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Abstract: In this paper, the basic concepts of the equivalent model, vibration modes, and conduction
mechanisms of MEMS resonators are described. By reviewing the existing representative results,
the performance parameters and key technologies, such as quality factor, frequency accuracy, and
temperature stability of MEMS resonators, are summarized. Finally, the development status, exist-
ing challenges and future trend of MEMS resonators are summarized. As a typical research field of
vibration engineering, MEMS resonators have shown great potential to replace quartz resonators in
timing, frequency, and resonant sensor applications. However, because of the limitations of practi-
cal applications, there are still many aspects of the MEMS resonators that could be improved. This
paper aims to provide scientific and technical support for the improvement of MEMS resonators in
timing, frequency, and resonant sensor applications.
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1. Introduction

With the rapid development of the electronics industry and Industrial Revolution 4.0,
microelectromechanical systems (MEMS) technologies are playing an increasingly im-
portant role in applications, such as sensing [1], filtering [2], frequency reference [3], bio-
diagnostics [4], and energy harvesting [5]. It is becoming a steadily growing multi-billion
dollars industry [6]. The core components of MEMS are typically small, micron-sized
moving mechanical parts that rely on energy conversion between mechanical and elec-
tronic domains to perform functions, such as sensing and energy harvesting. The fre-
quency reference application relies on the vibration of the MEMS resonator to constitute
the oscillator [7]. MEMS resonators have always been an important topic in the field of
vibration engineering. By 2024, it is anticipated that the market for MEMS resonators
would have increased by a factor of six, reaching $600 million [8]. Recently MEMS reso-
nators have shown a similar performance to quartz crystal resonators. This has caused the
MEMS resonator to become an attractive solution for performance-enhancement.

Quartz crystal resonators have dominated the market [9]. However, quartz crystals
are obtained by conventional individual cutting techniques [7], and their size is difficult
to reduce [10]. In addition, quartz crystals are not compatible with CMOS processes [11]
and their integration [11], reliability [12], and power potential [13] are unsatisfactory. Re-
cently, researchers have been working to replace conventional quartz resonators with sil-
icon-based resonators because of their small size [3], high reliability [14], good compati-
bility with CMOS processes [15], and low-cost batch manufacturing [16]. MEMS resona-
tors have been reported to have excellent long-term stability [10], high quality factors, and
high reliability. Recently, some relevant reviews have been published: Ref. [17] discusses
the vibration modes of MEMS resonators, simplified models, and their applications; Ref.
[18] provides an overview of the fabrication methods for silicon-based MEMS resonant
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sensors; Ref. [19] presents a review of recent advances in resonator-based M/NEMS logic
devices; Ref. [20] discusses the piezoelectric resonator materials, process flow, and perfor-
mance improvement methods; and Ref. [21] mainly reviews the dissipation analysis meth-
ods and quality factor enhancement strategies of piezoelectric MEMS lateral vibration res-
onators. However, because of the limitations of practical applications, there are still many
aspects of MEMS resonators that could be improved. The resonant frequency, quality fac-
tor, frequency accuracy, electromechanical coupling coefficient, motional resistance, and
temperature stability are important performance indicators of MEMS resonators. This ar-
ticle focuses on reviewing the entire process of MEMS resonators in timing, frequency,
and resonance sensing applications from preliminary design to optimization of important
indicators and engineering corrections. It aims to provide some design references for im-
proving the performance of MEMS resonators.

This paper has the following format. Section 2 describes the operating principles of
MEMS resonators. Section 3 explains the main technologies for MEMS resonators. The
summary and future perspective are presented in Section 4.

2. MEMS Resonator Operation Principle

MEMS mechanical structures typically operate at surface, bending, torsional, and
bulk modes in timing, frequency, and resonant sensor applications. The equivalent model,
vibration modes, and transduction mechanisms are described in the following.

2.1. Equivalent Model

As shown in Figure 1a, a mass damper-spring system can be used to express the
MEMS resonator as [7]:

9%*x ox
My ——+ Cop — + K, gx = F, 1
q atz 1 at q ( )
where m,, ¢, k,, x, F.,arethe equivalent mass, equivalent damping factor, equiv-

alent stiffness, displacement, and external excitation in the system, respectively.
As shown in Figure 1b, a MEMS resonator is able to represented by the Butterworth
Van-Dyke (BVD) model as:

oi 1,
Lm§+le+C—mJ-18t=v (2)

where L,, R,, 1/C,, i, , are the equivalent inductance, equivalent resistance, equiv-

alent capacitance, current, and voltage in the system, respectively. Sometimes the feed-
through capacitance C, isintroduced to take account of parasitic effects.
As a typical second order system, the resonant frequency of the resonator can be cal-

culated as:
1 , ke 1 [ 1
fo= 2\ my, Corx L,C,, ®)

The electromechanical coupling factor 7] can be defined to relate the electrical com-

ponent to the mechanical device. The mapping relationship is calculated as: L, =1, / T,

R.=c,/1, C.=17/k,.
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Figure 1. (a) Mass damping spring system; (b) Equivalent electrical model including feedthrough
capacitor and parasitic capacitance.

2.2. Vibration Modes

Most resonators vibrate in flexural mode (in-plane, out-plane) [22], plate wave mode
(lamb, shear-horizontal), torsional mode, and bulk mode (contour mode, thickness mode,
shear mode). The diagrams of basic vibration modes are shown in Figure 2. Table 1 sum-
marizes the frequency calculation formulas for common vibration modes.
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Figure 2. Diagrams of flexural modes (a—d) and bulk modes (e—i): (a) Single-ended fixed out-of-
plane mode; (b) Double-ended fixed out-of-plane mode; (c) Double ended tuning forks (DETF) in-
plane mode; (d) Above-membrane out-of-plane mode; (e) Length extension (LE) mode; (f) Width
expansion (WE) mode; (g) Radial breathing mode; (h) Lamé mode; (i) Wine-glass mode, or face-
shear (FS) mode when the resonator is rectangular.

Table 1. Summary of frequency calculation formulas for common vibration modes.

Structure and Mode

Resonant Frequency Parameter

Cantilever beam

£ = E, t fo resonant frequency
0=

Peg = Cv mode coefficient
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Double-clamped tun-
ing fork

o _10+2ma/2F [Ey W
’ 27[\/5 pfq LZ

Circular membrane

10.22
fo
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Ea' modulus of elasticity

P density
t device thickness

L device length

n mode number

Extension mode fo= % i:q W' device width
1 [E '7 R device radius
FBAR fo= o p—”"’ o Poisson’s ratio
“ D feature size
) 1 |Gy, D=L for LE mode
Lamé fo _E P D=W for WE mode and D=R for
c g radial extensionG,, shear modulus
Face shear fo :TO peq C, constant parameter
i k, frequency parameter.
K, E,,
Wineglass fo= 27R Y| p, (1_02)

The formula is referenced from literature [7].

