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Abstract: This paper examines a new technique to improve the figure of merit of laterally vibrating
RF-MEMS resonators through an energy-preserving suspended addendum frame structure using
finite element analysis. The proposed suspended addendum frame on the sides of the resonant plate
helps as a mechanical vibration isolator from the supporting substrate. This enables the resonator
to have a low acoustic energy loss, resulting in a higher quality factor. The simulated attenuation
characteristics of the suspended addendum frame are up to an order of magnitude larger than those
achieved with the conventional structure. Even though the deployed technique does not have a
significant impact on increasing the effective electromechanical coupling coefficient, due to a gigantic
improvement in the unloaded quality factor, from 4106 to 51,136, the resonator with the suspended
frame achieved an 11-folds improvement in the figure of merit compared to that of the conventional
resonator. Moreover, the insertion loss was improved from 5 dB down to a value as low as 0.7 dB.
Furthermore, a method of suppressing spurious mode is demonstrated to remove the one incurred
by the reflected waves due to the proposed energy-preserving structure.

Keywords: acoustic resonators; effective electromechanical coupling coefficient; figure of merit;
quality factor; insertion loss; RE-MEMS

1. Introduction

RE-MEMS resonators have been used for many applications, ranging from acoustic
filters used for communication systems to timing application, owing to their excellent
power handling capability and low motional resistance [1-5]. These merits are associated
with piezoelectric transduction, which offers strong electromechanical coupling, and the
use of substrate materials that have a low intrinsic damping and high energy density, such
as single-crystal silicon (SCS) [1].

Amidst the most attractive properties of RF-MEMS resonators are their compatibility
with existing CMOS technology, making them highly attractive for monolithic integration
with CMOS circuitry [6-10]. In most of their applications, resonators with a high Q are
of great importance in fulfilling the stringent requirements of the device. Accordingly, in
applications for oscillators, Q sets the phase noise performance [8,11]. In filters, a high
Q reduces the insertion loss while narrowing the bandwidth [12-14], whereas, in sensing
applications it benefits the sensing resolution [15-17]. However, in order to obtain the
aforementioned requirements, the Q of piezoelectric resonators still needs to be improved.
Another important parameter which expresses the electromechanical transduction effi-
ciency of a resonator is the effective electromechanical coupling coefficient (k2 v f) [18-20].
The product of these two parameters, as given in Equation (1) and used as a figure of merit
(FoM), is an important parameter for judging how good a resonator is. For this, designing
resonators with a higher figure of merit is a hot topic for research. Hence, numerous
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studies have made efforts to enhance the FoM of a resonator by improving one or both of
2
Qand k; e ,

Even though there are many intrinsic and extrinsic loss mechanisms, such as dielectric
loss, piezoelectric loss, surface loss, and Ohmic loss, it has been widely reported that
anchor loss is the most dominant loss mechanism of MEMS resonators severely limiting
the quality factor effect in laterally vibrating RF MEMS resonators [21-26]. This loss
occurs due to the elastic wave propagating out from the resonant cavity to the supporting
substrate through the supporting tether. The primary design approach to reduce this
loss is to locate the tether at the nodal points of the resonator where there is a minimum
vibration, reducing the width of the tether and using a tether length of quarter an acoustic
wavelength [27-30]. However, a limit to reduce the tether dimension for practical feasibility
is reported as the pitfall of these approaches. In Ref. [31], our group demonstrated the effect
of swastika hole-shaped phononic crystals (SW-PnC) with significantly high acoustic band
gaps; these, on their placement on the anchoring boundaries, improve the quality factor
by over 1.4-fold. Furthermore, in [32] the effect of placing 2 D-PnC on the tether and/or
the anchoring boundaries of the resonator is demonstrated, and an improvement of about
3-fold in Q is reported. Another approach reported recently is deploying acoustic reflectors
on the anchoring boundaries of the resonator, aiming to reflect some of the radiated
elastic waves back to the resonant plate [33]. The major pitfall of these techniques is the
limited enhancement in Q, as the reflection of acoustic waves is finished once it reaches
the anchoring boundaries or at least after it passes the supporting tether. Furthermore, a
MEMS support design to reduce the anchor loss of PZT-on-5i disc resonators by using a
mechanical impedance transformer design on the tether is reported in [34]; this achieved a
significant improvement in reducing the anchor loss.

