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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, existing
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 practical
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.

Keywords: MEMS; resonator; oscillator

1. Introduction

With the rapid development of the electronics industry and Industrial Revolution
4.0, microelectromechanical systems (MEMS) technologies are playing an increasingly
important 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
electronic domains to perform functions, such as sensing and energy harvesting. The
frequency 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 resonators
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. Recently,
researchers have been working to replace conventional quartz resonators with silicon-based
resonators because of their small size [3], high reliability [14], good compatibility with
CMOS processes [15], and low-cost batch manufacturing [16]. MEMS resonators 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 sensors; Ref. [19]
presents a review of recent advances in resonator-based M/NEMS logic devices; Ref. [20]
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discusses the piezoelectric resonator materials, process flow, and performance improvement
methods; and Ref. [21] mainly reviews the dissipation analysis methods and quality factor
enhancement strategies of piezoelectric MEMS lateral vibration resonators. However,
because of the limitations of practical applications, there are still many aspects of MEMS
resonators that could be improved. The resonant frequency, quality factor, frequency
accuracy, electromechanical coupling coefficient, motional resistance, and temperature
stability are important performance indicators of MEMS resonators. This article 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 improving 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]:

meq
∂2x
∂t2 + ceq

∂x
∂t

+ keqx = Fe (1)

where meq, ceq, keq, x, Fe, are the equivalent mass, equivalent damping factor, equivalent
stiffness, displacement, and external excitation in the system, respectively.
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Figure 1. (a) Mass damping spring system; (b) Equivalent electrical model including feedthrough
capacitor and parasitic capacitance.

As shown in Figure 1b, a MEMS resonator is able to represented by the Butterworth
Van-Dyke (BVD) model as:

Lm
∂i
∂t

+ Rmi +
1

Cm

∫
i∂t = υ (2)
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where Lm, Rm, 1/Cm, i, υ are the equivalent inductance, equivalent resistance, equivalent
capacitance, current, and voltage in the system, respectively. Sometimes the feedthrough
capacitance C0 is introduced to take account of parasitic effects.

As a typical second order system, the resonant frequency of the resonator can be
calculated as:

f0 =
1

2π

√
keq

meq
=

1
2π

√
1

LmCm
(3)

The electromechanical coupling factor η can be defined to relate the electrical compo-
nent to the mechanical device. The mapping relationship is calculated as: Lm = meq/η2,
Rm = ceq/η2, Cm = η2/keq.

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

Structure and Mode Resonant Frequency Parameter

Cantilever beam f0 = Cn

√
Eeq
ρeq

t
L2

f0 resonant frequency
Cn mode coefficient

Eeq modulus of elasticity
ρeq density

t device thickness
L device length
n mode number
W device width
R device radius
σ Poisson’s ratio

D feature size
D = L for LE mode

D = W for WE mode and D = R for
radial extension Geq shear modulus

C0 constant parameter
κn frequency parameter.

Double-clamped tuning fork f0 = [(1+2n)π/2]2

2π
√

12

√
Eeq
ρeq

W
L2

Circular membrane f0 = 10.22
2πR2
√

12ρeq(1−σ2)/Eeqt2

Extension mode f0 = n
2D

√
Eeq
ρeq

FBAR f0 = 1
2t

√
Eeq
ρeq

Lamé f0 = 1√
2L

√
Geq
ρeq

Face shear f0 = C0
L

√
Geq
ρeq

Wineglass f0 = κn
2πR

√
Eeq

ρeq(1−σ2)

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 frequency
depends on the transverse physical dimensions of the structure [25].

Since the contour mode resonators with different frequencies can be defined in a
single 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 applications.

Table 2. Summary of representative different modes resonators in specific applications.

Type Frequency Q Pressure
(mTorr)

Transmission
(dB)

Vibration
Modes Reference Schematic

Illustration

Capacitive 32.768 kHz ~15,000 50 −74 Flexural [22]
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Table 2. Cont.

Type Frequency Q Pressure
(mTorr)

Transmission
(dB)

Vibration
Modes Reference Schematic

Illustration

Capacitive 6.35 MHz 1,700,000 0.15 −17 Lamé [26]
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Capacitive and piezoelectric are the most common transduction mechanisms for
MEMS resonators. The capacitive resonator can be viewed as a simple structure. The
resonator 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
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electrical capacity and generates an induced current. The piezoelectric MEMS resonator
relies on the piezoelectric material and effect to perform the energy conversion.

Capacitive MEMS resonators are generally composed of single crystal or polycrys-
talline silicon. Relying on the extremely low material losses of silicon, capacitive MEMS
resonators have a high quality factor. However, capacitive resonators have a low electrome-
chanical coupling factor and high motional resistance, which can be calculated as:

η = ∇C ·Vp (4)

Rm =

√
keqmeq

Q
g4

V2
pε2 A2

(5)

where η is the electromechanical coupling factor, ∇C is the capacitive gradient between
the two electrodes, Vp is the DC voltage applied to the MEMS resonator, Rm is the motion
resistance, Q is the quality factor, g is the capacitive MEMS resonator gap width, ε 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 resonators
have high η and low Rm without Vp. Taking the single-port WE mode MEMS piezoelectric
resonator as an example, the η and Rm can be calculated as:

η = 2d31EeqL (6)

Rm =
π

8
T
L

√
ρeq

QE
3
2
eqd2

31

(7)

where d31 is the piezoelectric coefficient.
Table 2 presents representative resonators with different types, Q, and transmissions.

Capacitive MEMS resonators are advantageous because of their high Q, while piezoelectric
MEMS have the advantage of low Rm.

In addition, thermal and magnetic excitations may be not as strong as the mentioned
mechanisms, but they have received much attention. Magnetically excited MEMS res-
onators form stable oscillations through magnetoelectric coupling and magnetostrictive
effects [32]. Compared with electrostatic and piezoelectric excitation, the magnetic field
can be applied from a distance, so the structural design of magnetically actuated MEMS
resonators is more variable [33]. In particular, magnetically actuated MEMS resonators can
be used in antennas with impedance matching of 50 Ω; 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 res-
onators typically rely on the piezoresistive effect for signal detection [34]. Thermally driven
resonators have the strong driving ability, small film damping, and simple structure [35].
By subtracting the reference signal from the sensor output, Ref. [36] has successfully sup-
pressed 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]:

L(∆ f ) =
(

2FkbTe

P0
+

b1

∆ f

)(
1 +

f 2
c

4Q2
1

∆ f 2

)
(8)

where ∆ f is the frequency offset, F is the noise figure, kb is the thermal noise figure,
Te is the temperature, P0 is the signal power, b1 is the correction factor, and fc is the
center frequency.
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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 Rm. Table 2 presents representative resonators with different
transduction mechanisms in specific applications.

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, motional
resistance Rm, frequency consistency, and temperature stability. Then, the optimization
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:

Q = 2π
Estore

Eloss
=

i2XLm

i2Rm
=

XLm

Rm
= 2π f0

Lm

Rm
=

f0

∆ f
(9)

where i is the current of the RLC circuit, XLm is the imaginary part of the impedance, and
Rm is the real part of the impedance.

The quality factor in engineering is defined as the ratio of the center frequency to the
−3 db 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:

Q = (
1

Qair
+

1
Qanchor

+
1

QTED
+

1
Qothers

)
−1

(10)

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 Qair,
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 estimation
methods are summarized below.

When based on the molecular regime method, the Qair of wide plates can be calculated as:

Qair ∼ (
t
L
)

2
/Pair (11)
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When based on incompressible unbounded fluid method, the Qair can be calculated as:

Qair ∼
t2W

(µL)2 (12)

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

Qair ∼ (
t

wL
)

2 g3

µ
(13)

where Pair is the ambient pressure, µ is the viscosity coefficient that is positively related to
the ambient pressure, and g is the resonator gap width.

Table 2 compares the quality factors of the resonators at different ambient pressures. It
can be known that Qair is related to the resonator structure, resonance mode, frequency, and
ambient pressure. Air damping has a greater effect on lower frequency resonators 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] proposes a method to
perforate the lower electrode of a clamped-clamped microbeam resonator to reduce the effects
of squeezed membrane damping and allow operation at atmospheric pressure.

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
anchor 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 Qanchor can be calculated as:

Qanchor ∼ (
L
W

)
3

(14)

For the out of plane mode resonator, the Qanchor can be calculated as:

Qanchor ∼
L
W

(
h
t
)

2
(15)

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-frequency
(<200 MHz) aluminum nitride (AlN) contour mode resonators at a low temperature
(<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. Ref. [39] proposed a “hollow-disk” ring resonator
with 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 different depths and widths of trenches, Ref. [40] set trenches around disk-shaped
resonators to reflect surface waves. The result shows that the proposed structure can
increase the quality 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
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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 introducing a cross-shaped 2D PnC outside the anchor, Ref. [43] increased
the mass factor from 21,180 to 221,536. To suppress the displacement to reduce energy loss,
Ref. [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 resonator 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 AlN-on-SOI MEMS resonator
with a suspended 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 array 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]. Simulation 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

52 MHz Lateral-
extension Anchor loss 606 4743

Frame
structure
with PnC

[30]
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where pC is the specific heat at constant pressure,   is the thermal expansion coeffi-

cient,   is the resonant angular frequency,   is the thermal time constant, and   is the 

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, 
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Table 3. Cont.