As shown in Figure 2a—d, the flexural mode is characterized by low acoustic velocity
and large vibration displacement, which usually appears in MEMS resonators with the
cantilever beam or membrane structures. The flexural modes are generally classified as
in-plane or out-of-plane modes for low-frequency applications.

MEMS resonators form a bulk mode by expanding or contracting. The bulk mode
has a greater stiffness, acoustic velocity, and resonant frequency. The categories of bulk
modes can be roughly divided into contour modes, thickness modes, and shear modes.
Contour modes are commonly found in resonators with plate or disc structures and are
mainly classified as length extensional mode (LE), width extensional mode (WE) [23] and
radial breathing mode (radial breathing) [24]. As shown in Figure 2e-g, the resonant fre-
quency depends on the transverse physical dimensions of the structure [25].

Since the contour mode resonators with different frequencies can be defined in a sin-
gle wafer by lithography, contour mode resonators are often found in multi-frequency
integration applications.

The most typical MEMS device for the thickness mode is the thin film bulk acoustic
resonator (FBAR), whose resonant frequency depends on the thickness of the resonator.
FBARs have been widely used as filters in radio frequency (RF) systems due to their
greater coupling and low motional resistance [26].

The total volume of the shear mode resonator is constant because of the simultaneous
expansion and contraction. The shear mode is generally observed in square and circular
resonators, and is mainly classified as lamé mode and face-shear mode (FS).

Table 2 presents representative resonators with different modes in specific applica-
tions.
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Table 2. Summary of representative different modes resonators in specific applications.

P T is-
Type Frequency Q ressure TanstIS  yVibration Modes Reference Schematic Illustration

(mTorr) sion (dB)
| | |

I
Capacitive 32.768 kHz ~15,000 50 74 Flexural [22] \D— T
Uﬁ i
I Y’.tv’
Capacitive  6.35 MHz 1,700,000 0.15 -17 Lamé [26] m
Capacitive 51.3MHz 128,400 0.08 -90 Lamé [27]
. Standard at- . .
Capacitive 107.3 MHz 11,000 mosphere 80 Whispering gallery ~ [28]
Ak
Capacitive 150.9 MHz 18,000 0.225 -72 Radial-contour [24] i @“‘""“‘
Piezoelectric 10MHz  46g2 ondardat Width expansion  [29]
mosphere
T‘_.‘I.
Piezoelectric 14.02 MHz 5000 ~mTorr 24 Length extension [23] “VII
iy You
Piezoelectric 48.14 MHz 10,000 ~mTorr -8 Width expansion [23]
Piezoelectric 52 MHz 4743 Standard at- -25 Lateral-extension [30]
mosphere
Piezoelectric 882 MHz 220 Standard at- -46 Contour mode [31]
mosphere

2.3. Transduction Mechanisms

Capacitive and piezoelectric are the most common transduction mechanisms for
MEMS resonators. The capacitive resonator can be viewed as a simple structure. The res-
onator is biased by a DC voltage and then excited by the upper and lower plates with a
specific frequency signal. The vibration of the resonant structure causes a change in elec-
trical capacity and generates an induced current. The piezoelectric MEMS resonator relies
on the piezoelectric material and effect to perform the energy conversion.
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Capacitive MEMS resonators are generally composed of single crystal or polycrystal-
line silicon. Relying on the extremely low material losses of silicon, capacitive MEMS res-
onators have a high quality factor. However, capacitive resonators have a low electrome-
chanical coupling factor and high motional resistance, which can be calculated as:

n=vC-Vv, 4)
kgqmgq g4
R, = 0 VoA )
P

where 7] is the electromechanical coupling factor, VC is the capacitive gradient be-

tween the two electrodes, v, is the DC voltage applied to the MEMS resonator, R, is

»
the motion resistance, Q is the quality factor, $ is the capacitive MEMS resonator gap
width, . is the capacitive gap permittivity, and A is the effective transduction area.
Piezoelectric MEMS resonators, such as thin-film piezoelectric substrate resonators
(TPoS) and FBARs, generally consist of electrodes, piezoelectric materials, and substrates.
Relying on the piezoelectric effect of piezoelectric materials, piezoelectric MEMS resona-
tors have high 7] and low R, without v, . Taking the single-port WE mode MEMS pi-

ezoelectric resonator as an example, the 7] and R, can be calculated as:

n=2ds;E,L (6)
R =£Z VPeq

YA 7)
QE2d3

where dj, is the piezoelectric coefficient.

Table 2 presents representative resonators with different types, Q , and transmis-
sions. Capacitive MEMS resonators are advantageous because of their high Q , while pi-
ezoelectric MEMS have the advantage of low R, .

In addition, thermal and magnetic excitations may be not as strong as the mentioned
mechanisms, but they have received much attention. Magnetically excited MEMS resona-
tors form stable oscillations through magnetoelectric coupling and magnetostrictive ef-
fects [32]. Compared with electrostatic and piezoelectric excitation, the magnetic field can
be applied from a distance, so the structural design of magnetically actuated MEMS reso-
nators is more variable [33]. In particular, magnetically actuated MEMS resonators can be
used in antennas with impedance matching of 50Q; the volume of the device is several
orders of magnitude smaller than that of traditional antennas. Some MEMS resonators are
applied to low frequency applications through thermal driving [34]. Thermally driven
resonators typically rely on the piezoresistive effect for signal detection [34]. Thermally
driven resonators have the strong driving ability, small film damping, and simple struc-
ture [35]. By subtracting the reference signal from the sensor output, Ref. [36] has success-
fully suppressed an asymmetric resonance in a thermal piezoresistive cantilever sensor.
The results show that the proposed sensor obtains a quality factor of approximately 1893
and exhibits a shorter response time.

In timing applications, phase noise has become a major factor limiting circuitry. The
short-term stability is mostly determined by phase noise, and the single-sideband phase
noise (Figure 3) in an oscillator quantified by Leeson’s equation is expressed as [7]:

_(2E6T b, 1
L(Af)_[ 2l +Af}[1+4Q2 Afzj (8)
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where Af is the frequency offset, F is the noise figure, k, is the thermal noise figure,
T, is the temperature, P, is the signal power, b, is the correction factor, and f, is
the center frequency.