This paper aims to introduce a new approach for improving FoM by using a sus-
pended energy-preserving addendum frame. We firstly describe the layout of suspended
energy-preserving addendum frames along with the mechanical equivalent model and
transmissibility analysis in comparison with that of conventional resonator structure. Sub-
sequently, the design and simulation of resonators with the proposed energy-preserving
features and the potential improvements in the Q are explored through a series of simu-
lations. Afterwards, frequency domain analysis is performed for all resonators, and the
electrical responses are thoroughly discussed, followed by a description of the spurious
mode mitigation technique introduced in this study. The finite element package COMSOL
Multiphysics was used to calculate the eigen modes and frequency responses of all the
resonators designed. A loss factor (7,s) of 0.0003 was applied in all the simulations for the
piezoelectric material (AIN) used for this work.

2. Energy-Preserving Suspended Addendum Frame
2.1. Mechanical Equivalent Model

As is described prior, the main source of dissipation in RE-MEMS resonators is the
propagation of acoustic energy to the anchoring boundaries through the supporting tether,
which leads to a decrease in Q. Aiming to isolate the acoustic vibration between the
resonant plate and the supporting substrate and taking the idea of mechanical vibration
isolators as a motivation, a suspended addendum frame is added to the conventional
structure along with a novel meandering tether support. Figure 1a,b show the quarter
plate of the conventional MEMS resonator and the modified resonator with the suspended
addendum frame, hereafter named the energy-preserving frame (EPF), designed to vibrate
at a frequency of 140.32 MHZ in the first fundamental mode. Figure 1c,d show the schematic
view of a mass-spring-damper equivalent model for the conventional and EPF MEMS
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resonators, respectively. The conventional resonator can be represented by a simple mass-
spring-damper system of a single mass:

82x1 8x1
mrpﬁ +C1¥ +kix1=FK 2)
where m,p, x1, ¢1, k1, and Fy stand for the mass of the resonant plate, the total equivalent
displacement, the damping coefficient, the stiffness, and the applied force, respectively.
Assuming that the quality factor of the resonator is mainly dependent on the anchor loss,
it is reasonable to neglect the effect of damping. In that case, the displacement x; can be

expressed as:

_ Ry/k
X1 = 1— 1’2 (3)

where r = w% and w, = /k1/ myp. The force transmitted to the fixed support can be
expressed as:

PT = k1x1 (4)

(c) (d)

Figure 1. Illustration of: (a) Quarter plate conventional resonator used for the transmission test

model along with its fundamental vibration mode shape at 140.32 MHz. (b) Quarter plate view
of EPF resonator used for transmission test along with its fundamental vibration mode shape at
140.32 MHz. (c) Schematic view of a mass-spring-damper model used for the conventional MEMS
resonator. (d) Schematic view of a mass-spring-damper model for a resonator with energy-preserving
frames (EPF).

As a result, the ratio of transmitted force to the excitation force is called transmissibility,
T, which is expressed as:
Fr
R

= =] = (5)

1

r2—1
On the other hand, the resonator EPF can be represented by the coupling of two masses:

one for the resonant plate () and the other for the suspended addendum frame ().

i S
oz T\ or T ot

) -+ k] (x1 — X2) = Peq (6)
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82x2 8x2
Meg——= + Co—— +koxp — ¢
a5 275, + KX — €1
where x;, k;, and ¢; stand for the displacement, stiffness, and damping of conventional and
EPF resonators. With the same context to the single mass system, neglecting the damping

effect, the motions of the masses ,, and ms, to an input force F,; are:

dx1  dxp _
(E)zf_at) —kl(xl—xz) =0 ()

(k1 + ko — msawz)ng

= 8
H (kl - mrpwz)(kl +ky — msawz) — k2 ®)
k1 Feq
= 9
2 (kl - mrpwz)(kl +ky — msuwz) — k2 ©)
The transmissibility of the energy isolator can then be expressed as:

Fr kyxa ’ —kiky

Fyq F (k1 — myppw?) (ki + ko — mgaw?) — kq? (10)

Taking the law of conservation of energy into consideration and assuming that excita-
tion forces are equal (Fy = F.;) and of an equal stiffness (k; = k), as the vibration of the
suspended mass is caused by the resonant body, the displacement x; is smaller than x;.
As a result, the transmissibility of the resonator with a suspended frame is expected to be
much lower than that of a conventional resonator (i.e., higher isolation capacity).

