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Abstract

With the technological advancement in micro-electro-mechanical systems
(MEMS), microfabrication processes along with digital electronics together
have opened novel avenues to the development of small-scale smart sensing
devices capable of improved sensitivity with a lower cost of fabrication and
relatively small power consumption. This article aims to provide the overview
of the recent work carried out on the fabrication methodologies adopted
to develop silicon based resonant sensors. A detailed discussion has been
carried out to understand critical steps involved in the fabrication of the
silicon-based MEMS resonator. Some challenges starting from the materials
selection to the final phase of obtaining a compact MEMS resonator device
for its fabrication have also been explored critically.

Keywords: MEMS, Fabrication, Design and packing of MEMS device,
Application of MEMS

1. Introduction

Introduction to the silicon in the microsystems technology has brought up
the revolution in the microfabrication field as number of devices can be conve-
niently fabricated on a single chip, which when realized as a comprehensive
system can even accomplish complicated tasks. In general, micro-electro-
mechanical systems (MEMS) is a physical system, which brings together
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components of both electrical and mechanical systems in a single platform
[1]. Despite the fact that these MEMS fabrication technology comes out
from the ICs fabrication techniques, but the test methods for both technolo-
gies have a prominent difference. The reason is the unique ability of these
MEMS devices to respond to both electrical and non-electrical stimuli such
as physical, biological, chemical and many more. The advancement in the
technology enables us to reach out for building machinery or sub-structures
at a very small range. Further reduction of the sizes of components, results in
the nano-scale fabrications, such systems are called nano-electro-mechanical
systems (NEMS). Plethora of their applications are being explored in au-
tomotive, space sector, healthcare and other domains, where human inter-
vention for tracing the detection is difficult. Si based resonant sensors are
such one of the widely explored systems. In a low—phase noise-based oscil-
lation and stable-temperature-based applications, a higher Q—factor compo-
nent with smaller form factor MEMS resonator is in demand so as to replace
the quartz-based resonator. Many researchers have contributed in the de-
velopment of Si-based capacitive resonator [2]. However, a relatively high
dc voltage is required for operation of high—frequency based capacitive res-
onator, resulting in increasing difficulty in designing the low—voltage CMOS
circuits [3]. Future of MEMS resonator is not limited to one application as it
possess several advantages such as miniaturized level dimensions, lower power
consumption and fabrication cost, low cost batch production, enhanced sen-
sitivity, reproducibility, accuracy with smaller thermal constants and easy
integration in the chip and many more [4]. Moreover, MEMS resonator with
higher Q factor has a potential of replacing those off—chip, larger and in-
compatible CMOS components in wireless communication applications [5].
These are some of the reasons that attract researchers towards MEMS tech-
nology and for the same reason various MEMS resonator finds its application
in the fields viz., Aerospace, Information technology, Medical related diag-
nosis, Bio-MEMS, Automobile, Robotics and many more [6, 7]. Significant
research in MEMS resonator is generating huge MEMS market due to their
high influence applications. These can significantly be used in applications
such as sensing, timing and filtering and many more. In sensing applica-
tions, a given set of quantity can be measured with change in a resonant
element [8], in timing applications, a resonant element is integrated with the
electronics circuits to develop a high—quality signals [9], and in filtering ap-
plications, a resonant structure have filters that can be utilized for the RF
wireless systems [10]. Various micro-electronics circuits can be distinguished
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from MEMS resonator as these circuits have compact, rigid structures and
are generally solid whereas MEMS resonator may have defects in the form
of holes, channels and cavity. They may have membranes, structures like
cantilever etc., below 80-100 pm which directly impact their manufacturing
process as these structures cannot be machined by conventional process and
therefore required specially designed fabrication techniques which involves
etching and similar steps to free mechanical structures [11]. Considering the
potential of this technology, this paper presents the summary of the recent
work related to MEMS resonators and their micro—fabrication techniques.
This will assist readers to have a better understanding of their performances
along with the techniques and challenges behind the micro-manufacturing of
MEMS resonators. The information gathered at one place may also be help-
ful for incoming researchers in designing integrated structures and devices
mostly associated with the sensing and actuation.

2. Overview of Si-MEMS resonant sensors

2.1. Evolution and applications

The rise of micro-electronics-based devices can be traced back with the
arrival of point contact transistor and junction transistor in 1947, which
emerged as the technique for reducing sizes, portability and power require-
ment of devices. The discovery of Piezo-resistive effect phenomenon in Ge
and Si in 1954, opened up a new era for the production of Ge and Si strain
gauge, with 10 to 20 times higher gauge factor as compared to metal films [12].
The evolution in the MEMS technology was initiated with the two very im-
portant inventions of silicon semiconductor in the year 1959, which included
Monolithic IC’s chip by Fairchild semiconductor and MOSFET by Bell lab.
With these inventions, researcher began to link the leeway of interaction
and communication of silicon chips and MOSFETSs with the external stimuli
such as chemical, light, thermal, thereby opened the market for miniatur-
ization of mechanical components and micro-machining technology [13, 14]
The beginning for materialization of MEMS commercial products can be
traced back in the mid-1990s [15]. Due to the continuous growth of MEMS
techniques over the years, researcher are showing interest in its application in
health- care sectors, few of them are medicine administrative systems, micro-
valve [16], micro-pumps, micro-fluidics [17], lab—on—chip (LOC), microscopic
level instruments [18] and many more. The first kind of prototype related to
the MEMS resonant sensor was reported wherein the RGT (Resonant Gate
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Transistor) was introduced with cantilevered structure that acted as micro
electro-static actuators [19]. In late 1980’s LIGA technique were firstly intro-
duced in the Germany, capable of making a component from electro-palatable
substance [20]. To release micro-structures from single crystal Si and GaAs,
a bulk micro-machining technique was demonstrated in 1992, called as Sin-
gle Crystal Reactive Etching and Metallization (SCREAM) [21, 22]. The
resonant frequency of silicon carbide (SiC) has shown better solution for the
beams and cantilever structures as compared to its counterparts like Si and
GaAs, and hence it gained attention to replace silicon for MEMS applica-
tions in extreme environment [23]. Due to the miniaturization of the sensor,
MEMS devices can even be found in the space application, like MEMS louvers
that is demonstrated in NASA satellite mission, which is used for thermal
control of micro-satellites [24]. In order to significantly reduce the clean
room fabrication cost for MEMS devices, a paper-based MEMS sensor was
developed using a piezo-resistive principle. Performance of such paper based
sensor can be improved by making its surface hydrophobic via silanization,
which is generally used to minimize humidity effect on the sensor [25, 26].
With the advancement in the field of Internet of Things (IOT) technolo-
gies, the market for portable smart sensing device is rapidly attracting the
researcher for the improvement in the design and fabrication of new materi-
als for smart sensing and actuating purposes. IOT opens up a new ways in
the analysis of real time collected data, its monitoring and its optimization
that have a huge potential to build a smart surroundings [27]. The real time
monitoring of aging civil structures and its control can increase the possi-
bility of saving life of the people. This can be performed by introducing
smart devices that are capable of dynamic response and detecting damages
at the earliest [28]. Jena et al. has reported the summary of various em-
bedded sensors based model for real-time structure health monitoring and
failure detection in aircraft [29]. The only difference between the conven-
tional integrated devices and MEMS based smart devices is that the later
one utilized an intelligent component for digital data processing, analog to
digital conversions, interfacing and many more. The output emerged from
resonant sensors can be transmitted via radio-frequency (RF) signals, for
which there are various wireless protocol such as Bluetooth, Wi-Fi, Zigbee,
RFID, Z-wave and many more [30]. A wireless embedded MEMS piezoresis-
tive based micro-cantilevered temperature sensor has been fabricated, which
is capable of measuring soil moisture and temperature [31]. The advanced
research for highly sensitive, cost effective smart sensor encouraged many
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researchers to work in the field of effective sensors such as catalytic bead
sensor [32], zinc oxide (ZnO) nano-bundles [33] and palladium (Pd) nano-
structured platforms [34, 35] along with other resonant structures for gas
detection. The idea of wireless self-generating power sensors were analyzed,
where the energy from vibration of the civil structure are utilized for power-
ing an accelerometer [36, 37].