Frequency Mode Type Original Q Enhanced Q Methods Reference Schematic
Illustration

10.03 MHz Lateral
mode Anchor loss 2618 4522 PnC [41]
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3.1.3. Thermoelastic Loss

Due to the thermal expansion coefficient (CTE) of silicon, the temperature of the
compression 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
expression for thermoelastic damping with flexural mode MEMS resonators as follows [54]:

QTED =
ρCp

Eα2T
1 + (ωτ)2

ωτ
(16)

τ =
ρCp

κ

t
π

(17)

where Cp is the specific heat at constant pressure, α is the thermal expansion coeffi-
cient, ω is the resonant angular frequency, τ is the thermal time constant, and κ is the
thermal conductivity.

A. Duwel proposed the fully coupled thermodynamic equations and uncoupled ther-
modynamic kinetic equations to calculate the thermoelastic damping. It was demonstrated
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 operating
frequency [57]. R. N. Candler proposed to reduce the TED effect of a 610 kHz flexural mode
resonator by adding the slot near the anchor point [58]. As shown in Table 3, Ref. [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 resonator.
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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 AlN 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 in-
troduce an additional temperature gradient so that TED cannot be ignored. Therefore, a
thermo-mechanical coupling equation was established to analyze the dependence of TED
on the distribution of etched holes. A 2.81 × 1019 quality factor was obtained 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 optimization algorithms,
such as Covariance-Matrix-Adaptation-Evolution-Strategy can be used to determine the
geometry of MEMS resonators to maximize quality factor and temperature 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 resonators
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 resonator
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 AlN resonators when the top electrode is gold or aluminum was compared
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 1 µm to 0.5 µm, the quality factor increases
from 9939 to 12983. In addition, Ref. [63] proposed to use of the lattice mismatch 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 100,000. Ref. [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 ohmic loss, which was called the
electrical loss. The electrical loss is generally independent of the design and fabrication
of the resonator structure and can be ignored. The surface effect become significant due
to the increased surface-to-volume ratio of the resonator [65]. Impurities, lattice defects,
absorbers and other defects on the resonator surface can generate surface stress, resulting
in surface loss or friction.
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3.2. Motional Resistance

The motional resistance determines the power attenuation of the resonator. According
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 Ω) 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 AlN 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, Ref. [69] designed
and fabricated an electrostatically driven DETF resonator with an electrode gap width
of 1.03 µm. The test results show that the quality factor of the proposed resonator is
approximately 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 Ω [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
resistance and reduce the motional resistance by 5.9 times compared to the single resonator,
Ref. [72] connected the corner of the plate of same frequency seven square resonators.
However, the disadvantage is that the array performance is worsened by manufacturing
tolerances 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
tolerances in the microfabrication process. The frequency accuracy and initial uniformity
determine 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
includes bias voltage tuning and phase-locked loop (PLL) tuning.

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.
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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
biased 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 resonator 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 aluminum
layer by heating. Directing the femtosecond laser beam to the resonator through a trans-
parent 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 operations
are difficult to apply in the mass production of sensors and can only be selectively applied.

Micromachines 2022, 13, x FOR PEER REVIEW 13 of 26 
 

 

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 and Figure 4b, result showed that fre-

quency split was significantly reduced to less than 0.5 Hz [81]. It may be worth noting that 

these operations are difficult to apply in the mass production of sensors and can only be 

selectively applied. 

 

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 0.25μm linewidth error of the resonator [83]. D. E. Serrano fabricated AlN 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 
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can be raised or lowered as desired [81]; (c) The change of the resonant frequency caused by the
electrostatic force [82].

The mechanical trimming method can permanently change the resonant frequency and
requires no additional power supply after completion. However, device surface residues
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 frequency can
be tuned in the range of 38 ppm by setting the bias voltage. It is equal to correcting the
0.25 µm linewidth error of the resonator [83]. D. E. Serrano fabricated AlN resonators
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. Therefore, 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 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
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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 corrections. In
addition to the above, a method of mechanically coupling the array is also proposed to
improve the fabrication repeatability of the resonant frequency. A mechanically coupled
array was used to achieve frequency averaging, and the overall standard deviation 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 consisting 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 approximately
−30 ppm/K [87]. Thus, an uncompensated silicon MEMS resonator will have a frequency
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, temperature com-
pensation of silicon MEMS resonators is necessary. The main temperature compensation
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 transverse
bending resonant beam as an example [91], its resonant frequency can be expressed as:

fi =
λi

2πL2

√
Eeq Ieq

ρA
; i = 1, 2, 3 · · · , (18)

The TCF can be defined as:

TC f =
1
f

d f
dT

=
1
2

1
Eeq Ieq

d(Eeq Ieq)

dT
(19)

and
Eeq Ieq = ∑

k
Ek Ik (20)

The TCF can be calculated as:

TC f =
1
2

∑
k

Ek IkTCEk

∑
k

Ek Ik
(21)

where λi is the mode constant, L is the length of the beam, and ρ is the density of the beam,
A is the cross sectional area, Eeq is the effective Young’s modulus of the material, Ieq is the
effective moment of inertia, and k is the number of the different materials.

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 stability
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
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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.
AlN lamb wave resonators with negative TCF can also be temperature compensated by
a composite structure [94]. The addition of a layer of SiO2 underneath the AlN 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 resonators
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 factors caused
by composite structure stacking. Ref. [96] proposed a temperature compensation scheme
using boron dopants for the silicon body acoustic resonator cavities (SiBAR). A significant
reduction in TCF was measured at very high doping levels, thus verifying frequency-
temperature dependence is affected by doping concentration [97,98]. According to [99,100],
the frequency-temperature dependence is not only related to the doping concentration 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 orientation. Results show less than
±16 ppm frequency jitter from−40 ◦C to 85 ◦C when the resonator 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 concentration levels of 1 × 1019 cm−3. 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 alignment 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 silicon
resonators, Jaakkola proposed a prediction model combining sensitivity analysis, silicon
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 obtain
low TCF when the resonator has a specific direction and doping concentration. Further,
Refs. [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
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
partially 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
AlN 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 frequency
variation from −40 ◦C to 85 ◦C. Table 4 compares different passive compensation methods.
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Table 4. Typical methods of passive compensation.

Frequency
(MHz) Type Methods Reference Stability

0.39 In-plane flexural SiO2 [95] 1.7 ppm/◦C
[10 ◦C to 90 ◦C]

1 DETF SiO2 [89] −0.02 ppm/◦C2

[−55 ◦C to 125 ◦C]

1.024 DETF SiO2 [92] −0.02 ppm/◦C2

[−40 ◦C to 120 ◦C]

711 Lamb Wave SiO2 [94] −0.021
[−55 ◦C to 125 ◦C]

0.47 DETF Doping [104] 190 ppm
[5 ◦C to 85 ◦C]

9 Lateral extensional Doping [101] ±20 ppm
[−40 ◦C to 85 ◦C]

10 square extensional Doping [101] ±16 ppm
[−40 ◦C to 85 ◦C]

23 Extensional mode Doping [90] 10 ppm
[−40 ◦C to 85 ◦C]

25.09 Lateral extensional Doping [88] 245 ppm
[−40 ◦C to 85 ◦C]

24.44 Width extensional Doping and
SiO2

[112] ±21.5 ppm
[−40 ◦C to 85 ◦C]

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 requirements
of the most advanced wireless systems and precision navigation guidance applications.

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
resonator as an example [113], the electrostatic tuning capability versus DC voltage applied
to the MEMS resonator can be expressed as:

d f
f0

=
εAe

knd3 dVp
2 (22)

where Ae is the effective capacitive area, kn is the dynamic stiffness, and d is the initial
capacitive gap.

A resonator with a shape similar to the letter “I” was proposed by Ref. [114]. By
combining a diode array with a negative temperature coefficient and a charge pump, the
frequency 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 approximately 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 AlN-on-SOI (Silicon-On-Insulator)
substrate [116]. The effective 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
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on electrostatically tuned achieved 5 ppm from −25 ◦C to 100 ◦C. Composite structures
combined with electrostatically 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 2.92 MHz free-free beam resonator on a 0.35um standard
CMOS platform was integrated 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 programmable
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 sta-
bility from −45 ◦C to 85 ◦C. Further, programmable MEMS thermistor-based temperature-
to-digital converter (TDC) oscillators have been proposed [120]. Compared to conven-
tional Bipolar Junction Transistor (BJT) temperature sensors, the thermistor is fabricated
close to the resonator to achieve accurate thermal tracking, with a frequency 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, bringing a tight thermal coupling.
Therefore, the resonator can maintain high frequency stability 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, Ref. [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 frequency 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 constant 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 provides a miniaturized solution for oven-controlled oscillators [126]. As shown
in Figure 5a,b, Ref. [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 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, Ref. [124] proposed a 1.2 MHz oscillator consisting
of a PLL and two DETF resonators with different temperature coefficients of frequency.
Firstly, the temperature sensing 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 measuring circuit. Further, Ref. [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
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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 resonator 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 temperature 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 future, 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.
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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.