2.2. Transmissibility Analysis

To further demonstrate the acoustic wave attenuation capability of the proposed
method, a transmission line simulation was performed for the EPF and conventional
resonators. As can be seen in Figure 1a,b, an input frequency-dependent harmonic displace-
ment excitation Uj, (f) with an amplitude of 1 nm was applied at the boundary probe 1.
Then, the vibrational transmissibility could be sensed at boundary probe 2 as a harmonic
displacement of Uyy¢(f). The frequency-dependent transmission (dB) could be obtained by
the relation [30]: )

. Uout
Transmission (dB) 2010g( U () > (11)

As can be seen from Figure 2, at the resonance frequency of 140.32 MHz the simulated
attenuation for the conventional and proposed EPF resonators were 20 dB and 124 dB,
respectively. This implies that the amount of energy transmitted to probe 2 (which is on
the anchoring substrate of the resonators) for the conventional resonator was orders of
magnitude greater than that of the EPF resonator. The large improvement in the attenuation
of the EPF resonator was consistent with the displacement profile of the resonators in the
anchoring boundaries seen in Figure 1a,b, among which the conventional resonator had a
larger displacement, implying a larger amount of energy leaking from the resonant plate
compared to the one with the EPF resonator.
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Figure 2. Transmission (dB) spectrum of the conventional and EPF resonators in the frequency range
of 135 MHz to 155 MHz.

3. Device Design and Simulation

Cognizant to the resonators designed above for transmissibility analysis, all the res-
onators designed henceforth were set to vibrate in lateral mode with a frequency of about
140 MHz. The resonant plate was constructed from a piezoelectric film of aluminum nitride
(AIN) sandwiched with a 10 pm anisotropic single-crystal silicon (SCS) substrate, which is
also used as a common ground, and 1 pm-thick aluminum (Al) used as an interdigitated
electrode for the input and output terminals. Furthermore, each of the resonators were
designed to be transduced in the seventh order width-extensional (WE) mode. The seventh-
order resonant frequency (f;) of the width extension mode resonators was determined
by the center-to-center distance of the electrodes (Pitch), which corresponds to 1/7 of the
total resonant plate width (W,), as can be seen from Figure 3. In other words, the n-th
order resonant frequency (f;) is n times the fundamental mode exhibited by the overall

resonant plate.
v

2wy

fr=mn (12)
where v is the velocity of the acoustic wave and 7 is the harmonic number that usually
represents the number of IDT fingers (i.e., unless some portion of the resonant plate is
left inactive—for example, such as reducing the loading effect of electrodes). Considering
the much thicker single-crystal silicon used in this work compared to that of the piezo-
electric material (AIN) and the electrode metal (Al), the vibration property of the device
is mainly dominated by the single-crystal silicon. In this example, an acoustic velocity of
8500 m/s is used for analysis (i.e., acoustic velocity in anisotropic single-crystal silicon,
<100> orientation). Despite the addition of some suspended structures (i.e., a frame) for
the sake of improving the performance of the resonators, as is briefly discussed later, the
dimensions of the resonant plates were consistent across all the resonators designed. In this
regard, the length of the resonators (L), and the width of resonators (W,), were designed
with the proportion of 3.5 (i.e.,, L, =3.5 x W,).
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Figure 3. A mockup 3D view of a quarter plate resonator with an energy-preserving suspended
addendum frame.

It is noteworthy that, in order to reduce the computational time for the 3D FEA
simulation of the resonators, only a quarter of the resonators were simulated and the
symmetric condition was applied at the symmetric sides, as seen in Figure 3, to ensure that
the eigen modes were solved for the whole resonant plate. Apart from this, a perfectly
matched layer (PML) with a width of 3A was applied to absorb the energy that escaped
from the resonator and avoid reflections at the boundaries. Table 1 lists the values of basic
design parameters for the resonators.