2.2. Functional Aspects of MEMS Resonant Sensor

As it well known fact that the MEMS resonator consists of a vibrating
component. Any change in the stresses or mass of the resonator via physical
and chemical factors is thus converted to a resonance frequency of the vi-
brating component. Resonator with Si-material shows 100 times sensitivity
in contrast to the standard available analog piezo-resistive transducers [38].
The quality and properties of the resonant device is function of its material
therefore, a huge research is dedicated for searching suitable material. The
alteration from the measured parameter to resonance frequency is done either
via mass—loading of vibrating component or via change in internal force and
stresses, which in turn changes the resonance frequency [39]. It has also been
investigated that with the increase in the resonance frequency, stiffness of the
vibrating—structure increases. The resolution and stability of the resonator
also depend on the Q—factor, which is the ratio of total amount of energy
stored in the vibrating structure to the equivalent sum of energy losses per
cycle. A higher Q-factor is desirable for reducing the perturbing effect of
micro—electronics, higher resolution, higher accuracy and stability [40].

There are various electrical means by which vibration of Si resonator
can be measured such as capacitive, Piezo-resistive, magnetic [41], optical
based detection techniques [42]. Flexible resonators are further categorized
on the basis of vibration structure which are (i) the beam, (ii) the bridge
and (iii) the diaphragm. Each vibration structures exhibit certain resonant
modes of operation, and each mode further have its displacement pattern
and Q—factor at resonance frequency. Any alteration in design of vibrating
structures such as double or triple beam, leads to alter Q—factor results in
increasing the vibration balancing. The Q-factor is directly correlated with
damping, as different damping mechanisms limit the overall Q-factor [43].
Resonator working in a fluid such as gas will have a damping which results
in reduction of Q-factor. Due to the presence of these gases around the
surfaces, the vibration structures move in lateral as well as perpendicular di-
rection. The Q—factor further depends on the properties of resonator material



such as purities, dislocations and many more. Low impurity single-crystal
Si shows Q—factor of the order of 106, whereas high doped Si shows Q—factor
of the order of 104 in vacuum [44]. The poly—crystalline material reported
to have low (Q value in contrast to the single—crystal material, explains by
taking theoretical reference that perfect crystal have no losses [45]. The
thermo—acoustic properties of the MEMS resonator can be altered by heavy
doping of the Si substrate [46]. Various parameters can enhance the me-
chanical performances of a resonator, these includes Mode shape, amount of
mode coupling, Q—factor, temperature sensitivity [47].

Physical and chemical

parameter
Vibration Vibrating Vibration
excitation unit structure detection unit
Frequency
output

Amplifier

Figure 1: Schematic view of resonator sensor with feed—back mechanisms.

The Fig.1 shows the complete schematic of MEMS resonant sensor, which
consists of, (i) the excitation unit, (ii) the resonator (iii) the detection unit
and (iv) the feedback circuit. This feedback unit is used to maintain the
desired resonance mode of operation [48]. The temperature sensitivity of
the resonator is dependent, majorly on, resonant sensor material, their vi-
bration mode of operation, bimetallic effects, and excitation and detection
techniques. In silicon based resonator, the number of free charge carriers
increases with doping and therefore, the temperature dependent resonance
frequency is dominated by elastic constant such as young’s modulus etc. [49].
So, by varying doping type, its concentration and altering the orientation of
the resonator, temperature—coefficient of frequency (TCF) can be varied.
Depositing a metallic layer had reportedly increased the efficiency of optical
based excitation of vibrations and also suggested the coating of resonator
with a material having a positive temperature—coefficient of young’s modu-



lus to compensate temperature dependence of resonator. Research conducted
for analyzing a contour-mode MEMS Si resonator, shows a high TCF in the
range from -32.5 ppm/K to -23 ppm/K [50]. Electronics system requires
filters for selecting the right signal and an oscillator for generating a precise
reference frequency; these can be obtained by using a resonator especially in
low—noise and low—power design. As the example, Clark et al. reported high-
Q fabricated disk micro-resonator, micrograph of which is shown in the fig. 2
(a) [51]. Further Hajjam et al. developed thermally actuated high frequency
silicon resonators through degenerate phosphorous doping as depicted in the
fig. 2 (b) [52]. In another report, Si based thin film piezoelectric on silicon
(TPoS) resonator was developed for enhanced power handling which is as
shown in the fig. 3 [53].

(2] | G

Figure 2: SEM image of a fabricated disk micro-resonator (left) [51] and SEM image
of a piezo-resistive IBAR structure (right) [52]. [Reproduction of the figure with kind
permission from [51, 52].

Below are the details of various resonance modes in Si resonant sensors:

Flexible model: Flexural-mode resonator can be given excitation in both
plate and beam-structures modes. Both fixed and cantilever beams are
commonly utilized beam-—structures for sensing applications due to their
simplicity in structure design and possibility of realizing associated proof
masses [54]. Banerjee et al. investigated the resonance characteristic of
a metallic micro—cantilever that has been fabricated by focused ion—beam
technique, to demonstrate the improvement in the resonance amplitude of a
vibrating—cantilever at a characteristic width [55]. Arlett et al. demonstrated
the use of micro—cantilever to attain the lower temperature sensitivity by
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Figure 3: The schematic view (left) and SEM image (right) of AIN-on-Si TPoS res-
onator [53]. [Reproduction of the figure with kind permission from [53].]

electrically transducing micro—cantilever resonator with a force sensitivity of
235 aN/Hz1/2 at RT and 17 aN/Hz1/2 at temperature of 10K [56]. Burg et
al. reported the change in the surface mass—loading condition in the order of
10-19 g/pum2 by suspended micro—fluidic channel resonator to demonstrate
bio-molecular detection [57]. Canavese et al. presented a nano-machined
holed resonating structure having micro—cantilever to improve resonance fre-
quency with confirming up to 250% increase in the mass sensitivity [58].

Bulk mode: In Bulk-mode, deformation takes place due to planar ex-
pansions and contractions. Bulk-modes resonators have been previously
reported for different shapes such as beams, circular—disks [59], rectangu-
lar—plates and square—plates [60]. Lin et al. confirmed the functional use of
dual micro-resonator as a mass sensing system, with a sensitivity of 37 Hz/ng
for bio—chemical sensing applications [61]. Tu et al. proposed an transduc-
tion setup which increases 67dB feed—through for a square—plate resonator,
vibrating at 12 Hz with a feed—back consisting of both the capacitive and
the piezo-resistive sensing units to cancel parasitic effects problems in mi-
cro-resonators [62]. Further, Kaajakari et al. demonstrated a 13.1 MHz bulk
acoustic-mode Si resonator having a higher Q factor (Q = 130000) with a
maximum drive level (P = 0.12 mW) at the hysteresis limit [63]. Ho et
al. fabricated the piezoelectric on silicon based acoustic wave resonator as
shown in the fig. 4 (a) [64]. Further lopez et al. developed VB-FBT micro
disk resonator for the biomass sensing application as depicted in the fig. 4
(b) [65].

Other mode: Based on the propagation mode and its characteristics the
acoustic wave resonator is further categorized into Bulk acoustic wave (BAW)
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Figure 4: SEM image of a 240x 40x5 pm? piezo—electric on Si-bulk acoustic resonator [64]
and Perspective-schematic view of the wine-glass mode disk-resonator [65] [Reproduction
of the figures with kind permission from [64, 65]].
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and Surface acoustic wave (SAW). The propagation of wave is occupying most
of the volume of the bulk of material, this is bulk acoustic wave (BAW) [66]
whereas in surface acoustic wave (SAW), a wave is traveling in interface of
the solid and the air of device [67].

3. Fabrication methodologies for MEMS Resonant sensors

3.1. Material selection

The optimum level of performance for MEMS resonators are firmly de-
pendent on the various material properties utilized. These material proper-
ties can be classified as mechanical, electrical, chemical, thermal etc. These
MEMS resonators are often used in extreme and hard environment, a virtu-
ous knowledge is progressively imperative in eliminating some of reasons of
device failure through proper material selection, design and method of fabri-
cation [68]. Mechanical properties can be further categories into three forms.
First, an elastic property that helps in estimation of deflection response via
application of forces. These elastic properties include modulus of elasticity
and poison’s ratio. Second property is internal stress, which are induced due
to micro-structural changes and thermal mismatching and third property
is mechanical fatigue, these are induces due to long run exposure of cyclic
stresses, which may lead to the plastic deformation and change in the elastic
constants that affects the sensitivity of MEMS resonator. Advancement of
the materials has encouraged researchers to utilize various modern approach
for selection criteria, one of them is Ashby approach, where the materials



are graded on the various performance indices based on its design, method
of fabrication and application [69].