Frequency
(MHz) Type Methods Reference Stability

2.92 Free-free beam Electrostatic [118] 0.44 ppm/◦C
25 ◦C to 55

5.5 I-shaped bulk Electrostatic [11] 39 ppm
25 ◦C to 125 ◦C

1.126 DETF SiO2+ electrostatic [117] ±2.5 ppm
−10 ◦C to 80 ◦C

0.54 In-plane flexural
Doping and

Single-Temperature
Calibration

[123] ±8 ppm
5 ◦C to 85 ◦C

77.7 Lamé mode Oven control [127] ±0.3 ppm
−25 ◦C to 85 ◦C

1.2 DETF Oven control [124] ±1 ppm
−20 ◦C to 80 ◦C

1.2 DETF Calibration and
control [124] ±0.05 ppm

−20 ◦C to 80 ◦C
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Table 5. Cont.

Frequency
(MHz) Type Methods Reference Stability

1.2 Plate Bending Doping and control [133] ±25 ppb
−40 ◦C to 40 ◦C

10 Length-
extensional Doping and control [128] ±0.5 ppm

−35 ◦C to 85 ◦C

13 Lamé Doping and control [133] ±5 ppb
−40 ◦C to 40 ◦C

42.7 Shear mode Doping and control [130] ±0.4 ppm
−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 resonators.
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 efficiency, narrow
transduction gap, large DC bias, and precise process control requirements, which still need
to be overcome. Piezoelectric MEMS resonators have less motional resistance 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. Composite 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 AlN 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 LiNbO3 [137] and
multimode 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.

Author Contributions: Conceptualization, T.F. and Q.Y.; methodology, T.F. and D.Y.; writing—
original draft preparation, T.F.; writing—review and editing, Q.Y. and D.Y.; visualization, T.F.
and B.W.; supervision, B.W. and H.W. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (61874116)
and by Fundamental Research Funds for the Central Universities (buctrc 202139).



Micromachines 2022, 13, 2195 20 of 25

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Shaeffer, D.K. MEMS Inertial Sensors: A Tutorial Overview. IEEE Commun. Mag. 2013, 51, 100–109. [CrossRef]
2. Bannon, F.D.; Clark, J.R.; Nguyen, C.T.-C. High-Q HF Microelectromechanical Filters. IEEE J. Solid State Circuits 2000, 35, 512–526.

[CrossRef]
3. Nguyen, C.T.-c. MEMS Technology for Timing and Frequency Control. IEEE Trans. Ultrasonics, Ferroelectr. Freq. Control 2007, 54,

251–270. [CrossRef] [PubMed]
4. Cong, P.; Chaimanonart, N.; Ko, W.H.; Young, D.J. A Wireless and Batteryless 10-Bit Implantable Blood Pressure Sensing

Microsystem With Adaptive RF Powering for Real-Time Laboratory Mice Monitoring. IEEE J. Solid State Circ. 2009, 44, 3631–3644.
[CrossRef]

5. Mitcheson, P.D.; Yeatman, E.M.; Rao, G.K.; Holmes, A.S.; Green, T.C. Energy Harvesting From Human and Machine Motion for
Wireless Electronic Devices. Proc. IEEE 2008, 96, 1457–1486. [CrossRef]

6. Marek, J. MEMS for Automotive and Consumer Electronics. In Proceedings of the 2010 IEEE International Solid-State Circuits
Conference-(ISSCC), San Francisco, CA, USA, 7–11 February 2010; pp. 9–17.

7. Wu, G.; Xu, J.; Ng, E.J.; Chen, W. MEMS Resonators for Frequency Reference and Timing Applications. J. Microelectromech. Syst.
2020, 29, 1137–1166. [CrossRef]

8. Mounier, E.; Damianos, D. Status of the MEMS Industry. Market Technol. Report Sample 2019, 1, 1–47.
9. Lam, C.S. A Review of the Recent Development of MEMS and Crystal Oscillators and Their Impacts on the Frequency Control

Products Industry. In Proceedings of the 2008 IEEE Ultrasonics Symposium, Beijing, China, 2 November 2008; pp. 694–704.
10. Li, M.-H.; Chen, C.-Y.; Li, C.-S.; Chin, C.-H.; Li, S.-S. A Monolithic CMOS-MEMS Oscillator Based on an Ultra-Low-Power

Ovenized Micromechanical Resonator. J. Microelectromech. Syst. 2015, 24, 360–372. [CrossRef]
11. Sundaresan, K.; Ho, G.K.; Pourkamali, S.; Ayazi, F. Electronically Temperature Compensated Silicon Bulk Acoustic Resonator

Reference Oscillators. IEEE J. Solid State Circ. 2007, 42, 1425–1434. [CrossRef]
12. Zhong, J.-Y.; Zhang, Y.-Q.; Liu, Z.-J.; Yu, H.; Chen, T.-Z.; He, S.; Hu, L.; Yuan, S.; Yang, Z. Failure Case Analysis of Quartz Crystal

Based on Failure Mechanism. In Proceedings of the 2017 18th International Conference on Electronic Packaging Technology
(ICEPT), Harbin, China, 16–18 August 2017; pp. 1442–1445.

13. Rabaey, J.M.; Ammer, J.; Karalar, T.; Li, S.; Otis, B.; Sheets, M.; Tuan, T. PicoRadios for Wireless Sensor Networks: The next
Challenge in Ultra-Low Power Design. In Proceedings of the 2002 IEEE International Solid-State Circuits Conference. Digest of
Technical Papers (Cat. No.02CH37315), San Francisco, CA, USA, 3–7 February 2002; Volume 1, pp. 200–201.

14. Henry, R.; Kenny, D. Comparative Analysis of MEMS, Programmable, and Synthesized Frequency Control Devices versus
Traditional Quartz Based Devices. In Proceedings of the 2008 IEEE International Frequency Control Symposium, New York, NY,
USA, 1 May 2008; pp. 396–401.

15. Yantchev, V.; Katardjiev, I. Thin Film Lamb Wave Resonators in Frequency Control and Sensing Applications: A Review.
J. Micromech. Microeng. 2013, 23, 043001. [CrossRef]

16. van Beek, J.T.M.; Puers, R. A Review of MEMS Oscillators for Frequency Reference and Timing Applications. J. Micromech.
Microeng. 2011, 22, 013001. [CrossRef]

17. Platz, D.; Schmid, U. Vibrational Modes in MEMS Resonators. J. Micromech. Microeng. 2019, 29, 123001. [CrossRef]
18. Verma, G.; Mondal, K.; Gupta, A. Si-Based MEMS Resonant Sensor: A Review from Microfabrication Perspective. Microelectron. J.

2021, 118, 105210. [CrossRef]
19. Ilyas, S.; Younis, M.I. Resonator-Based M/NEMS Logic Devices: Review of Recent Advances. Sens. Actuators Phys. 2020, 302, 111821.

[CrossRef]
20. Pillai, G.; Li, S.-S. Piezoelectric MEMS Resonators: A Review. IEEE Sens. J. 2021, 21, 12589–12605. [CrossRef]
21. Tu, C.; Lee, J.E.-Y.; Zhang, X.-S. Dissipation Analysis Methods and Q-Enhancement Strategies in Piezoelectric MEMS Laterally

Vibrating Resonators: A Review. Sensors 2020, 20, 4978. [CrossRef]
22. Xu, J.; Tsai, J.M. A Process-Induced-Frequency-Drift Resilient 32 kHz MEMS Resonator. J. Micromechan. Microeng. 2012, 22, 105029.

[CrossRef]
23. Tu, C.; Lee, J.E.-Y. A Semi-Analytical Modeling Approach for Laterally-Vibrating Thin-Film Piezoelectric-on-Silicon Microme-

chanical Resonators. J. Micromech. Microeng. 2015, 25, 115020. [CrossRef]
24. Chen, Z.; Wang, F.; Yuan, Q.; Kan, X.; Yang, J.; Zhao, J.; Yang, F. 3D-Encapsulated VHF MEMS Resonator with High Frequency

Stability and Low Vibration Sensitivity. Sens. Actuators Phys. 2019, 286, 123–132. [CrossRef]
25. Piazza, G.; Stephanou, P.J.; Pisano, A.P. Piezoelectric Aluminum Nitride Vibrating Contour-Mode MEMS Resonators. J. Microelec-

tromech. Syst. 2006, 15, 1406–1418. [CrossRef]
26. Shao, L.C.; Niu, T.; Palaniapan, M. Nonlinearities in a High-QSOI Lamé-Mode Bulk Resonator. J. Micromechan. Microeng. 2009, 19, 075002.