Refer to Equation (8), the capacitive MEMS oscillator rely on the high Q resonator
to achieve low phase noise, whereas the piezoelectric MEMS oscillator allows it to handle
greater signal power by its low R, . Table 2 presents representative resonators with dif-
ferent transduction mechanisms in specific applications.

Phase Noise (dBc/Hz)

KTF/2Ps

 J

]
fe fo2Q,
Offset Frequency, AF (Hz)

Figure 3. Typical phase noise power spectral density (single sided).

3. Performance and Optimization

This section reviews the key performance indicators of MEMS resonators in timing,
frequency, and resonant sensor applications, mainly including quality factor Q , mo-
tional resistance R,,, frequency consistency, and temperature stability. Then, the optimi-
zation methods indicators are explained below.

3.1. Quality Factor
Refer to Equation (8), the Q is a critical performance for MEMS resonators. There
are various definitions of Q .The Q describes the ratio between the energy stored and
the energy dissipated in a cycle, which can be calculated as:
Xy,

Ectnm iZXL Lm fO
e o Sl = Sl g f = 20
Eloss lsz Rm fO Rm Af (9)

Q=27

where 1 is the current of the RLC circuit, X, is the imaginary part of the impedance,
and R, is the real part of the impedance.

The quality factor in engineering is defined as the ratio of the center frequency to the
-3db bandwidth. It can be seen that the lower the energy loss, the higher the quality factor.
Usually, the main energy loss of a MEMS resonator consists of air damping loss, anchor
loss, thermoelastic loss, and other losses. The quality factor is affected by all the above
losses and can be expressed as:

ool 1 , 1, 1

+ + )" 10
Qair thdmr QTED Qothers ( )

3.1.1. Air Damping Loss

The air damping loss [37] can be neglected in the macroscopic domain. However,
since the surface-to-volume ratio of MEMS resonators becomes larger, the air damping
become non-negligible. Although some estimation methods have been proposed for Q,;, ,
the predictions sometimes vary widely because air damping is affected by resonator size,
gap size, ambient pressure, vibration modes, and non-ideal fluid motion. Several estima-
tion methods are summarized below.



Micromachines 2022, 13, 2195 8 of 26

When based on the molecular regime method, the Q,;, of wide plates can be calcu-

lated as:
to
Qur ~ ()" / Py (11)
L
When based on incompressible unbounded fluid method, the Q,;, canbe calculated
as:
t*W
Qair - 12
(uL) (2

When based on incompressible squeeze film method, the Q,, can be calculated as:

BVRENY o
Qu = (P, (13)

where P, is the ambient pressure, [ is the viscosity coefficient that is positively re-
lated to the ambient pressure, and § is the resonator gap width.

Table 2 compares the quality factors of the resonators at different ambient pressures.
It can be known that Q is related to the resonator structure, resonance mode, fre-
quency, and ambient pressure. Air damping has a greater effect on lower frequency reso-
nators than high frequency resonators, and when the ambient pressure exceeds a certain
vacuum level, the air damping loss can be negligible. Therefore, making MEMS resonators
work in a vacuum environment is the most common method. Furthermore, Ref. [38] pro-
poses a method to perforate the lower electrode of a clamped-clamped microbeam reso-
nator to reduce the effects of squeezed membrane damping and allow operation at atmos-
pheric pressure.

air

3.1.2. Anchor Loss

When the resonator is vibrating, elastic waves propagate to the substrate through the
anchor point. This loss is called anchor loss or support loss. Studies have shown that an-
chor loss is affected by frequency, resonant mode, resonator size, anchor location, and
elastic wave transmission conditions. It can be estimated as follows.

For the plane mode resonator, the Q,,.. can be calculated as:

L.
Qﬂnchor - (W) (14)

For the out of plane mode resonator, the Q,,..,, canbe calculated as:

L

Qanchor - W(

=) (15)
t
where h is the substrate thickness.

For resonators with more complex structures, researchers often predict anchor loss
in finite element analysis software. For double-clamped cantilever resonators, the anchor
loss is usually considered to be larger as the resonant frequency increases. For low-fre-
quency (<200 MHz) aluminum nitride (AIN) contour mode resonators at a low tempera-
ture (<25 °C), anchor loss is the main loss mechanism. For resonant modes with minimal
displacement nodes, such as free—free beam and lateral mode resonators, using the mini-
mum displacement nodes as an anchor can minimize the energy leakage.

The main methods to reduce anchor loss include the quarter-wave tether method, the
acoustic reflection method, and the phononic crystal (PnC) method. The quarter-wave
tether method refers to setting the transmission tether to be a quarter wavelength so that
the acoustic wave can be reflected. [39] proposed a “hollow-disk” ring resonator with
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cross-support beams. The anchor point of the support beam center reflects the wave to the
ring resonator and raises the quality factor to 10000. Acoustic reflection methods generally
reflect elastic waves through etched trenches in the substrate. To test resonators with dif-
ferent depths and widths of trenches, [40] set trenches around disk-shaped resonators to
reflect surface waves. The result shows that the proposed structure can increase the qual-
ity factor by four times. A quality factor of 4522 was achieved by [41] after adding a T-
shaped tether with reflective blocks to the 10 MHz lateral mode resonator. A method to
effectively reduce anchor loss by introducing a slot near the tether support end of a lamb-
mode piezoelectric resonator was proposed by [42]. The results show that the designed
1.97 GHz resonator achieves a Q value of 3140. The PnC method is to embed PnC around
the resonator and prevent acoustic leakage. By tuning the PnC array to form an extremely
narrow-band filter, the outward propagation of elastic waves can be suppressed. By in-
troducing a cross-shaped 2D PnC outside the anchor, [43] increased the mass factor from
21,180 to 221,536. To suppress the displacement to reduce energy loss, [29] proposed to
use the PnC-reflector composite structure. The results show that the combination of PnC
and reflector provides a quality factor of up to 4682. A disk-shaped 2D PnC matrix was
deployed at the anchor point of the resonator by [44], thereby increasing the quality factor
from 2572 to 9242. A butterfly-shaped structure resonator, a resonator with PnC on tethers
and a resonator with PnC on anchors were proposed by [45]. The results show that the
quality factors of the proposed three 170 MHz resonators are 51503, 83349 and 83899,
while the traditional resonator quality factor is only 29899. A 133 MHz TPoS MEMS reso-
nator with a PnC-strip-anchor-tie-line was proposed by [46], and the cell number on the
quality factor was evaluated. The results show that the quality factor of the resonator with
the proposed PnC strip is 19,902. A 52 MHz AIN-on-SOI MEMS resonator with a sus-
pended frame structure and a PnC was proposed by [30]. The suspended frame structure
isolates mechanical vibrations between the resonator and the substrate, while the PnC ar-
ray acts as a frequency-selective reflector to reduce energy leakage. The results show that
the quality factor of the proposed structure reaches 4743, which is 7.8 times higher than
that of the traditional MEMS resonator. A similar structure was proposed by [47]. Simu-
lation results show that the proposed method reduces the anchor loss of the 90 MHz ring
piezoelectric resonator with a quality factor as high as 100,000, which is 83 times higher
than the original structure. There are other PnC structures proposed, such as spider web-
shaped PnC [48] and PnC with framing holes stub [49]. The PnC method is effective in
reducing anchor loss but may increase the fabrication complexity. Table 3 shows some
representative methods and diagrams for reducing anchor loss.