From a few decades, researchers have explored various kinds of substrate
materials for the fabrication of MEMS device namely, silicon (Si)/ poly-
silicon, silicon oxide (SiOx), glass & quartz substrate, silicon on insulator [70],
silicon carbide (SiC) [71], diamond, shape memory alloys, GaAs and other
group III & IV compound semiconductors. Some flexible substrate materials
for the application of Bio-sensors and Bio-MEMS can be categorized into
polymer, polyamide and paper based substrate, PET and PEN based plas-
tic substrate, PDMS, polycarbonate and many more [72]. Single—crystalline
material shows high level intrinsic Q—factors which enable its excellent res-
onating properties such as higher resolution, better accuracy and high re-
peatability. Whereas poly—crystalline Si material shows low level intrinsic
Q-factors in contrast to single—crystalline Si, but possess good characteris-
tics as these poly—Si resonant sensors structures can be fabricated in precise
dimensions. Quartz is widely utilized material for the fabrication of resonant
sensor as these are piezo—electric material; suitable candidate for the exci-
tation and detection of vibration [73]. Bio-compatibility, chemical inertness,
and hydrophilicity, as well as residual stress, etching sensitivity and selec-
tivity along with the fabrication cost, are some of the parameters for when
choosing a resonator material.

Over the years, single-crystal Si is economical and has widely been utilized
for the manufacturing of MEMS resonator. They are mechanically stable and
are ideal structure material with light weight, low mass density as compared
to aluminum (2.3 g/cm3) and have a good modulus of elasticity, nearly twice
as of steel (2 x 105 MPa). Si has low thermal expansion coefficient, nearly
8-10 times smaller than that of steel and aluminum respectively. Si can exist
in all the three forms namely, crystalline, poly—crystalline and amorphous,
with a crystal structure of diamond lattice. The electrical resistivity of Si
is in the order of 10-3 to 104.5Q2-cm; therefore as per the need, Si can be
made either conductor or insulator [74]. All these properties of Si make it
suitable for mechanical, thermal, electrical integration in devices enhancing
its suitability for extreme environmental applications.

3.2. Micro-machining Techniques

The fabrication of the Si based resonators can be performed using bulk
micromachining, surface micromachining and LIGA technique [75]. The se-
lective removal of material can be performed using wet and dry etching tech-
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Figure 5: Process flow of the surface micro-machined film bulk acoustic resonator (a to
g) with SEM image (h) [78]. (Reprinted with permission from [78]).

nique. In this process, Si wafer with a crystal orientation of 100 and 110
is used to produce simple micro-structures such as membranes, diaphragms,
square mass, channels and cantilever [76]. Typically the resonator fabrica-
tion consist of sacrificial layer deposition, patterning of contact and structure
layer, etching of sacrificial layer, consequently releases a micro-structure layer
in surface micro-machining techniques [77]. A mechanical property of single-
crystal Si substrate such as modulus of elasticity and poison’s ratio can be
obtained repeatedly in contrast to deposited sacrificial film of poly-Si whose
properties depends mainly on processing conditions. For the same perfor-
mance, micro-structures formed by surface micro-machining technique are
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smaller in contrast to bulk micro-machining technique. Adding impurities to
Si based devices can leads to micro-structures curvature and buckling; that
can affect the resonator performances [79]. The surface-chemical alteration
method can lower the friction and enhances the wear life of Si as a structure
material [80]. A 10pm-thick resonator microstructure is fabricated with sur-
face microstructure a deposited polysilicon film [81]. The summary of the
various parameter involved in the fabrication of surface and bulk microma-
chining is presented in the table 1. Pan et al. developed electrostatically
tunable film based on a bulk acoustic resonator using surface micromachined
technique and the various steps involved in the fabrication is shown in the
fig. 5 [78]. In another report, the fabrication of the low stress CMOS on
Silicon carbide substrate as shown in the fig. 6 [82].

Supports

b

Output

Couplers oD

Output Tnput Heater pad

Heater pad

Figure 6: SEM image [(a), (b), and (c)] of fabricated c-c beam resonators with dimension
10—um, 25—pm, 40—um wide and 45-pm-long (d) f-f beam resonator a 10-um wide and
64-pm long [(e), (f), and (g)] resonator arrays consisting of 3, 6, and12 beam (h) SEM
image of a resonator with an integrated—heater [82]. (Reprinted with permission from
82])

Zachary et al. [84] used surface micromachining techniques for the fabri-
cation of Si based resonator. The first step is to dope the substrate to make
an actuation electrode as conductive. A 1 pm thick oxide layer is produced
and patterned via UV lithography process, followed by BHF etching. The
second step involves the deposition of a thin LPCVD silicon nitride layer 300
nm, followed by a thick (4-5 pum) oxide layer deposition via PECVD process.
Finally, the oxide layer is patterned using UV lithography techniques and a
300 nm Al deposition is performed. The third step involves the deposition of
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Table 1: Performance parameter of surface and bulk micromachining [83]

Performance Parameter Surface Bulk

for MEMS Resonator micro-machining micro-machining
Mechanical properties Good Superior
Dimensional control Superior Good
CMOS integration Good Normal
Packaging parameter Normal Normal

Size and shape Smaller Small

Cost Normal Good

200 nm thin LPCVD polysilicon layer. The fourth step involves deposition
and patterning of a thick (1-2 pm) LPCVD silicon nitrate layer.Figure 7,
shows the various steps involved in the fabrication of micro-resonator struc-
ture [84].

Rusch et al. [85] presents a fabrication of the MEMS microstructure of
dielectric resonators for electronic frequency tuning with low Q factor. The
fabrication of microstructure is presented with high aspect ratio and high
accuracy of the LIGA process. Bijari et al. demonstrated a novel approach to
fabricate a low-cost UV-LIGA technology for the manufacturing of resonator
with three simple steps for obtaining high aspect ratio with 20 with 3 pm of
gap. Fig. 8, shows the image of LIGA processed structure along with a SEM
view of fabricated MZI- ring capacitive loading. Another report involves the
fabrication steps for obtaining high aspect ratio micro ring resonator along
with SEM image as shown in fig. 9 and fig. 10 [86].

Kim et al. [87] proposed a fabrication method using modified LIGA for
the manufacturing of the micro-injection mold. The modified LIGA reflow
process is performed in three steps; namely lithography, thermal reflow and
electroplating process. For obtaining the very strong microstructures, elec-
trodeposition of Ni-Co, Ni-W and Co-W used the pulse plating technique so
as to prevent the aggregation of unwanted products at the bottom [88].

Micro-fabrication of Si based resonator is performed in a specialized en-
vironment where the level of particle and metallic contaminations are in con-
trollable state. The microfabrication techniques are divided into two major
categories namely, hard technologies for Si based devices and a soft technol-
ogy for elastomeric materials application. These soft technologies are pre-
ferred due to their easy, rapid and low-cost micro-fabrication processes [89].
The process of micro-fabrication starts with the cleaning of wafer via Pi-
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Figure 7: Fabrication sequence of the micro-resonators structures with integrated electro-
static actuation and piezoresistive readout. [84]. (Reprinted with permission from [84])

ranha clean, RCA-I and RCA-II process (RCA is an acronym for Radio
Co-operation of American) [90]. These cleaning steps not only prepare a
wafer for the subsequent processes but also remove out any particle and
metallic contamination from wafer that can affects the devices performance.

Nickel (0.1 mm) Titanium (0.002 mm)

Mo
\

(@) wafer (1 mm)

Figure 8: (a) Layer stack-up of LIGA-processed structure; b) SEM image of movable beam
for tuning MZI-ring capacitive loading. [85] (Reprinted with permission from [85])
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Figure 9: Schematic diagram of ring filters using UV-LIGA technology [86]. (Reprinted
with permission from [86])

The next steps in the fabrication are discussed in the following sub-sections.