[CrossRef]
27. Chen, Z.; Wang, T.; Jia, Q.; Yang, J.; Yuan, Q.; Zhu, Y.; Yang, F. A Novel Lamé Mode RF-MEMS Resonator with High Quality

Factor. Int. J. Mechan. Sci. 2021, 204, 106484. [CrossRef]

http://doi.org/10.1109/MCOM.2013.6495768
http://doi.org/10.1109/4.839911
http://doi.org/10.1109/TUFFC.2007.240
http://www.ncbi.nlm.nih.gov/pubmed/17328323
http://doi.org/10.1109/JSSC.2009.2035551
http://doi.org/10.1109/JPROC.2008.927494
http://doi.org/10.1109/JMEMS.2020.3020787
http://doi.org/10.1109/JMEMS.2014.2331497
http://doi.org/10.1109/JSSC.2007.896521
http://doi.org/10.1088/0960-1317/23/4/043001
http://doi.org/10.1088/0960-1317/22/1/013001
http://doi.org/10.1088/1361-6439/ab4bad
http://doi.org/10.1016/j.mejo.2021.105210
http://doi.org/10.1016/j.sna.2019.111821
http://doi.org/10.1109/JSEN.2020.3039052
http://doi.org/10.3390/s20174978
http://doi.org/10.1088/0960-1317/22/10/105029
http://doi.org/10.1088/0960-1317/25/11/115020
http://doi.org/10.1016/j.sna.2018.12.037
http://doi.org/10.1109/JMEMS.2006.886012
http://doi.org/10.1088/0960-1317/19/7/075002
http://doi.org/10.1016/j.ijmecsci.2021.106484


Micromachines 2022, 13, 2195 21 of 25

28. Chen, Z.; Kan, X.; Yuan, Q.; Wang, T.; Yang, J.; Yang, F. A Switchable High-Performance RF-MEMS Resonator with Flexible
Frequency Generations. Sci Rep 2020, 10, 4795. [CrossRef] [PubMed]

29. Liu, J.; Workie, T.B.; Wu, T.; Wu, Z.; Gong, K.; Bao, J.; Hashimoto, K. Q-Factor Enhancement of Thin-Film Piezoelectric-on-Silicon
MEMS Resonator by Phononic Crystal-Reflector Composite Structure. Micromachines 2020, 11, 1130. [CrossRef]

30. Bao, F.-H.; Bao, J.-F.; Lee, J.E.-Y.; Bao, L.-L.; Khan, M.A.; Zhou, X.; Wu, Q.-D.; Zhang, T.; Zhang, X.-S. Quality Factor Improvement of
Piezoelectric MEMS Resonator by the Conjunction of Frame Structure and Phononic Crystals. Sens. Actuators Phys. 2019, 297, 111541.
[CrossRef]

31. Deshpande, P.P.; Pande, R.S.; Patrikar, R.M. Fabrication and Characterization of Zinc Oxide Piezoelectric MEMS Resonator.
Microsyst. Technol. 2020, 26, 415–423. [CrossRef]

32. Will-Cole, A.R.; Hassanien, A.E.; Calisgan, S.D.; Jeong, M.-G.; Liang, X.; Kang, S.; Rajaram, V.; Martos-Repath, I.; Chen, H.;
Risso, A.; et al. Tutorial: Piezoelectric and Magnetoelectric N/MEMS—Materials, Devices, and Applications. J. Appl. Phys. 2022,
131, 241101. [CrossRef]

33. Ben-Shimon, Y.; Ya’akobovitz, A. Magnetic Excitation and Dissipation of Multilayer Two-Dimensional Resonators. Appl. Phys.
Lett. 2021, 118, 063103. [CrossRef]

34. Wei, L.; You, Z.; Kuai, X.; Zhang, M.; Yang, F.; Wang, X. MEMS Thermal-Piezoresistive Resonators, Thermal-Piezoresistive
Oscillators, and Sensors. Microsyst. Technol. 2022, 29, 1–17. [CrossRef]

35. Zope, A.A.; Chang, J.-H.; Liu, T.-Y.; Li, S.-S. A CMOS-MEMS Thermal-Piezoresistive Oscillator for Mass Sensing Applications.
IEEE Trans. Electron. Dev. 2020, 67, 1183–1191. [CrossRef]

36. Setiono, A.; Xu, J.; Fahrbach, M.; Bertke, M.; Nyang’au, W.O.; Wasisto, H.S.; Peiner, E. Real-Time Frequency Tracking of
an Electro-Thermal Piezoresistive Cantilever Resonator with ZnO Nanorods for Chemical Sensing. Chemosensors 2019, 7, 2.
[CrossRef]

37. Dennis, J.; Ahmed, A.; Khir, M.M.; Rabih, A. Modelling and Simulation of the Effect of Air Damping on the Frequency and
Quality Factor of a CMOS-MEMS Resonator. Appl. Math. Infor. Sci. 2015, 9, 729–737.

38. Jaber, N.; Ilyas, S.; Shekhah, O.; Eddaoudi, M.; Younis, M.I. Multimode MEMS Resonator for Simultaneous Sensing of Vapor
Concentration and Temperature. IEEE Sens. J. 2018, 18, 10145–10153. [CrossRef]

39. Li, S.-S.; Lin, Y.-W.; Xie, Y.; Ren, Z.; Nguyen, C.T.-C. Micromechanical “Hollow-Disk” Ring Resonators. In Proceedings of the 17th
IEEE International Conference on Micro Electro Mechanical Systems. Maastricht MEMS 2004 Technical Digest, New York, NY,
USA, 25–29 January 2004; pp. 821–824.

40. Pandey, M.; Reichenbach, R.B.; Zehnder, A.T.; Lal, A.; Craighead, H.G. Reducing Anchor Loss in MEMS Resonators Using Mesa
Isolation. J. Microelectromech. Syst. 2009, 18, 836–844. [CrossRef]

41. Zhang, Y.; Bao, J.-F.; Zhou, X.; Wu, Z.-H.; Bao, F.-H.; Zhang, X.-S. A 10 MHz Thin-Film Piezoelectric-on-Silicon MEMS Resonator
with T-Shaped Tethers for Q Enhancement. Jpn. J. Appl. Phys. 2019, 59, 014002. [CrossRef]

42. Li, J.; Chen, Z.; Liu, W.; Yang, J.; Zhu, Y.; Yang, F. A Novel Piezoelectric RF-MEMS Resonator with Enhanced Quality Factor.
J. Micromech. Microeng. 2022, 32, 035002. [CrossRef]

43. Awad, M.; Bao, F.; Bao, J.; Zhang, X. Cross-Shaped PnC for Anchor Loss Reduction of Thin-Film ALN-on-Silicon High Frequency
MEMS Resonator. In Proceedings of the 2018 IEEE MTT-S International Wireless Symposium (IWS), New York, NY, USA,
6–10 May 2018; pp. 1–3.

44. Siddiqi, M.W.U.; Lee, J.E.-Y. AlN-on-Si MEMS Resonator Bounded by Wide Acoustic Bandgap Two-Dimensional Phononic
Crystal Anchors. In Proceedings of the 2018 IEEE Micro Electro Mechanical Systems (MEMS), Belfast, UK, 21–25 January 2018;
pp. 727–730.

45. Workie, T.B.; Wu, T.; Bao, J.-F.; Hashimoto, K. Design for High-Quality Factor of Piezoelectric-on-Silicon MEMS Resonators Using
Resonant Plate Shape and Phononic Crystals. Jpn. J. Appl. Phys. 2021, 60, SDDA03. [CrossRef]

46. Ha, T.D. Boosted Anchor Quality Factor of a Thin-Film Aluminum Nitride-on-Silicon Length Extensional Mode MEMS Resonator
Using Phononic Crystal Strip. Appl. Phys. A 2021, 127, 738. [CrossRef]

47. Bao, F.-H.; Awad, M.; Li, X.-Y.; Wu, Z.-H.; Bao, J.-F.; Zhang, X.-S.; Bao, L.-L. Suspended Frame Structure with Phononic Crystals
for Anchor Loss Reduction of MEMS Resonator. In Proceedings of the 2018 IEEE International Frequency Control Symposium
(IFCS), Olympic Valley, CA, USA, 21–24 May 2018; pp. 1–4.

48. Wu, X.; Bao, F.; Zhou, X.; Wu, Q.; Liu, J.; Bao, J. Spider Web-Shaped Phononic Crystals for Quality Factor Improvement of
Piezoelectric-on-Silicon MEMS Resonators. In Proceedings of the 2019 IEEE International Ultrasonics Symposium (IUS), Glasgow,
UK, 6–9 October 2019; pp. 1724–1726.