Table 3. Typical methods of improving quality factor.

Frequency Mode Type Original Q Enhanced Q Methods Reference Schematic Illustration
Lateral-exten Frame
52 MHz ) Anchor loss 606 4743 structure [30]
sion .
with PnC
The beam P -
51.3 MHz Lamé Anchor loss 56,400 128,400 with root [27]

slots
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Reflecti
10.03 MHz Lateral mode Anchor loss 2618 3945 eflective [41]
structures (10.074MH7)
Oum=87449
10.03 MHz Lateral mode Anchor loss 2618 4522 PnC [41]
idth - P Re-
joMpy Vidthexpan- o loss 1570 4682 nC+Re [29]
flector
610 kHz Flexural mode TED 13,000 16,000 Slots [50]
‘Pul)slhcnn SxL, ST(): v,u)i
400 kHz  Flexural mode TED 15,000 40,000 Slots [51]
20kHz  Flexural mode Coatingloss 3000 8000 Coating [52] G
coverage

3.1.3. Thermoelastic Loss

Due to the thermal expansion coefficient (CTE) of silicon, the temperature of the com-
pression region increases and the temperature of the tensile region decreases when the
resonator vibrates. The temperature difference generates heat flow, which leads to energy
dissipation. It is called thermoelastic damping (TED) [53]. Zener developed a general ex-
pression for thermoelastic damping with flexural mode MEMS resonators as follows [54]:

_ PG 1+ (or)

Qo = e ™ oz (16)
C
z-:ui (17)
K

where C, is the specific heat at constant pressure, o is the thermal expansion coeffi-

cient, » istheresonantangular frequency, r isthethermaltime constant,and « isthe
thermal conductivity.

A. Duwel proposed the fully coupled thermodynamic equations and uncoupled ther-
modynamic kinetic equations to calculate the thermoelastic damping. It was demon-
strated that the TED of the fundamental longitudinal mode and torsional mode resonator
is negligible [55]. Chandorkar showed that since the deformation of the torsional mode is
isovolumic and therefore not limited by TED [56]. A. Duwel demonstrated that the effect
of TED can be reduced by moving the thermoelastic debye-resonance away from the op-
erating frequency [57]. R. N. Candler proposed to reduce the TED effect of a 610 kHz flex-
ural mode resonator by adding the slot near the anchor point [58]. As shown in Table 3,
[50] affected thermo-mechanical coupling by adding slots to the clamped-clamped MEMS
beam resonators, and tests the effects of different positions and sizes of the slot on the
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resonator. The result shows that a reasonable slot structure can improve the quality factor
of the proposed resonator by 3000. A semi-analytical approach to predicting TED was
introduced by J. Segovia-Fernandez. It was demonstrated that the quality factor of AIN
contour mode resonator (CMR) resonators can be improved by optimizing the coverage
area of the metal layer [59]. As pointed out by [27], for lamé mode plate resonators, etched
holes will introduce an additional temperature gradient so that TED cannot be ignored.
Therefore, a thermo-mechanical coupling equation was established to analyze the de-
pendence of TED on the distribution of etched holes. A 2.81 x 10" quality factor was ob-
tained by optimizing the size and distribution of holes. That material, orientation, doping
level, and slot location all affect the temperature stability of tuning fork MEMS resonators
was experimentally demonstrated by [51]. Therefore, it is proposed that intelligent opti-
mization algorithms, such as Covariance-Matrix-Adaptation-Evolution-Strategy can be
used to determine the geometry of MEMS resonators to maximize quality factor and tem-
perature stability. It is the belief of [60] that the traditional TED model is not suitable for
partially coated resonators, so an analytical TED model of a partially covered cantilever
with a silicon oxide coating was developed. The results show that the proposed TED
model matches well with the finite element method. It is also pointed out that the length
of the metal coating should be less than 70%, and the influence of TED will be reduced to
25% when the position of the metal coating is far from the clamping end.

3.1.4. Other Losses

In addition to the main losses above, there are other losses including coating loss,
electrical loss, and internal material loss. The coating loss is generally presents in resona-
tors with metallic or piezoelectric layers. Friction between each layer causes energy loss
as the resonator vibrates. H. Qiu concluded that coating loss may be the main reason that
the quality factor of piezoelectric resonators is lower than that of capacitive resonators
[52]. They fabricated piezoelectric and electrode coated cantilever beams with 20% to 100%
length coverage. As shown in Table 3, the coating loss of a 20 kHz flexural mode resonator
can be reduced by decreasing the coating coverage [52]. The result shows that the resona-
tor with 20% coating coverage can increase the quality factor from 3000 to 8000 compared
with the full coverage resonator. R Sandberg tested the quality factor of cantilevers with
different gold-coated thicknesses and showed that the coating loss is proportional to the
thickness of the coating. S. Dohn pointed out that the position of the coating also affects
its quality factor. The experimental result shows that the quality factor can be effectively
improved when the coating is placed on the tip of the cantilever [61]. The effect on the
quality factor of AIN resonators when the top electrode is gold or aluminum was com-
pared by [62]. Top electrodes with different thicknesses were also fabricated to analyze
their effect on the resonator performance. The results show that when the top electrode
material is gold and the electrode thickness is reduced from 1pum to 0.5um, the quality
factor increases from 9939 to 12983. In addition, [63] proposed to use of the lattice mis-
match between GaN and Si to introduce greater stress in the GaN epitaxial layer to store
elastic energy. The quality factor of the designed 911 kHz double-clamped resonator
reaches 100000. [64] believed that the stray modes of the resonator will inevitably damage
the quality factor, and proposed to suppress the stray modes by optimizing the electrodes
to distribute the charge density uniformly in the z-direction. The results show that the
quality factor of the proposed resonator reaches 10,069 at 83.59 MHz, which is 2.7 times
higher than the ordinary one. When the movement of charges is blocked by the ohmicloss,
which was called the electrical loss. The electrical loss is generally independent of the de-
sign and fabrication of the resonator structure and can be ignored. The surface effect be-
come significant due to the increased surface-to-volume ratio of the resonator [65]. Impu-
rities, lattice defects, absorbers and other defects on the resonator surface can generate
surface stress, resulting in surface loss or friction.

