMRs. As evident from Fig. 12, LOAM and LOCNV exhibit

closely matching phase-noise profiles up to the floor-region

for output power levels up to ∼ 3 dBm. However, for output

power levels beyond ∼ 3 dBm, LOCNV exhibits progressively

more degraded phase-noise values for f off values higher than

10 kHz, differently from the phase-noise profile of LOAM that

remains almost unaltered. As a further confirmation of the

higher short-term frequency stability of LOAM compared to

LOCNV, we also report in Table III RMS jitter levels (for

frequency offsets up to 1 MHz) vs. Vdc (and the corresponding

output power levels) for both LOAM and LOCNV. As expected,

we found that LOAM exhibits lower RMS jitter levels for Vdc

higher than 7V, corresponding to output power levels higher

than ∼ 3 dBm. We also extracted the output frequency shift
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(1 f ) for both LOCNV and LOAM induced by self-heating when

sweeping Vdc. As expected, we found that LOAM undergoes

a smaller frequency shift than LOCNV due to the lower TCF

of its CMR. A summary of all our findings is provided in

Table III.

VI. CONCLUSION

In this work, we have demonstrated a new type of AM

anchors for CMRs. These new anchors do not rely on a

corrugated AlScN film to form their AM structure. Instead,

they rely on SiO2 rods deposited on the same AlScN film

used for the CMRs’ active region. The new AM anchors’

design reported in this work allows to further reduce the

CMR’s Rth with respect to conventional CMR-designs using

fully-etched lateral sides. Moreover, using SiO2 rods to form

the reported AM structures allows to achieve a degree of

temperature compensation. As a result, the CMRs’ nonlinear

Duffing term further decreases compared to what has been

achieved in previous AM anchors’ demonstrations. We have

also demonstrated that using a CMR with the reported AM

anchors as the frequency setting component in an oscillator

allows to enhance the short-term stability compared to what

achievable with a conventional CMR with fully-etched lateral

sides.
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