3.2.1. Deposition Process

The method of deposition of the thin films on Si wafer can be performed
by the application of a protective layer, which can assist to alter and pro-
tect the substrate surface by enhancing its properties like resistance to wear,
corrosion [91]. There are various applications of these thin films coating rang-
ing from electrical, electronic materials, sensors, biomedical related devices,
aerospace, automobile industry and many more. Deposition of aluminum ni-
tride (AIN) is suitable for BAW resonators as it is chemically stable and hav-
ing a bonding energy of about 11.5 eV, better thermally conductivity with low
temperature—coefficient. Also it does not contain harmful element that can
cause contamination of device [92]. Gupta et al. fabricated a portable bio-
sensor with a nano-composite based film containing ZnO-Au-NPO; which
enables a fast sensing dip-stick model via a coated-flat chip which refines
the detection sensitivity up to 1 CFU/mL [93]. The reason for presence
of mechanical stress in the deposited film can be explain by two strands.
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Figure 10: SEM images of the micromechanical ring resonator [86]. (Reprinted with
permission from [86])

The first one is due to the presence of different coefficient of thermal ex-
pansion between deposited film and substrate material, and secondly; due
to surface imperfections. Hara et al. deposited an AIN film using RF mag-
netron reactive sputtering technique that gives lower process temperature
than CVD [94]. Gupta et al. reported an optical sensing work with a surface
coating of porous polymer-film; a reduction in surface-roughness up to 33 nm
is obtained in contrast to the 235 nm surface-roughness of uncoated surfaces,
which in turns reduces 27.42% relative transmission losses [95]. Prior to the
deposition step, a high temperature baking step is performed to breaks down
the SiO2 layer and allows the Si to reflow and smooth the surface features
and finally leave the Si with a low-surface roughness [96].

Table 2: Various deposition techniques used in micro-fabrication of MEMS resonant sen-
Sors.

Deposition techniques Sub-categories
Chemical-reaction Chemical vapor deposition (CVD),
Electroplating, and Epitaxy
Physical-deposition Evaporation and Sputtering
Spin-coating Spin coating and spraying

The use of sputtering process has been reported for the film deposition of
aluminum (Al), silver (Ag), gold (Au), and gold-palladium (Au-Pd) on zinc
oxide (ZnO) nano-structure which is fabricated vertically on Si substrate for
enhancing the efficiency of remediation of industrial based dyes [97]. These
are further classified as a reactive, triode and magnetron sputtering.
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Hoche et al. investigated a synthesis protocol of two thin film coating
of AI203 and Cr-N by using PVD and experienced that the rate of depo-
sition is reducing as the deposition time increases due to the effect of back
sputtering [98]. Contreras et al. utilized magnetron sputtering technique,
to synthesis TiAIN-TaN layers and observed that it shows stronger relation
towards mechanical properties as the critical load capabilities increases [99].
Magnetron sputtering technique is known as a highly preferred technique
due to high resistance to wear and low coefficient of friction but yield lower
ionic flux and lower ionic energies. These types of problems associated with
magneto sputtering can be rectified by pulsed-DC sputtering technique. In
pulsed-DC technique a frequency of 25-350 kHz was utilized to alternating
the polarity of the source target so as to provide excitation to the target
atoms. The relationship between increasing ion bombardment w.r.t unbal-
anced—magnetic field is been investigated, which revealed the improvement of
Al-N film deposition [100]. For probing the effect of the sputtering rate and
presences of stresses on deposited film, an investigation on various parame-
ters were carried out. Ababneh et al. reported that; with the increase in the
concentration of sputtering powder and decrease in the sputtering pressure
level, the positive charged ion with high kinetic energy will be accelerated
towards the target, which in turn increases the momentum transfer-rate re-
sulting in higher rate of sputtering [101]. Increase in the concentration of N2
gas results in the decrease of sputtering rate when nitrogen gas is utilized as
sputter agent. Chaudhry et al. fabricated a thin film consisting of TiN-Ti
on p-type silicon substrate by using magnetron sputtering and observed that
it improves chemical and thermal and electro-chemical stability [102].

CVD being another method is used for the deposition of films using chemi-
cal reaction [103]. For the synthesis of thick dielectric (like SiN), Atmospheric
Pressure chemical vapor deposition is used, as it has advantage of high de-
position rate. The low-pressure chemical vapor deposition (LPCVD) process
has advantage that it can deposit thin films on both sides of the wafer sur-
face, but with relatively slow rate and higher deposition temperature. It is
used to deposit better uniform films of SiOy, W, SiN, SiC and High Temp
Oxide (HTO). Naing et al. has demonstrated various steps involved for fab-
rication of disk resonator for depositing 2-3 pm-thick resonator structure of
POCI3 doped poly—Si via CVD deposition technique [104]. The dielectric
constant of low temp oxide (LTO) in contrast to thermal oxidation is about
4.3, due to its lower temperature deposition, that increased its dielectric
strength is about 80% [105]. Serra et al. has fabricated the Si-resonators by
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using bulk-micromachining mechanism. LPCVD thermal-oxide layers with
a thickness of 100-300 nm are grown at the temperature of 1100 °C [106].
Another method used to deposit SiN as a passivation layer, is Plasma en-
hanced chemical vapor deposition (PECVD) which utilizes low temperature
to produce film (200400 °C), but low temperature also reduces the surface
mobility of the reactant, which results in the formation of amorphous thin
films [107]. By a simple modification in the deposition indices such as ap-
plied pressure and gases flow-rate, there is a possibility of controlling stresses
in the deposited films via PECVD [108]. Furthermore, Joachim et al. [109]
demonstrated an addition of material to MEMS structures by selective de-
position of polysilicon in order to explore a new way of trying to compensate
for varying micro fabrication system parameters. The electrical heating of
the MEMS resonator is performed in a 25 °C in the presence of silane gas to
enable the decomposition process and it was found that the rate of deposition
for polysilicon is three times faster in contrast to LPCVD.

3.3. Lithography

It is well known that the designed pattern is transferred onto the wafer
using a technique called lithography. In order to transfer this pattern, a photo
resist material is applied on the top of wafer and is been selectively exposure
to an illuminating source such as UV light. Kumar et al. proposed a laser
assisted micro-machining techniques for manufacturing of these hard-masks
through a micro-machined Al shadow-mask [110]. The minimum feature
sizes that can be obtained are up to 10 pm [111]. Yan et al. proposed
three photo-lithographic steps to release the resonator structure and a 140
pm pressure sensitive diaphragm was etched on Si handle layer by DRIE
technique with the help of patterned PR mask [112]. Once the design pattern
is transferred, the resist is usually stripped off. This is important step as the
resist is incompatible with other micro-fabrication steps and cannot sustain
high temperature [113]. The accuracy of MEMS fabrication depends on
these photo-masks accuracies. Highly sophisticated machineries are involved
with precisely operation for fabrication of these photo masks enhances its
cost [114]. Deshpande et al. [115] designed and fabricated a piezoelectric
based MEMS contour mode resonator with ZnO as material. The micro
fabrication starts with the deposition of SiO2 layer on the top of p-type Si
wafer via thermal wet oxidation process with the operating temperature of
1000 °C for 3 hr. Followed by the deposition of ZnO layer of 250 nm using
100 watts RF power sputtering. Electron beam lithography technique has
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further been explored for the locating alignment marks which begins with the
coating of PMMA resist via spin coating at 3000 rpm for 30 s. Next step is the
deposition of Cr/Au layer of 10 nm and 80 nm respectively. The deposition of
PPR (positive photo resist) takes place for the creation of cavity via optical
lithography. Fig. 11 shows the SEM view of the fabricated MEMS resonator.
Ferran et al. [116] proposed three lithographic steps for the fabrication of
a RF-MEMS resonator. 1 pum thick Al layer is deposited using sputtering
along with the patterning of 650 pum thick glass as substrate to determine
the structure for coplanar waveguide. Followed by the deposition of 3 pum
thick sacrificial PR layer for defining and patterning the anchoring regions of
resonator before a second Al layer is deposited. Finally, the PR is removed
in order to defines and release the resonator MEMS beams.
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Figure 11: SEM view of micromachined contour-mode resonator. (a) Cross-section views.
(b) Top views. [115] (Reprinted with permission from [115]).

Luo et al. proposed the fabrication steps of the Si-based MEMS res-
onators on a 4-inch SOI wafer by involving only two photo-lithographic
steps, for creating the resonant structure. A 120-pm pressure-sensitive di-
aphragm is released by etching Si-handle layer by DRIE technique with uti-
lizing a positive photoresist mask. Similarly, the device layer of SOI wafer
is etched by DRIE to a depth of 40 um to release resonant structures. A
buffered hydrofluoric acid solution is used to release the resonant structure
by undercutting the insulation layer in a controlled manner. For creating
the metal connection, the Al-electrodes were sputtered on the front side of
the bonded SOI-glass wafer by utilizing a shadow-mask technique as shown
in the fig. 12 [117]. In fig. 13, A 1 um thick PZT layer is etched by the
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a-4 inch SOI'wafer e-4 inch Pyrex 7740 glass wafer

b-Patterning and DRIE for diaphragm area f- Patterning and HF wet etching for cavity

c-Patterning and DRIE for the resonators g- Through-glass vias formation using laser drilling

i- 50I-glass anodic bonding j-Aluminum electrodes sputtering into the via holes
by ashadow-mask technique

Si 510, Glass Getter  Aluminum

Figure 12: Various fabrication steps involved for the micro— resonant pressure sensor [117].
(Reprinted with permission from figure [117])

wet etching solution on a 0.5 pum thick BOX layer of SOI wafer followed
by Au layer of 0.3 pum thick is deposited and patterned by using the lift-off
process. The ICP etching technique is used to remove the PZT layer, Pt
layer and Si—device layer. Finally DRIE and RIE techniques are used for the
back side Si—etching and BOX layer etching respectively [118]. Fig. 14 shows
SEM view of fabricated Si-MEMS Microflap resonator and Si-MEMS bridge
resonator [119].