3.2. Motional Resistance
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The motional resistance determines the power attenuation of the resonator. Accord-
ing to Barkhausen'’s criteria [66], the loop gain required to sustain oscillation is determined
by the motional resistance. The low motional resistance supports higher input signal
power levels. Referring to Equation (8), increasing the input signal power can reduce the
phase noise. In wireless communication applications, high motional resistance (>50(2) can
hinder the deployment of resonators in radio frequency (RF) front-ends.

According to Equations (6) and (7), resonators can obtain a low motional resistance
and a high electromechanical coupling factor. This conclusion has been verified in studies,
such as FBARs, shear mode quartz resonators, and contour mode AIN resonators. D. E.
Serrano proposed that a piezoelectric resonator with a 22.5% electrode coverage could
have the highest electromechanical conduction efficiency and low motional resistance [67].
The capacitive MEMS resonator rely on the high quality factor to achieve low phase noise,
whereas the piezoelectric MEMS resonator can handle greater signal power by virtue of
its low motional resistance. Ultimately the capacitive and piezoelectric MEMS resonator
can achieve similar phase noise performance. Multiple resonators were combined into an
array structure to improve the power processing capability by [68]. The result shows that
the proposed array structure reduces the phase noise by 26 dB compared with the single
resonator.

Several methods have been proposed for reducing motional resistance. According to
Equation (5), the motional resistance of the capacitive MEMS resonator has a quadratic
relationship with the gap, and reducing the gap between the electrode and the resonator
can reduce the motional resistance [2]. To reduce motion resistance, [69] designed and
fabricated an electrostatically driven DETF resonator with an electrode gap width of
1.03pum. The test results show that the quality factor of the proposed resonator is approx-
imately 30,000 in a vacuum environment, the resonance peak in an open loop is 18 dB,
and the DC bias voltage is 20 V. However, this approach does have drawbacks in terms
of manufacturing complexity. F. Ayazi and S. Pourkamali have fabricated thick device-
layer MEMS resonators with a large transducing area and the nano-gap by the HARPSS
fabrication process [70] and achieved a motion resistance below 1000 Q [71]. Increasing
the DC bias voltage can reduce the motional resistance in a linear relationship but worsens
the pull-in instability and linearity. Alternatively, designing resonator arrays on the same
substrate, and coupling the output current capacitively together can reduce the motional
resistance. To form a coupled square resonator array for reduced series motional re-
sistance and reduce the motional resistance by 5.9 times compared to the single resonator,
[72] connected the corner of the plate of same frequency seven square resonators. How-
ever, the disadvantage is that the array performance is worsened by manufacturing toler-
ances and consumes a large amount of chip area. There are a number of other methods
used to reduce resistance to motion, including incorporating high dielectric materials into
the gap [73], two-dimensional coupling structures [74], cyclic coupling structures [75], and
gap closure structures [76].

3.3. Frequency Accuracy

The frequency of MEMS resonators is shifted due to unavoidable manufacturing tol-
erances in the microfabrication process. The frequency accuracy and initial uniformity de-
termine whether the designed resonator can be commercialized in timing applications. To
improve accuracy and initial uniformity, it is necessary to correct the initial frequency of
the resonator. Generally, mechanical trimming and electronic tuning are used to increase
the frequency accuracy [7]. Mechanical trimming includes pulsed laser deposition, metal
deposition or diffusion, local oxidation, and laser trimming. Electrical tuning mainly in-
cludes bias voltage tuning and phase-locked loop (PLL) tuning.
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Frequency / Hz

3.3.1. Mechanical Trimming

The effective mass and stiffness determine the resonant frequency, so the resonant
frequency can be trimmed by adding, removing, or changing the material of the resonator.
An electronically controlled frequency trimming technique for the local thermal oxidation
of a single crystal silicon resonator was illustrated [77]. When the MEMS resonator is bi-
ased with a relatively large current in an oxygen-rich environment, a thin layer of silicon
dioxide can thermally grow on the silicon surface of the resonant structure. The change in
structural stiffness results in a change in resonant frequency. Using the cooling effect of
the resonator during resonance, automatic trimming can be achieved. The result shows
that a frequency trimming effect of approximately 3.7% can be obtained [77]. A similar
method of forming silicon-metal bonds by heating the deposited metal on the MEMS res-
onator to diffuse can also achieve trimming in the range of approximately 4000 ppm [78].
A MEMS resonant cavity with a top aluminum layer was proposed [79]. The -0.3 ppm/min
to —12.2 ppm/min frequency trimming capability can be obtained by evaporating alumi-
num layer by heating. Directing the femtosecond laser beam to the resonator through a
transparent cap or lid on the resonator package with varying the power and position of
the laser can achieve a frequency accuracy of 2.6 ppm [80]. The laser trimming method for
wineglass mode resonators is shown in Figure 4a,b, result showed that frequency split
was significantly reduced to less than 0.5 Hz [81]. It may be worth noting that these oper-
ations are difficult to apply in the mass production of sensors and can only be selectively
applied.
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Figure 4. (a,b) When the laser ablation grooves are properly designed, the resonant frequency can
be raised or lowered as desired [81]; (c) The change of the resonant frequency caused by the electro-
static force [82].

The mechanical trimming method can permanently change the resonant frequency
and requires no additional power supply after completion. However, device surface resi-
dues may degrade the device performance and the regulation accuracy is limited.