49. Khan, M.A.; Bao, J.; Farooq, M.U. Framing Holes Phononic Crystal Structure for Q-Factor Enhancement of Thin-Film-Piezoelectric-
on-Silicon MEMS Resonator. J. Optoelectron. Adv. Mater. 2021, 23, 472–476.

50. Asadi, S.; Sheikholeslami, T.F. Effects of Slots on Thermoelastic Quality Factor of a Vertical Beam MEMS Resonator. Microsyst.
Technol. 2016, 22, 2723–2730. [CrossRef]

51. Zega, V.; Frangi, A.; Guercilena, A.; Gattere, G. Analysis of Frequency Stability and Thermoelastic Effects for Slotted Tuning Fork
MEMS Resonators. Sensors 2018, 18, 2157. [CrossRef] [PubMed]

52. Qiu, H.; Ababneh, A.; Feili, D.; Wu, X.; Seidel, H. Analysis of Intrinsic Damping in Vibrating Piezoelectric Microcantilevers.
Microsyst. Technol. 2016, 22, 2017–2025. [CrossRef]

http://doi.org/10.1038/s41598-020-61744-2
http://www.ncbi.nlm.nih.gov/pubmed/32179843
http://doi.org/10.3390/mi11121130
http://doi.org/10.1016/j.sna.2019.111541
http://doi.org/10.1007/s00542-019-04509-w
http://doi.org/10.1063/5.0094364
http://doi.org/10.1063/5.0038902
http://doi.org/10.1007/s00542-022-05391-9
http://doi.org/10.1109/TED.2020.2969967
http://doi.org/10.3390/chemosensors7010002
http://doi.org/10.1109/JSEN.2018.2872926
http://doi.org/10.1109/JMEMS.2009.2016271
http://doi.org/10.7567/1347-4065/ab58b2
http://doi.org/10.1088/1361-6439/ac4a3f
http://doi.org/10.35848/1347-4065/abe99a
http://doi.org/10.1007/s00339-021-04885-z
http://doi.org/10.1007/s00542-015-2652-y
http://doi.org/10.3390/s18072157
http://www.ncbi.nlm.nih.gov/pubmed/29973566
http://doi.org/10.1007/s00542-015-2510-y


Micromachines 2022, 13, 2195 22 of 25

53. Zuo, W.; Li, P.; Du, J.; Tse, Z.T.H. Thermoelastic Damping in Anisotropic Piezoelectric Microbeam Resonators. Int. J. Heat Mass
Transf. 2022, 199, 123493. [CrossRef]

54. Zener, C. Internal Friction in Solids. I. Theory of Internal Friction in Reeds. Phys. Rev. 1937, 52, 230–235. [CrossRef]
55. Duwel, A.; Candler, R.N.; Kenny, T.W.; Varghese, M. Engineering MEMS Resonators With Low Thermoelastic Damping.

J. Microelectromech. Syst. 2006, 15, 1437–1445. [CrossRef]
56. Chandorkar, S.A.; Candler, R.N.; Duwel, A.; Melamud, R.; Agarwal, M.; Goodson, K.E.; Kenny, T.W. Multimode Thermoelastic

Dissipation. J. Appl. Phys. 2009, 105, 043505. [CrossRef]
57. Duwel, A.; Gorman, J.; Weinstein, M.; Borenstein, J.; Ward, P. Experimental Study of Thermoelastic Damping in MEMS Gyros.

Sens. Actuators Phys. 2003, 103, 70–75. [CrossRef]
58. Candler, R.N.; Hopcroft, M.; Low, C.W.; Chandorkar, S.; Kim, B.; Varghese, M.; Duwel, A.; Kenny, T.W. Impact of Slot Location on

Thermoelastic Dissipation in Micromechanical Resonators. In Proceedings of the 13th International Conference on Solid-State
Sensors, Actuators and Microsystems, 2005. Digest of Technical Papers. TRANSDUCERS ’05, New York, NY, USA, 5–9 June 2005;
Volume 1, pp. 597–600.

59. Segovia-Fernandez, J. Damping in Aluminum Nitride Contour Mode MEMS Resonators. In Proceedings of the 2017 IEEE 60th
International Midwest Symposium on Circuits and Systems (MWSCAS), Boston, MA, USA, 6–9 August 2017; pp. 49–52.

60. Yang, L.; Li, P.; Fang, Y.; Ge, X. Thermoelastic Damping in Partially Covered Bilayer Microbeam Resonators with Two-Dimensional
Heat Conduction. J. Sound Vibr. 2021, 494, 115863. [CrossRef]

61. Dohn, S.; Sandberg, R.; Svendsen, W.; Boisen, A. Enhanced Functionality of Cantilever Based Mass Sensors Using Higher
Modes and Functionalized Particles. In Proceedings of the 13th International Conference on Solid-State Sensors, Actuators
and Microsystems, 2005. Digest of Technical Papers. TRANSDUCERS ’05, Seoul, Republic of Korea, 1 June 2005; Volume 1,
pp. 636–639.

62. Jen, H.-T.; Pillai, G.; Liu, S.-I.; Li, S.-S. High-Q Support Transducer MEMS Resonators Enabled Low-Phase-Noise Oscillators. IEEE
Trans. Ultrason. Ferroelectr. Freq. Control 2021, 68, 1387–1398. [CrossRef]

63. Sang, L.; Liao, M.; Yang, X.; Sun, H.; Zhang, J.; Sumiya, M.; Shen, B. Strain-Enhanced High Q-Factor GaN Micro-Electromechanical
Resonator. Sci. Technol. Adv. Mater. 2020, 21, 515–523. [CrossRef]

64. Bao, F.-H.; Wu, Q.-D.; Zhou, X.; Wu, T.; Li, X.-Y.; Bao, J.-F. High-Q Multi-Frequency Ring-Shaped Piezoelectric MEMS Resonators.
Microelectron. J. 2020, 98, 104733. [CrossRef]

65. Ibach, H. The Role of Surface Stress in Reconstruction, Epitaxial Growth and Stabilization of Mesoscopic Structures. Surface
Science Reports 1997, 29, 195–263. [CrossRef]

66. Sobreviela, G.; Uranga, A.; Barniol, N. Tunable Transimpedance Sustaining-Amplifier for High Impedance CMOS-MEMS
Resonators. In Proceedings of the 2014 10th Conference on Ph.D. Research in Microelectronics and Electronics (PRIME), Grenoble,
France, 1 June 2014; pp. 1–4.

67. DeVoe, D.L. Piezoelectric Thin Film Micromechanical Beam Resonators. Sens. Actuators Phys. 2001, 88, 263–272. [CrossRef]
68. Lee, S.; Nguyen, C.T.-C. Mechanically-Coupled Micromechanical Resonator Arrays for Improved Phase Noise. In Proceedings

of the Proceedings of the 2004 IEEE International Frequency Control Symposium and Exposition, Montréal, QC, Canada,
23–27 August 2004; pp. 144–150.

69. Belsito, L.; Bosi, M.; Mancarella, F.; Ferri, M.; Roncaglia, A. Nanostrain Resolution Strain Sensing by Monocrystalline 3C-SiC on
SOI Electrostatic MEMS Resonators. J. Microelectromech. Syst. 2020, 29, 117–128. [CrossRef]

70. Ayazi, F.; Najafi, K. High Aspect-Ratio Combined Poly and Single-Crystal Silicon (HARPSS) MEMS Technology. J. Microelectromech.
Syst. 2000, 9, 288–294. [CrossRef]

71. Pourkamali, S.; Ayazi, F. SOI-Based HF and VHF Single-Crystal Silicon Resonators with SUB-100 Nanometer Vertical Capac-
itive Gaps. In Proceedings of the TRANSDUCERS ’03. 12th International Conference on Solid-State Sensors, Actuators and
Microsystems. Digest of Technical Papers (Cat. No.03TH8664), Boston, MA, USA, 8–12 June 2003; Volume 1, pp. 837–840.

72. Demirci, M.U.; Nguyen, C.T.-C. Mechanically Corner-Coupled Square Microresonator Array for Reduced Series Motional
Resistance. J. Microelectromech. Syst. 2006, 15, 1419–1436. [CrossRef]

73. Erbes, A.; Thiruvenkatanathan, P.; Woodhouse, J.; Seshia, A.A. Numerical Study of the Impact of Vibration Localization on the
Motional Resistance of Weakly Coupled MEMS Resonators. J. Microelectromech. Syst. 2015, 24, 997–1005. [CrossRef]

74. Weinstein, D.; Bhave, S.A.; Tada, M.; Mitarai, S.; Morita, S.; Ikeda, K. Mechanical Coupling of 2D Resonator Arrays for MEMS
Filter Applications. In Proceedings of the 2007 IEEE International Frequency Control Symposium Joint with the 21st European
Frequency and Time Forum, Paris, France, 1 May 2007; pp. 1362–1365.