Table 1. Resonator design parameters.

Symbol Dimension Value (um)
W, Width of resonator 211.4
Ly Length of resonator 740
Hg; Substrate thickness 10

Han Piezoelectric material thickness 0.1
H,, Electrode thickness 1
pitch Electrode pitch width 30.2

W, Width of IDT fingers 26.2
Lt Length of tether 120
Wi Width of tether 40
Wy Width of undercut 60.4
Ws, Width of suspended addendum 60.4
Wi Width of meandering tether 10
Ga Gap of addendums 42

To fully demonstrate the ability of the proposed method to meet the stated objectives,
two different devices were designed. Device one was a conventional resonator, as shown
in Figure 4a, along with the corresponding displacement mode shape in the y-field. The
second device was a resonator with a suspended energy-preserving addendum frame
(EPF), as shown in Figure 4b. It can be seen in Figure 4a that the rectangular resonant plate
of a conventional resonator was attached to the undercut by supporting tethers, which
in turn were directly attached to the PML. Whereas, in the case of the EPF resonator, the
resonant plate was not directly connected to the undercut. Rather, it was connected through
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the suspended addendum via a meandering tether with a width of (W), which is half
of the width of the tether (Wy;) (i.e., Wy = W;/2, Figure 1). The width of the addendum
(Wsq) was tuned with FEA simulation, with an optimum value equal to two times the pitch
width. Moreover, the suspended addendum frame was placed in an equal distance (i.e.,
gap of addendum (G,)) from the resonant plate and the undercut.

fr=140.32MHz fr = 140.30MHz
Qanchor =6740 Qanchor =97575
)
i
]
A1
B e [
Max Min. Max. = Min.
disp. :-._1 disp. disp. e disp.
(a) (b)
Mode 1 Mode 3 Mode 5 Mode 7
777777 fr =20 MHz fr =60 MHz fr =99.8 MHz fr = 1403 MHz
Qanchor = 27357 Qanchor = 9248 Qanchor = 31745 Qanchor = 6740

Qanchor = 86126

Min. Disp.-::::-l\/lax. Disp.

Qanchor = 97575

Qanchor = 47969

Qanchor = 61768

(©)

Figure 4. (a) Schematic top view along with the respective displacement profile (y-field) of the
conventional resonator, (b) schematic top view along with the respective displacement profile (y-
field) of the EPF resonator, and (c) FE simulated vibration modes (total displacement field) and
their respective quality factors obtained using model analysis for conventional and EPF resonators
in their fundamental (Mode 1), third-order overtone (Mode 3), fifth-order overtone (Mode 5), and
seventh-order overtone (Mode 7) with a symmetric mode of vibration.

Figure 4c presents the vibration modes of a resonator in its fundamental mode and
three overtones (third, fifth, and seventh overtones) for the conventional and EPF res-
onators. For the sake of understanding the effect of vibration mode on the quality factor
of the resonator, the same rectangular plate size was used. The fundamental mode along
with three consecutive overtones with frequencies of 20 MHz, 60 MHz, 99.8 MHz, and
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140.3 MHz, respectively, were analyzed with FEA modal analysis. Amongst the conven-
tional resonators, the largest overtone in the list (seventh overtone) experienced the largest
loss, resulting in the minimum Qo (6740). Whereas, it was from the seventh overtone of
the EPF resonator that the maximum Q,,cy0r (97,575) was achieved. Consequently, further
analysis was conducted for this mode in order to find the impact of the proposed structure
on the performance parameters.

From the mode shapes (displacement distribution and y-field) of the resonators pre-
sented in Figure 4a,b, it is apparent that the displacement in the supporting tether of
the conventional resonator was much larger than that of the other three resonators, sug-
gesting that the energy dissipation was higher (i.e., the color scale represents maximum
displacement field with dark red and minimum displacement with dark blue).