3.3.2. Electrical Tuning

The resonator frequency can also be tuned by electrostatic spring softening [2]. A
band electrostatic tuning scheme is proposed which was shown that the resonant fre-
quency can be tuned in the range of 38 ppm by setting the bias voltage. It is equal to cor-
recting the 0.25um linewidth error of the resonator [83]. D. E. Serrano fabricated AIN res-
onators with fully independent tuning potential using the substrate layer as a DC voltage
electrode, achieving a frequency tuning range of 3100 ppm [84]. As shown in Figure 4c,
when the tuning voltage increases from 5 V to 30 V, the resonator with a natural resonant
frequency of 3990 Hz can obtain a tuning range of 3390 Hz to 3320 Hz. [82]. A 228.42 Hz
cantilever resonator was proposed by [85]. By adding nonlinear springs, the resonator has
softening and hardening effects in different displacement directions, respectively. There-
fore, the function of frequency tuning can be achieved by changing the position where the
electrostatic force is applied. According to the simulation results, the device can output



Micromachines 2022, 13, 2195

14 of 26

frequency signals from 124.2 Hz to 349.9 Hz within the voltage tuning range of 60V. The
oscillator output frequency can also be varied using a high-performance fractional-N
phase-locked loop. However, the PLLs may increase the power, phase noise, and chip area,
which limits the application of PLLs for initial frequency correction of MEMS resonators.
Generally, PLL is a common method in temperature compensation applications of MEMS
resonators.

Electrical tuning methods are more flexible and precise than mechanical trimming,
but require additional power. However, the spring softening effect of electrostatically
tuned springs is considered too weak to satisfy a wide range of initial frequency correc-
tions. In addition to the above, a method of mechanically coupling the array is also pro-
posed to improve the fabrication repeatability of the resonant frequency. A mechanically
coupled array was used to achieve frequency averaging, and the overall standard devia-
tion of the frequency is reduced with respect to the square root of the number of resonators
in the array [86]. The result shows that the frequency standard deviation of an array con-
sisting of three resonators can be 165.7 ppm [86].

3.4. Temperature Stability

The long-term stability of MEMS resonators is mainly affected by temperature. The
spring softening effect by the elastic temperature coefficient (TCE) of silicon can result in
a silicon MEMS resonator with a temperature coefficient of frequency (TCF) of approxi-
mately —30 ppm/K [87]. Thus, an uncompensated silicon MEMS resonator will have a fre-
quency drift of up to -3750 ppm from —40 °C to 85 °C [88]. In particular, uncompensated
silicon MEMS resonators can cause problems such as clock drift, signal errors, and loss of
The Global Positioning System lock. This is the most important issue to overcome with
silicon MEMS resonators replacing product grade quartz resonators. Therefore, tempera-
ture compensation of silicon MEMS resonators is necessary. The main temperature com-
pensation schemes for silicon MEMS resonators can be classified as passive and active
compensation.

3.4.1. Passive Compensation

Passive compensation methods mainly include composite structures [89] and heavily
doped silicon [90]. The composite structure approach uses positive TEC materials such as
silicon dioxide (185 ppm/K) to neutralize the negative TEC of silicon. Taking the trans-
verse bending resonant beam as an example [91], its resonant frequency can be expressed

as:
Bl .
ﬁ.: A #; i=12,3--, (18)
272\ pA

The TCF can be defined as:
d(E,I
Tef = %j_j; B % E,gqllgq ( i = (19)
and
E,l, = ; E/I, (20)
The TCF can be calculated as:
. Zk: E. I, TCE,
TCf = 5 Z ElL (21)
k
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where 1, is the mode constant, L is the length of the beam, and L is the density of

the beam, A is the cross sectional area, E, is the effective Young’s modulus of the ma-

eq
terial, 1,, is the effective moment of inertia, and k is the number of the different mate-

rials.

A DETF resonator with a SiO2 coating [92] has a second order flip temperature similar
to that of a quartz crystal. The flip temperature point is controlled by varying the ratio of
the resonator’s SiO2 to silicon content. This means that a resonator with temperature sta-
bility at room temperature can be obtained by designing the inversion point. An extended
mode MEMS resonator based on an oxide refilling process was proposed and reported in
[93]. The first order TCF of the extended mode MEMS resonator can be compensated more
effectively by placing silicon dioxide islands in high strain regions, resulting in a TCF of 4
ppm/K. AIN lamb wave resonators with negative TCF can also be temperature compen-
sated by a composite structure [94]. The addition of a layer of SiO: underneath the AIN
achieved 250 ppm from -55 °C to 125 °C. A MEMS resonant gas sensor with oxide trenches
on the edge of the cantilever, which has little degradation to the quality factor, was pro-
posed by [95]. Experimental results show that the proposed design reduces the frequency
temperature coefficient to 1.7 ppm/°C and the quality factor can reach 4700.

The TCE reduction can be achieved by introducing free carriers into the silicon lattice
through doping to affect the silicon elasticity coefficient. That is, the elastic constants of
silicon have a doping dependence. The advantage of silicon doping is that MEMS resona-
tors can be fabricated on the highly doped silicon wafer and without any modifications to
existing manufacturing processes. It also avoids the potential degradation of quality fac-
tors caused by composite structure stacking. [96] proposed a temperature compensation
scheme using boron dopants for the silicon body acoustic resonator cavities (5iBAR). A
significant reduction in TCF was measured at very high doping levels, thus verifying fre-
quency-temperature dependence is affected by doping concentration [97,98]. According
to [99,100], the frequency-temperature dependence is not only related to the doping con-
centration but also related to modes and orientations [88]. The experimental result shows
that correctly positioned stretched mode resonators on highly n-doped silicon substrates
have a TCF zero point, and that the total frequency variation of highly phosphorus-doped
resonators aligned to <100> crystal orientations can reach less than 245 ppm over the
-40 °C to 85 °C range. A 10 MHz highly doped capacitive MEMS resonator was reported
by [101], and the frequency turnover point was changed by adjusting the crystal orienta-
tion. Results show less than +16 ppm frequency jitter from —40 °C to 85 °C when the reso-
nator is positioned 22.5° in the <110> direction. the temperature coefficient frequency of
n-type doped silicon resonators in vibrational extensional mode was predicted by [102].
It is found that there is a frequency turnover point at room temperature at doping concen-
tration levels of 1 x 10" cm™. The results also show that the greater the stress, the greater
the frequency change of the MEMS resonator. a 105 MHz concave silicon bulk acoustic
resonator (CBAR) with a linear TCF of -6.3 ppm/°C by boron doping was fabricated by
[103]. Some highly doped silicon DETFs were fabricated and the effect of different align-
ment orientations on temperature stability were tested by [104]. The results show that a
highly doped silicon resonator with proper alignment can achieve a 200 ppm frequency
change from -35 °C to 85 °C.