3.4. FEtching

There are various parameters that affect the etching processes such as
etch rate, uniformity, selectivity and directionality [120]. The speed of the
etching should be in controllable manner but fast enough for production.
Based on the directionality aspects etching is classified as isotropic etching
and anisotropic etching. In the first case, the etching rate do not depend
on direction i.e., uniform in all directions. Therefore a semi-circular shape
profile is obtained under the mask whereas in case of anisotropic etching,
the dissolution of the material takes place only in vertical direction and a
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Figure 13: Process flow of Fabrication steps for TPoS resonant sensor: (i) A SOI wafer
with application of Pt and PZT layers. (ii) Etching of PZT layer. (iii) Lift-off process
for patterning of Au layer. (iv) The inductively coupled plasma etching process for PZT,
Pt and silicon device layers. (v) DRIE technique for the back-side Si—etching. (vi) RIE
technique for etching the Buried oxide layer [118] (Reproduced the figure with permission
from [118])

straight walls profile is obtained [121]. Du et al. fabricated the BDETF
resonator by using anisotropic wet etching technique with a 25 wt% Tetram-
ethyl-ammonium hydroxide (TMAH) solution and the resonant layer is pro-
duced by chemical mechanical polishing (CMP) technique [122]. This shows
that anisotropic etching is meant to etch faster in one particular direction
i.e., Silll-crystal plane in contrast to Si 100 plane [123, 124]. Wet etching
techniques with the help of various acids and bases solution combinations
can be utilized for metal etch. TMAH, Potassium-hydroxide (KOH), ethy-
lene—diamine pyrochatechol (EDP) are some of the important etchants avail-
able for Silicon [125]. Wet etching can be utilized for obtaining anisotropic
directional etches on crystalline material. There are two approaches for etch-
ing silicon oxide (SiO2) using hydrofluoric acid (HF) vapor [126]. Several
parameters have a direct impact on the etch rate silicon oxide such as wafer
temperature, partial pressures of HF and catalysts. Li et al. investigated the
presence of 300 nm gap in between resonator and electrode which improves
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Figure 14: SEM view of fabricated Si-MEMS Microflap resonator (left) and Si-MEMS
bridge resonator (right) [119] (Reprinted with permission from [119])

the electro—static coupling when a poly—Si etching is done before Metal etch-
ing in CMOS-MEMS resonant transducer [127] Doping of boron in silicon
significantly reduces etch rate of KOH [128]. Tabrizian et al. described the
fabrication of piezo—on—substrate and used isotropic wet etching technique
for high etch selectivity of AIN over bottom—electrode and also provide a
slopped-wall of AIN to ease consistent coverage during deposition of top
metal [129].

Pakpum et al. [130] studied the condition for achieving etching of 90 deg
vertical wall on Si100 substrate using 45% (wt. fraction) of NaOH and solu-
tion temperature of 40 °C. Several investigations on achieving a better etch
characteristics were studied in the past. The etching rate of Sill0-crystal
plane with a solution of etchants at (20%wt) KOH and (15%wt) NH,OH has
shown four times increase in etching in contrast to only solution of (20%wt)
KOH [131]. Dry etching technique involves both chemical and physical at-
tacking on material. Directionality in etch can be obtained by using different
mechanisms such as reactive-ion etching (RIE), high—pressure plasma etch-
ing and ion milling. RIE technique uses a chlorine (Cl) gas based low pressure
plasma to remove deposited material on Si and GaAs wafers [132]. In RIE
process, the EM field assists in the generation of the plasma under vacuum.
This plasma breaks the feed gases into ions, which are accelerated towards
the wafer and reacts with its surface. These ions after obtaining high grade
energies can even de-notch the materials out of a wafer without a chemical
reaction. With the increase in the gas flow in the chamber, there was a net
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increase in etchant flux which in turn shows improved impinge action on the
substrate thereby was helpful in enhancing the etch rate [133]. Arcamone
et al. [134] fabricated a resonator using SOI wafer as substrate. The micro
fabrication starts with n-type doping of the top device layer by diffusion fol-
lowed by thermal activation of these impurities via Oy and Ny atmosphere.
the next step involves the patterning of the sample after the resist coating
via electron beam lithography. Kaajakari et al. further demonstrated a bulk
acoustic resonator, which is fabricated on SOI wafer using deep reactive-ion
etching (DRIE) indicating stability of approximately 1 ppm/year [135]. In
addition to it, Abe et al. [136] proposed a fabrication technique for quartz-
based resonator having a deep etched structure. These resonators are very
sensitive to surface tempering so, in order to improve the resonators per-
formance, the precise variation of surface shape below 1 pum is desirable for
thin resonant device. The etch selectivity is very small for quartz and pho-
toresist. Wood et al. [137] fabricated a MEMS resonator with a 150 mm
Silicon-on-insulation substrate with 30 pm thick device layer. The resonator
is patterned by using DRIE technique of 5 ym trenches in the device layer of
30 pm. Followed by the HF etching for BOX layer that release the resonator
from the substrate. The author demonstrated the variation in the ratio of
vibrating amplitude of two fabricated resonators by decreasing the mass of
one of the resonators through Forced ion beam milling. The SEM view of
the fabricated resonator is shown in the fig 15.

Liu et al. [138] reported the threefold enhancement in Q) factor of thin film
piezoelectric on silicon MEMS resonator based on a phononic crystal (PnC)
reflector composite. Fig. 16 shows the proposed design for the resonator
were presented on AIN on SOI substrate, with first step of deposition a layer
of phosphosilicate glass followed by the annealing in the presence of Ar gas
at 1050 °C so as to make the top layer of substrate as conductive. The
second step, is the thermal oxidation and patterning of 200 nm thick SiO2
layer in between the electrode and the ground. Further a 500 nm thick AIN
film was deposited on the substrate by the reactive sputtering, followed by
the deposition of 1 pym thick Al and 2 pm thick Cr layer by electron beam
evaporation techniques. DRIE process is used to etch the SiO, layer so
as to release the support of beam structure and PnC structure. A layer of
Polyimide is deposited as top layer to mask the device structure and followed
by a sequence of RIE and DRIE, to etch the bottom layer of oxide for the
first and second time respectively. The SiO, is then etched with hydrofluoric
acid to remove SiO, layer so as to release the designed resonator structure.
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Figure 15: SEM view of micromachined coupled-resonator [137]. (Reprinted with permis-
sion from [137])

Chen et al. developed a resonant pressure sensor and demonstrated the limit
of measurement of the sensor to be 1 MPa. The various fabrication steps
involved in the micromachining of the resonator are shown in the fig. 17 [139].