Furthermore, the total displacement plots of the resonant plate at the A-A” and C-C’
lines (see Figure 3), as demonstrated in Figure 5a,c, reveal that the conventional resonator
had the minimum displacement. This implies that the amount of energy on the resonant
body is lower than the EPF resonator. On the other hand, the plots shown in Figure 5b,d at
the lines B-B” and D-D’ (see Figure 3), which are at the tether and the anchoring substrate,
respectively, revealed that the conventional resonator has significantly higher displace-
ments. This indicates that the energy leaking into the supporting substrate is higher than
that in the EPF resonators. On top of that, the FEA simulated Qo results of 97,575 for
the EPF resonator were attained, which account for an improvement as high as 14.5 fold
that of the conventional resonator’s result of 6740.

40 v 12 1er
= = Conv. *
= —— EPF A 104 \. — - Conv.
530. £ \ e E P F
€ € 6 \
[] [ b .
o 20 Q \
« «
. Y I !
S S AN
T 104 T 2 = T\ -
o o . . \ b
e [ - N
A O.MN\’—. ,
04 . . . . . B . . . . B
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(a) (b)
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= ﬂ
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Figure 5. Illustration of the total displacement fields (um) in the 7th-order width extension modes of
the conventional and EPF resonators across the lines (a) A-A’, (b) B-B/, (c¢) C-C/, and (d) D-D’. The
significantly higher vibration at the tether and the anchoring boundary of the conventional resonator
compared to the others revealed the higher anchor loss endured by it.
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4. Discussion

The FEA-simulated admittance response of the conventional resonator along with the
EPF resonator is plotted in Figure 6a,b. The summaries of the results obtained are listed
in Table 2, from which it can be observed that a kg £ of 0.13% is obtained from the EPF
resonator and one of 0.14% is obtained from the conventional resonator. This indicates that
the employed techniques do not have a significant effect on the coupling coefficient. On
the other hand, the simulated transmission 521 (dB) responses plotted in Figure 7a,b reveal
a significant improvement in the insertion loss (IL) from 5 dB to 0.7 dB. The unloaded Q
(Qu) also shows a significant improvement of about 12.5-fold. On top of that, as shown in
Table 2, the EPF resonator demonstrated a Q,,* kg £ product (i.e FoM) of 66) which shows
an 11-fold improvement compared to the conventional resonator with a value of about 6.

-50 4

-100 4

-150 +

-200 +

-250 4

0 0 T T T T 0
L. -50 4 L -50
— - G (dB) 50
——Y11(dB)
L-100 -1004 L-100
. L-150 -150 4 F-150
\ .
~. F-200 -200 L 200

F-250 -250 4 L -250

-300 T
140.0 140.2

1404 1406 1408 1410
Frequency (MHz)

300 300

T T T T -300
140.0 140.2 140.4 140.6 140.8 141.0

Frequency (MHz)
(a) (b)

Figure 6. Illustration of the simulated admittance, Y11 (dB), and conductance, G (dB), response of
the: (a) conventional resonator and (b) EPF resonator.

Table 2. Summary of the simulated results.

Device IL (dB) Q Q. Ko (%) FoM
Conventional 5.28 1870 4106 0.14 6
EPF 0.7 4007 51,136 0.13 66
_ ks __ 0 2 _ 2R _ 2
Q=7 Q= Bk = % ( a )'F"M = Qu kg
0 0
.. .. EU k90
5 I o~--l |"=--=-- - 1 1 f\) TV =rmen ee=es
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1400 1402 1404 1406 1408  141.0 1400 1402 1404 1406 1408 1410
Frequency (MHz) Frequency (MHz)

(a) (b)

Figure 7. Illustration of the simulated S-parameter, S21 (dB) and phase (deg.) response of (a) the
conventional resonator and (b) EPF resonator.

The main pitfall encountered by the proposed FoM enhancement technique is that it
introduces undesirable in-band and out-of-band spurious modes which mainly result from
the reflected transverse waves. As these spurious modes highly affect the main mode, the
study of the mitigation technique is necessary. In this regard, a new method of spurious
reduction is introduced, as presented in the next section.



Micromachines 2022, 13, 105

10 of 14

5. Spurious Mode Suppression

Spurious modes are considered as a major bottleneck in achieving high performance
with RE-MEMS resonators. These unwanted spurious modes are mainly caused by reflec-
tions of acoustic waves by the acoustic boundaries and energy-preserving structures, in
this particular case. As can be seen from the frequency response in Figure 6b, a significantly
large amount of spurious mode appears before and after the main mode, which is not the
case for the conventional resonator’s frequency response, as shown in Figure 6a. That being
so, an approach for suppressing spurious mode is devised by adding metal patches on the
edges of the electrodes, as is illustrated in Figure 8.