In order to find suitable design rules and methods for temperature stable doped sili-
con resonators, Jaakkola proposed a prediction model combining sensitivity analysis, sil-
icon elastic constant modeling, and free carrier theory [105,106]. The results demonstrate
that the extensional modes, lamé modes, flexural modes, and torsional modes can all ob-
tain low TCF when the resonator has a specific direction and doping concentration. Fur-
ther, [99,107,108] fabricated a series of resonators with different doping concentrations,
orientations, and resonance types, respectively. The elastic constants of the doped silicon
resonator with temperature dependence were extracted by testing. Then, the temperature
characteristic prediction model of the doped silicon resonator was established. The result
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showed that the prediction deviation was approximately 20 ppm [99]. Since temperature
compensation requires tight control of the doping level, a new fabrication method for par-
tially doped silicon resonators based on the epitaxial polysilicon encapsulation process
was proposed [109]. This method avoids the lattice mismatch [110] and strain problems.
An n-type degenerate doped resonator aligned with the <100> crystal orientation of the Si
substrate was also proposed and achieved a TCF of 7.4 ppm/°C [111]. A piezoelectric
AIN resonator combining a composite structure of heavily doped and oxide layers has
been reported in recent years [112]. The proposed resonator can achieve +21.5 ppm fre-
quency variation from —40 °C to 85 °C. Table 4 compares different passive compensation
methods.

Passive compensation can increase temperature stability. However, few MEMS res-
onators have been reported to achieve sub- ppm level frequency stability. This means that
resonators that rely on passive compensation alone may not meet the stringent require-
ments of the most advanced wireless systems and precision navigation guidance applica-
tions.

Table 4. Typical methods of passive compensation.

Frequency .1
(MHz) Type Methods Reference Stability
_ 1.7 ppm/°C
. In-plane fl 1 2
0.39 n-plane flexura S5iO [95] [10 °C t0 90 °C]
. -0.02 ppm/°C2
1 DETF Si02 B9 s5ec o125
. -0.02 ppm/°C?
1.024 DETF 2 2
0 S10 B2 a0 octo120°]
. -0.021
711 Lamb Wave Si02 [94] [-55 °C to 125 °C]
0.47 DETF Dopin [104] 190 ppm
' ping [5 °C to 85 °C]
9 Lateral extensional Doping [101] -4 OiOZ g Fop;g °C]
] . +16 ppm
1 1 D 101
0 square extensiona oping [101] [-40 °C to 85 °C]
23 Extensional mode Doping [90] [-40 1(2:};5?5 °C]
25.09 Lateral extensional Dopin [88] 245 ppm
‘ atera a ping [~40 °C to 85 °C]
24.44 Width extensional Doping and Si02  [112] +21.5 ppm

[-40 °C to 85 °C]

3.4.2. Active Compensation

Active compensation generally includes electrostatic forces, phase-locked loops, and
oven control. The principle of electrostatic temperature compensation is similar to the
electrical tuning method mentioned in the previous section, taking the parallel plate res-
onator as an example [113], the electrostatic tuning capability versus DC voltage applied
to the MEMS resonator can be expressed as:

E_SAU

fO k d3 dVPZ (22)

where A, is the effective capacitive area, k, is the dynamic stiffness, and d is the ini-
tial capacitive gap.
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A resonator with a shape similar to the letter “I” was proposed by Ref. [114]. By com-
bining a diode array with a negative temperature coefficient and a charge pump, the fre-
quency drift is only 240 ppm from 30 °C to 120 °C. A two-chip reference oscillator was
demonstrated by [115]. A voltage multiplier circuit was used to generate a voltage of ap-
proximately 24 V, which was then applied to bias the resonator for temperature variations.
The test result shows a temperature coefficient of 4.2 ppm/°C from 25 °C to 125 °C. As an
improvement, parabolic correction schemes for 6 MHz, 10 MHz, and 20 MHz resonators
were proposed with the 39 ppm temperature drift from 25 °C to 125 °C. Serrano fabricated
the 32.768 kHz resonator on an AIN-on-SOI (Silicon-On-Insulator) substrate [116]. The ef-
fective capacitance area was increased by using an external frame combined with a rigid
plate structure to achieve a frequency tuning range of 6400 ppm with only 6 V required.
Test results have shown that the frequency drift of the resonator based on electrostatically
tuned achieved 5 ppm from -25 °C to 100 °C. Composite structures combined with elec-
trostatically tuned methods have also been proposed [117]. A DETF with a thermal oxide
coating can achieve a small frequency variation (<110 ppm). In addition, the addition of
electrostatic tuning on this basis can achieve +2.5 ppm stability from -10 °C to 80 °C [117].
A 292 MHz free-free beam resonator on a 0.35um standard CMOS platform was inte-
grated by [118], and an additional overhang electrode to provide electrical stiffness to
simplify fabrication difficulty was introduced. The results show that the frequency drift
of the proposed resonator decreases from 2120 ppm to 95 ppm in the range of 25 °C to
55 °C.

SiTime launched a unified packaged MEMS-CMOS programmable oscillator in 2007
[119]. The CMOS circuit includes a MEMS driver, temperature compensation, and a pro-
grammable frequency multiplier. It measures the temperature by a high-performance
CMOS sensor to adjust the divider ratio for temperature compensation and achieves +50
ppm frequency stability from —45 °C to 85 °C. Further, programmable MEMS thermistor-
based temperature-to-digital converter (TDC) oscillators have been proposed [120]. Com-
pared to conventional Bipolar Junction Transistor (BJT) temperature sensors, the thermis-
tor is fabricated close to the resonator to achieve accurate thermal tracking, with a fre-
quency stability of 5 ppm from —40 °C to 85 °C. A fully integrated dual resonator was
proposed in 2016 [121]. Temperature measurement is achieved in this architecture by
measuring the frequency of two resonators. The sensors and resonators correspond, bring-
ing a tight thermal coupling. Therefore, the resonator can maintain high frequency stabil-
ity with rapid temperature fluctuations. The proposed integrated dual MEMS resonator
achieved +0.1 ppm stability from —45 °C to +105 °C. A piezoelectric resonator combining
the composite structure and PLL compensation was reported in [122]. The composite
structure oscillator with PLL achieves +3 ppm frequency stability from 20 °C to +70 °C.
Recently, [123] proposed to use of a fractional divider to compensate for the frequency
drift of MEMS resonators. In addition, a short-term jitter suppression method based on
digital-to-time converter modulation is proposed. The results show that the proposed
method is more efficient than the PLL-implemented low-pass filter, and achieves a fre-
quency drift of +8 ppm.