Han et al. presented the use of wet etching technique with TMAH solution
and a 500-nm thermal oxidation SiO2 mask. For creating bonding between
resonator layer and diaphragm layer, Si—fusion bonding method is adopted
and boron-doping piezo-resistors are fabricated using ion—implantation. For
obtaining ohmic contact P-ion implantation is performed followed by the
lift-off process to release Al metal contact. Then, DRIE process assists to
release the overall 4.7 mm x 5.7 mm size structure of the resonant pressure
sensor [140]. Blue et al. reported a novel design for the MEMS triple-beam
resonator which is based on the temperature induced resonance frequency
shift as shown in the figure 18 [141]. Zhang et al. designed an electrostati-
cally actuated comb drive pressure sensor on silicon-on-insulation substrate.
Figure 19 shows the following (a) Image of a patterned SOI wafer after an-
odic-bonding between the SOI and the glass. (b) view of fabricated res-
onator with comb-drive electrodes. (c) proto-type view of resonator with
a dimension of 7 x 7 mm2. (d) resonant sensor mounted on top of a co-
var-header [142].
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Figure 16: The TPoS resonator as seen from a SEM. (a) Traditional structure; (b)
quarter—wavelength reflector structure; (c¢) phononic crystal on the supporting tether (d)
phononic crystal-Reflector Composite microstructure [138]. (Reprinted with permission
from [138])

Kuo et al. [143]integrated a multiple sensor on a single innovative Sys-
tem—on—chip design resonator structure. The fabrication of the proposed
MEMS resonator is performed using UMC 0.18 pym 1-poly 6 metal CMOS/
MEMS's process followed by anisotropic and isotropic etching technique to
released MEMS structure. The fabrication of MEMS resonator is performed
after removal of the passivation layer above the MEMS_MASK area via dry
etching to define the CMOS circuitry processing. Fig. 20 shows, (a) METAL7
layers preserves the region for the microstructure after determining dry etch-
ing. (b) The application of photoresist followed by the anisotropic DRIE
etching and (c) the release of resonator microstructure after isotropic Si etch-
ing. Lin et al. [144] present the SoC design for resonator-based thermometer
operating at -40 °C to 120 °C having a sensitivity of -5.7Hz/°C with a much
lower power utilization of readout circuitry of 190.4 pW. Tseng et al. [145]
proposed a SoC design for CMOS/MEMS resonator the DC/DC converter.
The oscillation frequency measured is up to 35.2 kHz with a 30V DC voltage.
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Figure 17: (a) The fabrication processes (i) Cleaning of SOI wafer; (ii) leaving window
for the sensing elements; (iii) Releasing of resonators structure; (iv) Forming the through-
glass via and cavity in glass wafer; (v) Sputtering technique used for Ti as getter; (vi)
Anodic-bonding; (vii) formation of Cr/Au metal contact. (b) The micro—fabrication re-
sults: (I) Wafer after metal contact; (IT) Resonant sensor chips after dicing; (III) Packaging
step [139] (Reprinted with permission from reference [139]).
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Figure 18: Cross—section image of the resonant pressure sensor (left) and SEM view of
MEMS Si-triple beam resonant sensor (right) [141] (Reprinted with permission from [141]

Silicon island

Garg et al. [146] proposed a fabrication approach for Si 3D micro and
nano-structure for the precise control and selective etching of an ion im-
planted pattern via focused ion beam (FIB) technique. The developed tech-
nique shows dedicated approach for the fabrication of 3D micro and nano
structures with high aspect ratio architecture such as nano-mesh, nano-
pyramids, and nano-wires. The techniques such as nano-lithography, are
restricted to the patterning of resist materials, Focused-ion beam allows pat-
terns to be created in practically any material. Regrettably, the procedure
is sluggish. The material removal rate for a 30 keV gallium ion in most ma-
terials is about 1-10 atoms/incident ion, in contrast to a machining rate of
0.1-1 pm?/nC of incident ions [147].

Xiong et al. [148] fabricated an oscillating probe of atomic force micro-
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Figure 19: (a) Image of a patterned SOI wafer after anodic-bonding between the SOI and
the glass. (b) Micro—scale detailed view of fabricated resonator with comb-drive electrodes.
(c) Image of a proto—type sensor with a dimension of 7 x 7 mm2. (d) Image of a fabricated
resonant sensor mounted on top of a covar-header [142] (Reprinted with permission [142])

scope (AFM) by utilizing electrostatic excitation and piezoresistive detection.
The fabrication of micro-resonator starts with SOI wafer. The phosphorus is
implanted to 200 nm deep to make the piezo resistors of 5x 10 17 atoms/cm ™3
for about 21 nm below the surface followed by the thermal deposition of
metallic pads consisting of Cr, Pt and Au materials. The resonator struc-
tures are patterned on the top layer of SOI by using Deep reactive ion etching
(DRIE) technique. The substrate is then coated with the thick resist followed
by the DRIE technique to release the handle layer. The BOX (buried oxide)
layer is then etched by using BHF for 30 min to release the final micro
ring-resonator via CO4 drying process.

Wang et al. [149] demonstrated a fabrication steps for the wavelength
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Figure 20: Cross-sectional image of ASIC/MEMS process [143] (Reprinted with permission
from [143])

sized micro-disk type resonator in Silicon carbide thin-film-on-insulation (SiCOI).
Fig. 24 shows the micro-manufacturing of the micro-disk resonator initiated
with a 300 nm thick methyl methacrylate (MMA) layer and poly methyl
methacrylate layer (PMMA) were spin coated onto the SiCOI wafer. The
micro-disk patterned are structured using an electron beam lithography. Af-
ter placing the wafer having solution of methyl isobutyl ketone and isopropyl
alcohol is in a ratio of 3:1 for 45 s, a thick film of Cr has been deposited.
The micro-disk structures are then released by dry etching via inductively
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Figure 21: Magnified-SEM view of the resonator [144] (Reprinted with permission
from [144])

coupled plasma reactive ion etching (ICP-RIE). Followed by the removal of
BOX layer via HF acid to release a supporting pedestal.

SiC shows a high chemical stability, which makes the materials to be used
in the harsh environment and deals with the biocompatibility issues therefore,
favors epitaxial growth. The large semiconductor band gap offers high hard-
ness, young’s modulus and bulk modulus. The presence of dielectric (AIN)
and a wide band gap SiC, shows high crystallo - chemical fully consistent ther-
mal expansion coefficients [150]. SiC also is suitable as the functional layer
due it its high stiffness. The piezoelectric stress coefficient of silicon carbide
is smaller than other elements present in the group-IIl-nitride. Brueckner
et al. demonstrated a SiC as substrate for the epitaxial heterostructures
growth of GaN [151]. Jun et al. [152] fabricated an NEMS resonator using a
combination of techniques such as electron beam lithography and a reactive
ion etching. A thin epitaxial film of SiC is been deposited on the Si wafer
using atmospheric pressure chemical vapor deposition (APCVD) technique.
On the surface of SiC patterns are created using e-beam lithography followed
by metal contact deposition and lifting-off process of aluminum. The device
structure is released via a reactive ion etching using CF4 and O, in the ratio
of 9:1, which resulted in the etching of SiC anisotropically for the release of
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Figure 22: The schematic diagram of 3D micro-nanostructures with an ion beam via bulk
Si structuration. [146] (Reprinted with permission from [146])

beam structure. On the application of direct current, these beams show a fre-
quency tunning 10%. Magyar et al. [153] presented a fabrication technique
for the micromanufacturing of micro-disk resonator using SiC as substrate.
The fabrication initiates with p-type epitaxial SiC film on a n-type SiC sub-
strate. The higher doping level of the substrate provides a low-resistance
path for the structure’s local cathode, allowing for efficient photo-generated
electron extraction. The p-type SiC layer was aluminum doped and a 100 nm
thick Ni layer is deposited on the n-type side to obtain the electrical contact
for photoelectrochemical etching. The next step in fabrication is the anneal-
ing of the sample at 900 °C for 1 hr for the creation of the ohmic contact
with silicon carbide. The micro-disk pattern on the epilayer is transferred
to the SiC by using a technique known as plasma reactive ion etching in the
presence of SF6 and Oy at a pressure of 5 mT. The etching is performed for
5 min for a total depth of 1200nm. The selectively etch the n-type material
and undercut micro-disk, the sample is placed in 0.2 M KOH solution for 15
hr with a bias voltage of 0.2V.

3.5. Challenges in the fabrication

The diversified field of Micro-electromechanical systems application has
created a huge challenge for its packaging in contrast to IC packaging; as
these micro systems respond to various stimuli such as thermal, chemical,
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Figure 23: Scanning electron microscope view. (a) Structural overview. At the ring’s
quasi-nodal points, the anchors are placed. Each anchor has its own track that connects
it to the metal pads. (b) The anchor’s shape is intended to reduce the ring’s frequency
shift effect. (c) A Close-look at 200-um tip. (d) FIB etching sharpened the tip [148].
(Reprinted with permission from [148].)

physical and many more. In the overall MEMS development process, pack-
aging consumes both time and money. An effective package protects the
micro device and allows it to perform with less attenuation in given sur-
rounding [154]. Fabricating a precise high frequency resonator is challenging
due to their small scale features, which are greatly influenced by sub-micron
size variations [109]. The micro-devices that do not interact with the envi-
ronment, those devices after fabrication process can be fully-encapsulated.
Generally, there are two-level packaging used for MEMS resonator, namely
wafer-level and conventional packaging. A resonator is to be kept in the
cavity so as to protect it against the mechanical movement. The stability
of the resonance frequency of the resonator decreases when the resonator is
not hermetically encapsulated [155]. Wu et al. [156] deigned a wafer level
packaging solution for the MEMS resonator devices. The cap wafer ensures
a vacuum chamber to secure the moving components of resonator structure
and to improve the resonator sensing performance along with the redistribut-
ing the electrical feed through via Si bumps. There are various constrains
in the performance of MEMS/NEMS resonator, one of which is due to the
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Figure 24: (a) Fabrication process flow of the wavelength-sized micro-disk resonators in
4H-SiCOI. (b) SEM image of the fabricated micro-disk array with different radius. (c)
A zoomed-in SEM image of a single micro-disk resonator featuring with a radius of 1.5
mm and thickness of 160 nm. (d) 3D atomic force microscopy scan of the top surface of
SiCOI [149] (Reprinted with permission from [149]).

dissipation mechanisms. Rodriguez et al. [157] demonstrated the variation
in the measurement of the Q factor of Si MEMS resonator with the change
in design, dimension and anchor for the detection via Akhiezer dissipation.