I pp——

Figure 8. Schematic showing the proposed layout of metal patches on the edges of electrodes (inset:
top view and side view of the selected regions at the edge of the IDT electrodes).

The metal patch on the edge of an electrode creates different acoustic impedance zones
wherein the transverse spurious waves could be significantly influenced into having a
vanishing coupling, resulting in spurious free responses. The metal patch installed has
patch depth (H g cp,) and patch length (L) as indicated in Figure 8. Moreover, the patch
width is fixed to be identical with that of the IDT finger (electrode) width (W,) for the sake
of simplicity and its insignificant effect on the results.

The first investigation is performed on the selection mechanism of materials to be used
as a patch. In this regard, five metals (i.e., Ag, Cu, Au, Pt and W) were investigated. Accord-
ing to the resulting admittance, Y11 (dB), and conductance, G (dB), responses presented
in Figure 9a,b, the performance is in direct correlation with the acoustic impedance (Z) of
the patch metals used, which can also be seen from Table 3 and the frequency responses.
Consequently, tungsten (W) shows superior performance, and is used in subsequent anal-
ysis to determine the other parameters of the patch. The optimum dimensions of the
patch for the best suppression of spurious modes are tuned based on FEA simulations
as it is demonstrated by the admittance, Y11 (dB) and conductance, G (dB) responses in
Figures 10a,b and 11a,b for different values of patch length and patch depth. From this,
it can be observed that the responses for patch length of W, /3 and patch depth of Hy, /2
demonstrated superior performance in offering spurious-free responses.
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Figure 9. Illustration of simulated electrical responses with different patch metals (i.e., Au, Ag, Cu,
Pt, and W). A patch length (L) of We /3 and a patch depth (Hcp, ) of Ha/m were used for the
simulation. (a) Admittance, Y11 (dB), and (b) conductance, G(dB).
Table 3. Properties of metals considered for the patch design.
Properties Ag Cu Au Pt \4
Density (g/cm?) 10.5 8.94 19.32 214 18.7
Longitudinal velocity 32 4.65 3.24 3.96 5.23
(cm/s) x 10
Acoustic impedance 37.8 4155 62.6 84.74 97.86
(g/cm=s) x 10
Z = p xv, where Z, p and v are the acoustic impedance, density, and acoustic velocity.
0 T T T T 0
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3 2
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Frequency (MHz) Frequency (MHz)
(a) (b)

Figure 10. Illustration of simulated electrical responses using different patch lengths (i.e., W./4,
W, /3, W, /2 and W,). The patch depth (Hpatch) of Hy; /2 and patch metal of tungsten (W) is used for
the simulation. (a) Admittance, Y11 (dB), and (b) conductance, G (dB).
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Figure 11. Illustration of simulated electrical responses using different patch depths (i.e., Hy /4,
Hy,/2,3Hy, /4, and Hy,). The patch depth (Lpatch) of W, /3 and the patch metal of tungsten (W) are
used for the simulation. (a) Admittance, Y11 (dB), and (b) conductance, G (dB).

6. Conclusions

In conclusion, the proposed suspended energy-preserving addendum frame lends
itself to acoustic energy confinement applications, as it offered a significant improvement
in the FoM of about 11-fold compared to the conventional resonator. Using FEA-based
modeling techniques, we found a design that led to an improvement in the unloaded qual-
ity factor (Qy) as high as 51,136, approximately 12.5-fold that of the conventional resonator,
which offered a maximum value of about 4106. The best insertion loss value recorded was
0.7 dB for the resonator with the proposed technique, which is significantly better than the
5 dB insertion loss value obtained for the conventional resonator. Aside from this, the pro-
posed method does not have a significant effect on the effective electromechanical coupling
coefficient. Moreover, a new method for suppressing spurious modes is introduced, from
which the FEA simulation results demonstrate a superior performance in mitigating the
spurious modes.
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