75. Bharadwaj Chivukula, V.; Rhoads, J.F. Microelectromechanical Bandpass Filters Based on Cyclic Coupling Architectures. J. Sound
Vibr. 2010, 329, 4313–4332. [CrossRef]

76. Jiang, J.W.; Bao, J.F.; Du, Y.J.; Deng, C. A Novel Movable Electrode for Realizing Deep Sub-Micrometer Gap in SOI-Based MEMS
Square Resonator. Microsyst. Technol. 2013, 19, 763–772. [CrossRef]

77. Hajjam, A.; Pourkamali, S. Self-Contained Frequency Trimming of Micromachined Silicon Resonators via Localized Thermal
Oxidation. J. Microelectromech. Syst. 2013, 22, 1066–1072. [CrossRef]

78. Samarao, A.K.; Ayazi, F. Postfabrication Electrical Trimming of Silicon Micromechanical Resonators via Joule Heating.
J. Microelectromech. Syst. 2011, 20, 1081–1088. [CrossRef]

http://doi.org/10.1016/j.ijheatmasstransfer.2022.123493
http://doi.org/10.1103/PhysRev.52.230
http://doi.org/10.1109/JMEMS.2006.883573
http://doi.org/10.1063/1.3072682
http://doi.org/10.1016/S0924-4247(02)00318-7
http://doi.org/10.1016/j.jsv.2020.115863
http://doi.org/10.1109/TUFFC.2020.3033671
http://doi.org/10.1080/14686996.2020.1792257
http://doi.org/10.1016/j.mejo.2020.104733
http://doi.org/10.1016/S0167-5729(97)00010-1
http://doi.org/10.1016/S0924-4247(00)00518-5
http://doi.org/10.1109/JMEMS.2019.2949656
http://doi.org/10.1109/84.870053
http://doi.org/10.1109/JMEMS.2006.883588
http://doi.org/10.1109/JMEMS.2014.2371072
http://doi.org/10.1016/j.jsv.2010.04.022
http://doi.org/10.1007/s00542-012-1683-x
http://doi.org/10.1109/JMEMS.2013.2263218
http://doi.org/10.1109/JMEMS.2011.2162489


Micromachines 2022, 13, 2195 23 of 25

79. You, W.; Yang, H.; Pei, B.; Sun, K.; Li, X. Frequency Trimming of Silicon Resonators after Package with Integrated Micro-
Evaporators. In Proceedings of the 2017 IEEE 30th International Conference on Micro Electro Mechanical Systems (MEMS), New
York, NY, USA, 1 January 2017; pp. 917–919.

80. Hsu, W.-T.; Brown, A.R. Frequency Trimming for MEMS Resonator Oscillators. In Proceedings of the 2007 IEEE Interna-
tional Frequency Control Symposium Joint with the 21st European Frequency and Time Forum, Paris, France, 29 May 2007;
pp. 1088–1091.

81. Lu, K.; Xi, X.; Li, W.; Shi, Y.; Hou, Z.; Zhuo, M.; Wu, X.; Wu, Y.; Xiao, D. Research on Precise Mechanical Trimming of a Micro Shell
Resonator with T-Shape Masses Using Femtosecond Laser Ablation. Sens. Actuators Phys. 2019, 290, 228–238. [CrossRef]

82. Li, W.; Xiao, D.; Wu, X.; Su, J.; Chen, Z.; Hou, Z.; Wang, X. Enhanced Temperature Stability of Sensitivity for MEMS Gyroscope
Based on Frequency Mismatch Control. Microsystem. Technol. 2017, 23, 3311–3317. [CrossRef]

83. Pei, B.; Zhong, P.; Sun, K.; Yang, H.; Li, X. Micro-Oven-Controlled MEMS Oscillator with Electrostatic Tuning for Frequency
Trimming. In Proceedings of the 2018 IEEE Micro Electro Mechanical Systems (MEMS), New York, NY, USA, 20 January 2018;
pp. 731–734.

84. Serrano, D.E.; Tabrizian, R.; Ayazi, F. Tunable Piezoelectric MEMS Resonators for Real-Time Clock. In Proceedings of the 2011
Joint Conference of the IEEE International Frequency Control and the European Frequency and Time Forum (FCS) Proceedings,
Paris, France, 18 May 2011; pp. 1–4.

85. Ghasemi, S.; Afrang, S.; Rezazadeh, G.; Darbasi, S.; Sotoudeh, B. On the Mechanical Behavior of a Wide Tunable Capacitive
MEMS Resonator for Low Frequency Energy Harvesting Applications. Microsyst. Technol. 2020, 26, 2389–2398. [CrossRef]

86. Lin, Y.; Li, W.-C.; Kim, B.; Lin, Y.-W.; Ren, Z.; Nguyen, C.T.-C. Enhancement of Micromechanical Resonator Manufacturing
Precision via Mechanically-Coupled Arraying. In Proceedings of the 2009 IEEE International Frequency Control Symposium
Joint with the 22nd European Frequency and Time Forum, Paris, France, 20–24 April 2009; pp. 58–63.

87. Jiang, B.; Huang, S.; Zhang, J.; Su, Y. Analysis of Frequency Drift of Silicon MEMS Resonator with Temperature. Micromachines
2021, 12, 26. [CrossRef] [PubMed]

88. Shahmohammadi, M.; Harrington, B.P.; Abdolvand, R. Turnover Temperature Point in Extensional-Mode Highly Doped Silicon
Microresonators. IEEE Trans. Electron. Dev. 2013, 60, 1213–1220. [CrossRef]

89. Melamud, R.; Chandorkar, S.A.; Kim, B.; Lee, H.K.; Salvia, J.C.; Bahl, G.; Hopcroft, M.A.; Kenny, T.W. Temperature-Insensitive
Composite Micromechanical Resonators. J. Microelectromech. Syst. 2009, 18, 1409–1419. [CrossRef]

90. Jaakkola, A.; Pekko, P.; Dekker, J.; Prunnila, M.; Pensala, T. Second Order Temperature Compensated Piezoelectrically Driven 23
MHz Heavily Doped Silicon Resonators with ±10 ppm Temperature Stability. In Proceedings of the 2015 Joint Conference of the
IEEE International Frequency Control Symposium & the European Frequency and Time Forum, Paris, France, 12–16 April 2015;
pp. 420–422.

91. Kim, B.; Melamud, R.; Hopcroft, M.A.; Chandorkar, S.A.; Bahl, G.; Messana, M.; Candler, R.N.; Yama, G.; Kenny, T. Si-
SiO2 Composite MEMS Resonators in CMOS Compatible Wafer-Scale Thin-Film Encapsulation. In Proceedings of the 2007
IEEE International Frequency Control Symposium Joint with the 21st European Frequency and Time Forum, Paris, France,
29 May–1 June 2007; pp. 1214–1219.

92. Melamud, R.; Kim, B.; Hopcroft, M.A.; Chandorkar, S.; Agarwal, M.; Jha, C.M.; Kenny, T.W. Composite Flexural-Mode Resonator
with Controllable Turnover Temperature. In Proceedings of the 2007 IEEE 20th International Conference on Micro Electro
Mechanical Systems (MEMS), Hyogo, Japan, 14 January 2007; pp. 199–202.

93. Wu, Z.; Rais-Zadeh, M. A Temperature-Stable Piezoelectric MEMS Oscillator Using a CMOS PLL Circuit for Temperature Sensing
and Oven Control. J. Microelectromech. Syst. 2015, 24, 1747–1758. [CrossRef]

94. Lin, C.-M.; Yen, T.-T.; Lai, Y.-J.; Felmetsger, V.V.; Hopcroft, M.A.; Kuypers, J.H.; Pisano, A.P. Experimental Study of Temperature-
Compensated Aluminum Nitride Lamb Wave Resonators. In Proceedings of the 2009 IEEE International Frequency Control
Symposium Joint with the 22nd European Frequency and Time Forum, Paris, France, 15–18 April 2009; pp. 5–9.

95. Schwartz, S.A.; Brand, O.; Beardslee, L.A. Temperature Compensation of Thermally Actuated, In-Plane Resonant Gas Sensor
Using Embedded Oxide-Filled Trenches. J. Microelectromech. Syst. 2020, 29, 936–941. [CrossRef]

96. Samarao, A.K.; Ayazi, F. Temperature Compensation of Silicon Micromechanical Resonators via Degenerate Doping. In Proceed-
ings of the 2009 IEEE International Electron Devices Meeting (IEDM), Baltimore, MD, USA, 7–9 December 2009; pp. 1–4.