Although temperature compensation methods such as composite structure, heavy
doping, electrostatic and PLL have been proposed, these methods can only achieve ppm-
level frequency stability [124], which is still difficult to satisfy high-end industries such as
modern telecommunication systems [125] and military [126]. The oven controlled MEMS
oscillator (OCMO) achieve ppb-level frequency stability by heating the resonator to a con-
stant high temperature [124]. Silicon MEMS resonators can be integrated with heaters and
sensors on a single chip to reduce power consumption, size, and cost [127], which pro-
vides a miniaturized solution for oven-controlled oscillators [126]. As shown in Figure
5a,b, [128] proposed a N-doping compensated LE mode resonator based on look-up table
control method. First adjust the turnover point by changing the doping level, then fix the
operating temperature at the turnover point through a control loop. The result shows that
the proposed resonator achieves a stability of 0.5 ppm in the range of -35 °C to 85 °C. A
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77.7 MHz lamé mode resonator using a structured resistor as the embedded temperature
sensor and a silicon resistor as the heater was proposed by [127]. The oscillator relies on
an automatic closed-loop control to regulate the temperature of a micro-oven and achieve
a frequency stability of +0.3 ppm across the temperature range of —25 °C to +85 °C. As an
improvement, [124] proposed a 1.2 MHz oscillator consisting of a PLL and two DETF res-
onators with different temperature coefficients of frequency. Firstly, the temperature sens-
ing is realized by tracking the difference frequency between two resonators, and then the
active temperature compensation is realized by PLL controller. This method avoids the
disadvantage that the accuracy of traditional temperature sensor may be affected by meas-
uring circuit. Further, [129] proposed a novel dual-mode lamé resonator and a dual-mode
DETF resonator. The proposed resonators achieved 1-week frequency stability close to 1.5
ppb by doping and active control. A dual-mode piezoelectric OCMO was proposed by
[130], and it achieved a frequency stability of less than + 400 ppb in the range of — 40 °C to
80 °C. Similarly, the ovenized dual-mode resonators based on highly doped single-crystal
silicon were proposed in 2016 and 2019, and achieving + 250 ppb [131] and + 1.5 ppb [132]
frequency offset over the 100 °C temperature range, respectively. A dual frequency reso-
nator with an output frequency of 1.27 MHz or 13 MHz fabricated at 0 DEG and 45 DEG,
respectively, was demonstrated by Ref. [133]. Temperature-controlled compensation is
then achieved by tracking and locking the difference between the dual-mode frequencies,
and the results show that the proposed resonator achieves stability of +25 ppb in the range
of —40 °C to 40 °C. The dual-mode single resonator can avoid the disadvantage of temper-
ature detection error due to temperature gradient based on the dual resonator method.
Table 5 summarizes the specific performance of some typical OCMOs. The OCMO has
proven to be the most promising candidate for highly accurate oscillators [96]. In the fu-
ture, OCMOs with sub-mW power consumption are also expected to be deployed in more
applications such as sensor nodes, microsatellites or unmanned nanovehicles. However,
today, OCMOs are still in the development stage from laboratory to commercial products.

-40 -20 0 20 40 60 80
Environment Temperature (°C)

@ (b)

Figure 5. (a) Schematic view of the oven controlled resonator [128]; (b) The minimum drift of the
resonant frequencies at the turnover point is measured to be less than 1 ppm in the temperature
range of -35 °C to 85 °C [128].

Table 5. Typical methods of active compensation.

Fl'(elellll_;’-:)cy Type Methods Reference  Stability
2.92 Free-free beam Electrostatic [118] O;;401:():1:11(‘;1/5°5C
5.5 I-shaped bulk Electrostatic [11] 25 O?(>29t}())plr;5 oC
1.126 DETF SiO2+ electrostatic [117] _mtféi Ez)pgg °oC
Doping and +8 ppm

0.54 In-plane flexural [123]

Single-Temperature Calibration 5°C to 85 °C
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77.7 Lamé mode Oven control [127] —ZSiSS tipg; oC
1 ppm
12 DETF Oven control 1241 50 oct0 80 °C
. ] +0.05 ppm
1.2 DETF Calibration and control [124] 290 °C to 80 °C
+2 b
1.2 Plate Bending Doping and control [133] 40J:,C5 tlZP40 oC
Length-exten- . 0.5 ppm
10 ol Doping and control [128] 235 °C to 85 °C
+ b
13 Lamé Doping and control [133] 40 :g ff 40 °C
. +0.4 ppm
427 Shear mode Doping and control [130] 40 °C to 80 °C

4-Summary and Future Perspective

In this paper, the working principles, important parameters, and key technologies of
MEMS resonators are summarized by sorting out the proposed representative results. It
aims to provide some design references for improving the performance of MEMS resona-
tors. Although MEMS resonators have developed rapidly in recent years, there are still
many problems to be solved. (1) There is a big difference in the choice of transduction
mechanism. Capacitive resonators have problems, such as low electromechanical effi-
ciency, narrow transduction gap, large DC bias, and precise process control requirements,
which still need to be overcome. Piezoelectric MEMS resonators have less motional re-
sistance and better power handling. Up to now, new piezoelectric materials are still being
developed, and the application fields of piezoelectric MEMS resonators are still expanding.
However, process standardization of piezoelectric resonators remains a challenge; (2)
Temperature stability remains the most important issue facing MEMS resonators. Com-
posite structures require changes to the existing process flow and may reduce the quality
factor. The influence mechanism of heavy doping on temperature stability is complex and
its effect is difficult to accurately predict. Electrostatic tuning is believed to have a limited
effect on stiffer resonators. PLLs and OCMOs are limited by power and size, and thus
cannot be widely used; (3) The common use of thin AIN films or overtone mode resonators
at high frequencies can cause insufficient performance, such as high thermal resistance,
large static capacitance, and low electromechanical coupling; and (4) As the structure of
MEMS resonators becomes increasingly complex, problems such as nonlinearity [134] and
chaotic phenomena [135] need to be gradually highlighted.

With the improvement of performance requirements for MEMS resonators and the
broadening of application fields, the following are some studies that may become a focus
in the future. (1) Numerical methods that capture specific energy loss mechanisms are
becoming popular, such as the acoustoelectric loss due to the interaction of charge carriers
with phonons [136]; (2) Combining a floating platform with the folded beam is a potential
solution for OCMO structure. Additionally, crosstalk and mechanical coupling issues in
dual-mode resonators need to be addressed; (3) Development of new materials and new
models that meet 6G requirements, such as unique tangential LiNbOs [137] and multi-
mode resonators [138]; (4) Development of new MEMS devices that are highly immune to
environmental drift, such as amplitude ratio output [139,140] and multi-mode excitation
resonant sensor; (5) Flexible MEMS resonators [141] that can be used in the human body;
(6) Monolithic integrated units for multiple sensors or multiple frequency outputs.
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