Table 3: Various packaging parameters based on experiment [158]

Packaging parameter Challenges

Stiction Release of devices

Dicing Risks of contamination
Die-handing Device’s failure

Stresses Degradation of performances
Testing Failure of device after final assembly step

Structure adhesions to the system and poor tribological performance
cause the introduction of failure to MEMS resonator, which can be improved
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via chemical and tribological modification of the surface, thin and dual- film
coating etc. Testing of the MEMS resonator plays a significant part in im-
proving its performance and consistency. However, device testing devours
up to 35% of overall fabrication cost [159].Therefore MEMS resonator fab-
rication requires a dedicated efforts and huge research knowledge. Some of
the failures that can occur in MEMS resonator are due to sticking, severe
ecological state, static overload, fatigue and so on. Xie et al. [160] studied
the fabrication issues such as short circuit problem of MEMS sensors, which
occur due to presence of (a) Si residue along the terminal-trench and (b)
metal-stringers along trench surface. Failures due to stiction in resonator are
caused by residual-stresses, electrical-static forces and van—der walls forces.
However, these problems can be rectified by (a) preparation of hydrophobic
surface, (b) reduction in contact area and (¢) minimizing adhesion [161]. The
performance of MEMS resonator is also depending on the effect of friction
and wear. The alloy of Ni-P containing 15% Phosphorous is showing better
mechanical properties than pure Ni. Therefore, metallic alloys is extensively
used for the electroforming of the LIGA parts [162].

Table 4: Various parameter of failure for MEMS device [161]

Possible modes of failure Reasons

Metallic contaminations Various steps in fabrication, environmental response

Mechanical fracture Fatigue cracking, Impacts, Friction and Overloading
" Creep Thermal and applied stresses

Wear Corrosion, adhesion, surface fatigue

Electrical short circuit Ohmic contact, contamination, oxidation

4. Recent progress on Si-MEMS resonant sensors

Kourani et al. demonstrated the design of AIN-on—silicon MEMS oscilla-
tor for the system of frequency compensation in cellular handsets application
with a frequency stability of +0.5 ppm over the temperature-range of -40 to
85 °C [163]. Amiri et al. presents a highly sensitive temperature sensor
based on Si-oxynitride waveguide micro-ring resonator using broad—band
input spectrum with a diameters of 1.27 mm and investigated the increase
of Q factor in range of 15000-to—22000 w.r.t temperature, so as to function
at different and longer wavelength—band [164]. Okabe et al. has proposed a
Si-based antenna by using a L.C resonator, measures the resonant frequency
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of fabricated antenna to be 465 MHz with a gain of -35.75 dBi due to its
smaller size [165]. Zhao et al. presented a MEMS sensing chip with a mi-
cro—cantilever to monitor different gas pressures, under resonance frequency
shift conditions. The maximum deviation of the resonance frequency was
observed to be 59 ppm over the full pressure and at the temperature-range
of 26-55 °C [166]. Charkhabi et al. compared the three different fabrication
techniques to produce flexible-LLC resonant sensor via screen—printed pastes,
wound metal-wires and etched Cu-coated polyamide and analyze the reso-
nance frequency and peak—to—peak amplitude of scattering parameters [167].
Dezest et al. experimentally investigated the transduction efficiency by imple-
menting 150 nm thick piezoelectric layer to the NEMS resonator and obtain
a Q—factor values (Q = 900 in a vacuum and ) = 130 in air) at room temper-
ature for resonant responses in the MHz-range [168]. Su et al. presented the
design and fabrications results of a pressure modulated resonant sensor, to
measure pressure in range of 40kPa to 120kPa, with a maximum sensitivity
of 73.125 kHz/kPa, corresponding to a temperature range of 24 °C to 800
°C [169].

Belsito et al. reported a micro—fabrication of resonant strain—sensor on
SOI by LPCVD process. The sensors performances on structure materi-
als are obtained for both positive and negative strain regimes, resulting in
the resolution limit of 150 pe and sensitivity of 16 Hz/ue over a bandwidth
ranging from 1.5 to 50 Hz [170]. Cimielli et al. investigated different SOI
micro—cavities planar geometries on a ring——shape, disk-shape and hybrid—
configurations for biochemical sensing, and propose a resonator devices hav-
ing Q—factor value as 1.73x105, sensitivity of 120 nm/RIU and detection
limit of 10-6 RIU for sensor [171]. Bakula et al. investigated the use of a
quartz-based MEMS tuning fork resonator for wireless electrical-power re-
ception unit as an alternative of magnetic field, for implantable devices with
an acoustic feed—back unit. On measurement Q factor yields the values (
Q = 7000 for encapsulated , Q = 8400 for decapsulated and Q = 1700 for
magnet—loaded tuning fork) [172].

Fang et al. demonstrated the experiment evaluation of a Si-resonant ac-
celerometer, showing an increase in scale factor value to 361 Hz/g with a
long term stability of 1.77 pg in a time frame of 30-days under +0.01 °C
controlled temperature variation [173]. Le et al. proposed a micro—cantilever
based resonant humidity sensor excited by inter—digital transducer technique
using AIN/Si layer structure. On its comparison with normal electrode, an
increased in sensitivity is observed from 9.67 —to— 84.41 Hz/%RH with a
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smaller temperature—coefficient of frequency as -23.6 ppm/°C [174]. Qiangx-
ian et al. experimentally investigated the use of Si cantilever for high order
resonant mode AFM. The canning speed and high order resonance is a char-
acteristic of QQ factor, amplitude and the mode—shape of the Si cantilever,
having the resolution of first order and second order resonance to be as 0.83
nm, 0.42 nm respectively [175]. Ghosh et al. presented a fabrication of mag-
netometer based WE mode thin film—piezoelectric—on —Si resonator showing
the resonance frequency as 18 MHz and Q factor value (Q = 1500) and
sensitivity as 63.27 mV /T under room temperature [176].

Figure 25: The trapezoidal Si NW cross-section as seen via high-resolution TEM photo-
graph. Close-up views from various zones of the Si NW are depicted in the insets [177].
(Reprinted with permission from [177].)

Sugano et al. fabricated a micro-resonator with Si covered gold nano—rods
for the detection of near-infrared laser wavelength shifting, with resolution
and maximum resonant frequency shift of 0.37 pm and 69 Hz/nm respec-
tively [178]. Patocka et al. presented a piezoelectrical based Si-micro can-
tilever for detection of small sized particles having dielectric properties in lig-
uid medium, showing the detection limit and mass responsively in the range
of 3.5 ng and 1 Hz/ng respectively [179]. Mahdavi et al. proposed a novel
dew point meters having thin film piezoelectric on Si-resonator, whose long
term accuracy and reliability is measured by conducting 35,000 uninterrupted
cycles of measurements and investigated the dew—point temperature to be
as low as -41 °C [180]. Mohammadi et al. proposed a phononic—crystal reso-
nant structure which is fabricated by etching a honeycomb array of air-holes
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silicon slab. This fabricated resonator get excited at 120 MHz and 129 MHz,
corresponding to a flexural mode and extensional mode respectively [181].

(a ) Suspended fractal
Excitation resonator

electrode

Excitation
electrode

Supporting
pillar

Figure 26: Images of the fractal nanostructure taken with a scanning electron microscope
(SEM): (a) SEM micrograph of the suspended fractal resonator tilted 45 degrees. (b)
Top-view SEM micrograph of the suspended structure [182]. (Reprinted with permission
from [182]).