97. Samarao, A.K.; Ayazi, F. Temperature Compensation of Silicon Resonators via Degenerate Doping. IEEE Trans. Electron. Dev.
2012, 59, 87–93. [CrossRef]

98. Hajjam, A.; Logan, A.; Pourkamali, S. Doping-Induced Temperature Compensation of Thermally Actuated High-Frequency
Silicon Micromechanical Resonators. J. Microelectromech. Syst. 2012, 21, 681–687. [CrossRef]

99. Ng, E.J.; Hong, V.A.; Yang, Y.; Ahn, C.H.; Everhart, C.L.M.; Kenny, T.W. Temperature Dependence of the Elastic Constants of
Doped Silicon. J. Microelectromech. Syst. 2015, 24, 730–741. [CrossRef]

100. Bourgeois, C.; Steinsland, E.; Blanc, N.; de Rooij, N.F. Design of Resonators for the Determination of the Temperature Coefficients
of Elastic Constants of Monocrystalline Silicon. In Proceedings of the Proceedings of International Frequency Control Symposium,
New York, NY, USA, 7–17 May 1997; pp. 791–799.

101. Han, J.; Xiao, Y.; Chen, W.; Jia, W.; Zhu, K.; Wu, G. Temperature Compensated Bulk-Mode Capacitive MEMS Resonators With
±16 ppm Temperature Stability Over Industrial Temperature Ranges. J. Microelectromech. Syst. 2022, 31, 723–725. [CrossRef]

http://doi.org/10.1016/j.sna.2019.03.025
http://doi.org/10.1007/s00542-016-3114-x
http://doi.org/10.1007/s00542-020-04779-9
http://doi.org/10.3390/mi12010026
http://www.ncbi.nlm.nih.gov/pubmed/33383860
http://doi.org/10.1109/TED.2013.2243451
http://doi.org/10.1109/JMEMS.2009.2030074
http://doi.org/10.1109/JMEMS.2015.2434832
http://doi.org/10.1109/JMEMS.2020.3014502
http://doi.org/10.1109/TED.2011.2172613
http://doi.org/10.1109/JMEMS.2012.2185217
http://doi.org/10.1109/JMEMS.2014.2347205
http://doi.org/10.1109/JMEMS.2022.3189202


Micromachines 2022, 13, 2195 24 of 25

102. Ahmed, H.; Rajai, P.; Ahamed, M.J. Temperature Frequency Stability Study of Extensional Mode N-Doped Silicon MEMS
Resonator. AIP Adv. 2022, 12, 015319. [CrossRef]

103. Samarao, A.K.; Casinovi, G.; Ayazi, F. Passive TCF Compensation in High Q Silicon Micromechanical Resonators. In Proceedings
of the 2010 IEEE 23rd International Conference on Micro Electro Mechanical Systems (MEMS), London, UK, 24–28 January 2010;
pp. 116–119.

104. Zega, V.; Opreni, A.; Mussi, G.; Kwon, H.-K.; Vukasin, G.; Gattere, G.; Langfelder, G.; Frangi, A.; Kenny, T.W. Thermal Stability of
DETF MEMS Resonators: Numerical Modelling and Experimental Validation. In Proceedings of the 2020 IEEE 33rd International
Conference on Micro Electro Mechanical Systems (MEMS), Vancouver, BC, Canada, 18–22 January 2020; pp. 1207–1210.

105. Jaakkola, A.; Prunnila, M.; Pensala, T. Temperature Compensated Resonance Modes of Degenerately N-Doped Silicon MEMS
Resonators. In Proceedings of the 2012 IEEE International Frequency Control Symposium Proceedings, Baltimore, MD, USA,
21–24 May 2012; pp. 1–5.

106. Jaakkola, A.; Prunnila, M.; Pensala, T.; Dekker, J.; Pekko, P. Design Rules for Temperature Compensated Degenerately N-Type-
Doped Silicon MEMS Resonators. J. Microelectromech. Syst. 2015, 24, 1832–1839. [CrossRef]

107. Jaakkola, A.; Prunnila, M.; Pensala, T.; Dekker, J.; Pekko, P. Determination of Doping and Temperature-Dependent Elastic Constants
of Degenerately Doped Silicon from MEMS Resonators. IEEE Trans. Ultrason. Ferroelectr. Frequency Contr. 2014, 61, 3007. [CrossRef]

108. Jaakkola, A.; Prunnila, M.; Pensala, T.; Dekker, J.; Pekko, P. Experimental Determination of the Temperature Dependency of
the Elastic Constants of Degenerately Doped Silicon. In Proceedings of the 2013 Joint European Frequency and Time Forum &
International Frequency Control Symposium (EFTF/IFC), Prague, Czech Republic, 21–24 July 2013; pp. 421–424.

109. Ng, E.J.; Ahn, C.H.; Yang, Y.; Hong, V.A.; Chiang, C.-F.; Ahadi, E.; Ward, M.W.; Kenny, T.W. Localized, Degenerately Doped
Epitaxial Silicon for Temperature Compensation of Resonant MEMS Systems. In Proceedings of the 2013 Transducers &
Eurosensors XXVII: The 17th International Conference on Solid-State Sensors, Actuators and Microsystems (TRANSDUCERS &
EUROSENSORS XXVII), Barcelona, Spain, 16–19 June 2013; pp. 2419–2422.

110. Holloway, H.; McCarthy, S.L. Determination of the Lattice Contraction of Boron-Doped Silicon. J. Appl. Phys. 1993, 73. [CrossRef]
111. Ghosh, S.; Sharma, J.; Ng, E.J.; Goh, D.J.; Merugu, S.; Koh, Y.; Lal, A. Reduced TCF, High Frequency, Piezoelectric Contour-Mode

Resonators with Silicon-on-Nothing. In Proceedings of the 2021 IEEE International Ultrasonics Symposium (IUS), Online,
11–16 September 2021; pp. 1–4.

112. Chen, W.; Jia, W.; Xiao, Y.; Feng, Z.; Wu, G. A Temperature-Stable and Low Impedance Piezoelectric MEMS Resonator for Drop-in
Replacement of Quartz Crystals. IEEE Electron. Dev. Lett. 2021, 42, 1382–1385. [CrossRef]

113. Ho, G.K.K.; Sundaresan, K.; Pourkamali, S.; Ayazi, F. Temperature Compensated IBAR Reference Oscillators. In Proceedings of
the 19th IEEE International Conference on Micro Electro Mechanical Systems, Istanbul, Turkey, 22–26 January 2006; pp. 910–913.

114. Ho, G.K.; Sundaresan, K.; Pourkamali, S.; Ayazi, F. Low-Motional-Impedance Highly-Tunable I2 Resonators for Temperature-
Compensated Reference Oscillators. In Proceedings of the 18th IEEE International Conference on Micro Electro Mechanical
Systems, Estoril, Portugal, 18–22 January 2015.

115. Sundaresan, K.; Ho, G.K.; Pourkamali, S.; Ayazi, F. A Two-Chip, 4-MHz, Microelectromechanical Reference Oscillator. In
Proceedings of the 2005 IEEE International Symposium on Circuits and Systems, New York, NY, USA, 23–26 May 2005; Volume 6,
pp. 5461–5464.

116. Serrano, D.E.; Tabrizian, R.; Ayazi, F. Electrostatically tunable piezoelectric-on-silicon micromechanical resonator for real-time
clock. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2012, 59, 358–365. [CrossRef]

117. Lee, H.K.; Melamud, R.; Kim, B.; Hopcroft, M.A.; Salvia, J.C.; Kenny, T.W. Electrostatic Tuning to Achieve Higher Stability
Microelectromechanical Composite Resonators. J. Microelectromech. Syst. 2011, 20, 1355–1365. [CrossRef]

118. Liu, J.-R.; Li, W.-C. A Temperature-Insensitive CMOS-MEMS Resonator Utilizing Electrical Stiffness Compensation. In Pro-
ceedings of the 2019 IEEE 32nd International Conference on Micro Electro Mechanical Systems (MEMS), Beijing, China,
25 January 2019; pp. 161–164.

119. Lutz, M.; Partridge, A.; Gupta, P.; Buchan, N.; Klaassen, E.; McDonald, J.; Petersen, K. MEMS Oscillators for High Volume
Commercial Applications. In Proceedings of the TRANSDUCERS 2007-2007 International Solid-State Sensors, Actuators and
Microsystems Conference, Lyon, France, 10–14 June 2007; pp. 49–52.

120. Perrott, M.H.; Salvia, J.C.; Lee, F.S.; Partridge, A.; Mukherjee, S.; Arft, C.; Kim, J.; Arumugam, N.; Gupta, P.; Tabatabaei, S.; et al. A
Temperature-to-Digital Converter for a MEMS-Based Programmable Oscillator with <±0.5- ppm Frequency Stability and < 1-Ps
Integrated Jitter. IEEE J. Solid State Circ. 2013, 48. [CrossRef]

121. Roshan, M.H.; Zaliasl, S.; Joo, K.; Souri, K.; Palwai, R.; Chen, L.; Singh, A.; Pamarti, S.; Miller, N.J.; Doll, J.C.; et al. A MEMS-
Assisted Temperature Sensor With 20-MK Resolution, Conversion Rate of 200 S/s, and FOM of 0.04 PJK2. IEEE J. Solid State Circ.
2017, 52. [CrossRef]

122. Wu, G.; Xu, J.; Zhang, X.; Wang, N.; Yan, D.; Lim, J.L.K.; Zhu, Y.; Li, W.; Gu, Y. Wafer-Level Vacuum-Packaged High-Performance
AlN-on-SOI Piezoelectric Resonator for Sub-100- MHz Oscillator Applications. IEEE Trans. Ind. Electron. 2018, 65, 3576–3584.
[CrossRef]

123. Mussi, G.; Frigerio, P.; Gattere, G.; Langfelder, G. A MEMS Real-Time Clock With Single-Temperature Calibration and Determinis-
tic Jitter Cancellation. IEEE Trans. Ultrason. Ferroelectr. Frequency Contr. 2021, 68, 880–889. [CrossRef]

124. Salvia, J.C.; Melamud, R.; Chandorkar, S.A.; Lord, S.F.; Kenny, T.W. Real-Time Temperature Compensation of MEMS Oscillators
Using an Integrated Micro-Oven and a Phase-Locked Loop. J. Microelectromech. Syst. 2010, 19, 192–201. [CrossRef]

http://doi.org/10.1063/5.0074694
http://doi.org/10.1109/JMEMS.2015.2443379
http://doi.org/10.1109/TUFFC.2014.3007
http://doi.org/10.1063/1.353886
http://doi.org/10.1109/LED.2021.3094319
http://doi.org/10.1109/TUFFC.2012.2204
http://doi.org/10.1109/JMEMS.2011.2168083
http://doi.org/10.1109/JSSC.2012.2218711
http://doi.org/10.1109/JSSC.2016.2621035
http://doi.org/10.1109/TIE.2017.2748041
http://doi.org/10.1109/TUFFC.2020.3013976
http://doi.org/10.1109/JMEMS.2009.2035932


Micromachines 2022, 13, 2195 25 of 25

125. Tazzoli, A.; Kuo, N.-K.; Rinaldi, M.; Pak, H.; Fry, D.; Bail, D.; Stevens, D.; Piazza, G. A 586 MHz Microcontroller Compensated
MEMS Oscillator Based on Ovenized Aluminum Nitride Contour-Mode Resonators. In Proceedings of the 2012 IEEE International
Ultrasonics Symposium, Berlin, Germany, 7–10 October 2012; pp. 1055–1058.

126. Jha, C.M.; Hopcroft, M.A.; Chandorkar, S.A.; Salvia, J.C.; Agarwal, M.; Candler, R.N.; Melamud, R.; Kim, B.; Kenny, T.W. Thermal
Isolation of Encapsulated MEMS Resonators. J. Microelectromech. Syst. 2008, 17, 175–184. [CrossRef]

127. Liu, C.S.; Tabrizian, R.; Ayazi, F. A ±0.3 ppm Oven-Controlled MEMS Oscillator Using Structural Resistance-Based Temperature
Sensing. IEEE Trans. Ultrason. Ferroelectr. Frequency Contr. 2018, 65. [CrossRef]

128. You, W.; Pei, B.; Sun, K.; Zhang, L.; Yang, H.; Li, X. Oven Controlled N++ [1 0 0] Length-Extensional Mode Silicon Resonator with
Frequency Stability of 1 ppm over Industrial Temperature Range. J. Micromech. Microeng. 2017, 27, 095002. [CrossRef]

129. Comenencia Ortiz, L.; Kwon, H.-K.; Rodriguez, J.; Chen, Y.; Vukasin, G.D.; Heinz, D.B.; Shin, D.D.; Kenny, T.W. Low-Power Dual
Mode MEMS Resonators With PPB Stability Over Temperature. J. Microelectromech. Syst. 2020, 29, 190–201. [CrossRef]

130. Jia, W.; Chen, W.; Xiao, Y.; Wu, Z.; Wu, G. A Micro-Oven-Controlled Dual-Mode Piezoelectric MEMS Resonator with ±400 PPB
Stability over −40 to 80 ◦C Temperature Range. IEEE Trans. Electron. Dev. 2022, 69. [CrossRef]

131. Chen, Y.; Ng, E.J.; Shin, D.D.; Ahn, C.H.; Yang, Y.; Flader, I.B.; Hong, V.A.; Kenny, T.W. Ovenized Dual-Mode Clock (ODMC)
Based on Highly Doped Single Crystal Silicon Resonators. In Proceedings of the 2016 IEEE 29th International Conference on
Micro Electro Mechanical Systems (MEMS), Shanghai, China, 24–28 October 2016; pp. 91–94.

132. Kwon, H.-K.; Ortiz, L.C.; Vukasin, G.D.; Chen, Y.; Shin, D.D.; Kenny, T.W. An Oven-Controlled MEMS Oscillator (OCMO) With
Sub 10 mw, ±1.5 PPB Stability Over Temperature. In Proceedings of the 2019 20th International Conference on Solid-State
Sensors, Actuators and Microsystems & Eurosensors XXXIII (TRANSDUCERS & EUROSENSORS XXXIII), Berlin, Germany,
23–27 June 2019; pp. 2072–2075.

133. Kwon, H.-K.; Vukasin, G.D.; Bousse, N.E.; Kenny, T.W. Crystal Orientation Dependent Dual Frequency Ovenized MEMS
Resonator With Temperature Stability and Shock Robustness. J. Microelectromech. Syst. 2020, 29, 1130–1131. [CrossRef]

134. Zega, V.; Gattere, G.; Koppaka, S.; Alter, A.; Vukasin, G.D.; Frangi, A.; Kenny, T.W. Numerical Modelling of Non-Linearities in
MEMS Resonators. J. Microelectromech. Syst. 2020, 29, 1443–1454. [CrossRef]

135. Luo, S.; Ma, H.; Li, F.; Ouakad, H.M. Dynamical Analysis and Chaos Control of MEMS Resonators by Using the Analog Circuit.
Nonlinear Dyn. 2022, 108, 97–112. [CrossRef]

136. Mansoorzare, H.; Abdolvand, R.; Fatemi, H. Investigation of Phonon-Carrier Interactions in Silicon-Based MEMS Resonators. In
Proceedings of the 2018 IEEE International Frequency Control Symposium (IFCS), Olympic Valley, CA, USA, 21–24 May 2018;
pp. 1–3.

137. Yang, Y.; Lu, R.; Gong, S. High Q Antisymmetric Mode Lithium Niobate MEMS Resonators With Spurious Mitigation.
J. Microelectromech. Syst. 2020, 29, 135–143. [CrossRef]

138. Zhao, W.; Alcheikh, N.; Khan, F.; Yaqoob, U.; Younis, M.I. Simultaneous Gas and Magnetic Sensing Using a Single Heated
Micro-Resonator. Sens. Actuators Phys. 2022, 344, 113688. [CrossRef]

139. Pandit, M.; Mustafazade, A.; Sobreviela, G.; Zhao, C.; Zou, X.; Seshia, A.A. Experimental Observation of Temperature and
Pressure Induced Frequency Fluctuations in Silicon MEMS Resonators. J. Microelectromech. Syst. 2021, 30, 500–505. [CrossRef]

140. Chellasivalingam, M.; Imran, H.; Pandit, M.; Boies, A.M.; Seshia, A.A. Weakly Coupled Piezoelectric MEMS Resonators for
Aerosol Sensing. Sensors 2020, 20, 3162. [CrossRef]

141. Zhang, L.; Jiang, Y.; Liu, B.; Zhang, M.; Pang, W. Highly Flexible Piezoelectric MEMS Resonators Encapsulated in Polymer Thin
Films. In Proceedings of the 2018 IEEE Micro Electro Mechanical Systems (MEMS), Belfast, UK, 21–25 January 2018; pp. 170–173.

http://doi.org/10.1109/JMEMS.2007.904332
http://doi.org/10.1109/TUFFC.2018.2843781
http://doi.org/10.1088/1361-6439/aa7d1c
http://doi.org/10.1109/JMEMS.2020.2970609
http://doi.org/10.1109/TED.2022.3159287
http://doi.org/10.1109/JMEMS.2020.3012109
http://doi.org/10.1109/JMEMS.2020.3026085
http://doi.org/10.1007/s11071-022-07227-7
http://doi.org/10.1109/JMEMS.2020.2967784
http://doi.org/10.1016/j.sna.2022.113688
http://doi.org/10.1109/JMEMS.2021.3077633
http://doi.org/10.3390/s20113162

	Introduction 
	MEMS Resonator Operation Principle 
	Equivalent Model 
	Vibration Modes 
	Transduction Mechanisms 

	Performance and Optimization 
	Quality Factor 
	Air Damping Loss 
	Anchor Loss 
	Thermoelastic Loss 
	Other Losses 

	Motional Resistance 
	Frequency Accuracy 
	Mechanical Trimming 
	Electrical Tuning 

	Temperature Stability 
	Passive Compensation 
	Active Compensation 


	Summary and Future Perspective 
	References