Phillippe et al. [183] presented a co-integration of NEMS-CMOS oscilla-
tor having 0.35 pm circuit on a Silicon-on-insulation substrate. The oscillator
works at a bias voltage of 24 V and 7.8 MHz. Li et al. [184] demonstrated a
nano-scale force and pressure sensor integrated with triple nano ring (TNR)
resonator having resonant peak with Q factor of 1602 and 1737 for Si and
Si/SiOy diaphragm respectively. The NEMS resonator has an added ad-
vantage as it becomes insensitive to the vibration due to their lower mass
and therefore are suitable for the stable frequency sources [185] . Rinaldi
et al. [186] demonstrated the ultra—thin piezoelectric resonator and filters for
the super high frequency (SHF) range for wireless communication purpose.
Esfahani et al. [187] presents a fabrication of piezoresistive based silicon
nanowires resonator for obtaining resonance behavior of NEMS resonator
with frequencies of 100 MHz showing a Lorentzian non-linear behaviour with
Allain deviation of 3-8 ppm. The various steps involve in the fabrication
of the Si NW on SOI wafer are summarized as (a) e-beam patterning of
silicon nanowire, (b) bilayer patterning lift-off mask, (¢) metallic coating
by thermal-evaporation followed by lift-off (d) Si etching (e) low tempera-
ture oxide coating via LPCVD (f) oxide etching (g) MEMS patterning (f)
deep etching of Silicon via bosch process (i) hydrofluoric acid releases the
NW [177] as shown in the fig. 25. Vassil et al. [182] fabricated the resonator
on SOI wafer with 2 pm having device layer. The resonator structure con-
tains seven—star polygons arrange in a fractal structure. The wafer is then
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diced into 1 x 1 cm? and are directly patterned by focused ion beam (FIB)
implantation of Ga+ with energy, beam current and dose as 30 Kev, 10 pA
and 1 x 106 per cm? respectively. The SEM image of the fabricated NEMS
resonator is shown in the fig. 26.

Table 5: Recent review papers based on MEMS Resonator.

Sr.| Authors Paper title Main Objective Year| Ref.
no
i. | A. Uranga, | CMOS-MEMS | This review | 2014 | [188]
J. Verd, N. | resonators: paper shows
Barniol From devices | CMOS-MEMS res-
to applications | onator integration,
for the application
as oscillator circuits
in sensory system.
ii. | Reza Ab- | Micro ma- | This paper describes | 2016 | [189]
dolvand , | chined Res- | the model and
Behraad onators: A | properties of generic
Bahreyni , | Review micro-resonator
Joshua E. - along with briefly
Y. Lee and discussing the ap-
Frederic plication in the last
Nabki three decades.
iii. | Chun Zhao | A Review | In  this paper a | 2016 | [190]
Moham- on MEMS | mode—localized
mad H. | Coupled Res- | MEMS coupled res-
Montaseri onators for | onator sensor is use
Graham Sensing  Ap- | for the study, and
S.  Wood | plications its effects are dis-
Suan Hui | Utilizing Mode | cussed for measuring
Pu Ashwin | Localization sensitivity.
A. Seshia
Michael
Kraft
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iv. | Olebogeng | A review on | In this paper a |2017 | [191]
Bone quality fac- | detailed study
Kobe, tor enhanced | on enhancing the
Joseph on-chip mi- | Q—-factor and re-
Chuma, crowave planar | lated technique is
Rodrigo resonators studied in depth for
Jamisola a microwave on chip
Jr, resonator.
Matthews
Chose
v. | Liting Gai, | Preparation This paper | 2017 | [192]
Jin Li, | and appli- | summaries the
Yong Zhao | cation of | various mi-
microfiber cro-manufacturing
resonant ring | technique and ap-
sensors: A | plication of different
review type of micro—fiber
resonator ring.
vi. | Y.  Tsat- | Ultra-coherent | This paper reviews | 2017 | [193]
uryan, A. | nanomechani- | the novel methods
Barg, E. | cal resonators | used for determining
S.  Polzik | via soft clamp- | resonators nanome-
and A. | ing and dissi- | chanical modes for
Schliesser pation dilution | spatial confinement

and reduction in ma-
terial’s intrinsic dis-
sipation.
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vii.| M. Tlili, F. | Microwave This paper inves- | 2018 | [194]
Deshours, | Resonant tigated  the use
G. Alquié, | Sensor for | of microwave ring
H. Kokabi, | Non-invasive resonator for mon-
S.  Hardi- | Character- itoring various
nata, F. | ization of | vital signs  such
Koskas Biological as temperature,

Tissues heartbeat etc. and
characterization of
biological-tissues.

viil] Yuting Decreasing This paper inves- | 2018 | [195]
Wang, Frequency tigated the wuse of
Yao Pan, | Splits of | chemical etching
Tianliang Hemispherical | technique to de-
Qu, Yon- | Resonators crease the frequency
glei Jia, | by = Chemical | split below 0.5 Hz
Kaiyong Etching of hemispherical
Yang and resonator.
Hui Luo
ix. | Saad Ilyas, | Resonator- In this paper, re- | 2019 | [196]
Moham- based cent progress and
mad I. | M/NEMS challenges in the
Younisb. logic  devices: | frequency tuning

Review of re-
cent advances

of resonator-based
MEMS/NEMS logic
devices is discussed.
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x. | Maria  C. | Recent ad- | This paper summa- | 2019 | [197]
Cardenosa- | vances in | rizes micro ring res-
Rubio, environmental | onator for the appli-
Heather M. | and clinical | cation of clinical de-
Robison analysis using | tection and environ-
and Ryan | micro ring | mental issues. Also
C. Bailey resonator — | thoroughly describe

based sensors the sensing principle
and fabrication tech-
nique based on re-
viewing various arti-
cles.

xi. | A.Z. Ha- | Linear and | This paper | 2019 | [198]
jjaj, N. | nonlinear overviews the linear,
Jaber, dynamics non-linear and the
S. Ilyas, | of micro | dynamic behavior of
F.K. Alfo- | and nano- | various MEMS and
sail,  M.IL. | resonators: NEMS resonators.
Younis Review of re-

cent advances

xii.| Simone Optical whis- | This  paper  re- | 2020 | [199]
Berneschi, | pering gallery | views the wuse of
Francesca | mode res- | Whispering Gallery
Bettazzi, onators for | Mode (WGM) res-
Ambra label-free  de- | onator platforms
Giannetti, | tection of | for  high  perfor-
Francesco | water contami- | mance monitoring
Baldini, nants of environmental
Gualtiero contaminants.
Nunzi
Conti,

Stefano
Pelli, Ilaria
Palchetti
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xiii] Cheng Tu, | Dissipation In this paper, a | 2020 | [200]
Joshua E.- | analysis Meth- | comprehensive
Y. Lee and | ods and Q- | analysis of dissipa-
Xiao-Sheng | Enhancement | tion method and
Zhang Strategies in | Q-factor  enhance-
piezoelectric ment strategies
MEMS Later- | are discussed for
ally Vibrating | piezoelectric MEMS
Resonators: A | vibrating resonator.
Review
xiv] Gayathri Piezoelectric In this paper, study | 2020 | [201]
Pillai, MEMS res- | is focused on the use
sheng onator: A | of various thin film
shian li review piezoelectric ma-
terial with CMOS
integrated microfab-
rication platform for
resonator.

xv.| The present review work summarizes the microfabrication as-
pects associated with MEMS and NEMS. This article also pro-
vides a gist on recent progress and fabrication challenges on Si
based resonant sensors.

5. Conclusion

The popularity of MEMS resonator has gained interest worldwide with
the involvement of modern miniaturization technologies. MEMS resonator
with miniature level dimensions, lower power consumption and low fabri-
cation cost are opening its way for fabrication with new materials. In this
review article, attempt has been made to highlight the state-of-the-art re-
views on the work performed on Si-MEMS/NEMS resonant sensor and the
variability in concepts and techniques that have been sought over the last two
decades. Although the fabrication aspects of single-crystal Si and poly-Si pro-
cessing dominated the literature, but this review work has demonstrated the
wide range of microfabrication techniques used for Si based MEMS/NEMS
devices that reflect the field’s divergence today. Gist of the work associated
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with piezoelectric films, bulk-materials and also micro-manufacturing tech-
nology in CMOS fabrication has been provided with this work. Drop in the
testing charge, which is unswervingly related to the complexity in the device
and the performance investigation of MEMS resonant devices has opened
the commercial prospects for such devices. The scientific progression has
invigorated researchers of this field to further reduce the devices to nanome-
ters levels, such devices are called NEMS (Nano electro-mechanical systems)
which has great possibilities to substitute MEMS devices due to its efficient
integrities and enhanced functionalities in future.
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