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Preface

With the rapid development of materials science and manufacturing technology, numerous
novel MEMS and NEMS devices, such as micro/nano-sensors and micro/nano-actuators, have been
developed and applied in various fields. These devices are mostly made of silicon, metals, ceramics,
glass, etc., whose mechanical and electrical properties have had a great influence on their working
characteristics, including accuracy, sensitivity, and working range. In addition, the design and
fabrication method can directly affect the reliability of these MEMS and NEMS devices, especially
their lifetime, robustness, and stability under extreme conditions of shock, temperature, humidity,
irradiation, chemical exposure, or other challenges. This Special Issue focuses on the structural
design and optimization, system modeling and simulation, manufacturing, in situ characterization,
and testing technologies of micro/nano-sensors and -actuators, providing research references for the
further development and application of MEMS/NEMS devices.

Weidong Wang and Ruiguo Yang
Editors
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A micro-electromechanical system (MEMS) is a micro device or system that utilizes
large-scale integrated circuit manufacturing technology and microfabrication technology
to integrate microsensors, micro-actuators, microstructures, signal processing and control
circuits, power supplies, and communication interfaces into one or more chips [1]. There are
many types of MEMS devices, mainly including MEMS sensors [2], MEMS converters [3],
and MEMS actuators [4]. MEMS sensor components are used to detect various physical
properties, such as pressure [5], temperature [6], acceleration [7], and angular velocity [8].
MEMS converters convert electrical signals into mechanical motion or vice versa, including
the conversion of sound to electrical signals, and pressure to electrical signals [9]. MEMS
actuators, integral to the functionality of MEMS devices, are engineered to facilitate precise
mechanical movements at a microscale. They find application in a variety of domains, such
as micromotors [10] and micro-valves [11].

MEMS devices are crafted from a variety of materials such as silicon, metal, ceramics,
and glass, with the mechanical, electrical, and magnetic properties of these materials
significantly influencing the operational performance of MEMS devices [12-15]. The
mechanical strength and stiffness of materials determine the reliability and stability of
devices [16]. Silicon materials have excellent mechanical and processing properties and
are commonly used in the manufacturing of sensors and actuators [17]. Polymer materials
or metal films are commonly used for making flexible MEMS devices [18]. The electrical
properties of materials determine device attributes such as resistance, capacitance, and
inductance, which directly affect its application in circuits [19]. Furthermore, the magnetic
properties of materials are essential for specialized MEMS devices such as magnetic sensors
and actuators. Tailoring these magnetic properties can significantly boost the sensitivity
and stability of sensors, and enhance the precision and response time of actuators [20]. In
summary, optimizing the properties of these materials can improve the accuracy, sensitivity,
and reliability of MEMS devices, thereby expanding their application scope in various fields.

In addition, process manufacturing is critical to determine the performance and
reliability of MEMS devices [21]. The accuracy and stability of process manufacturing
directly affect the performance of devices [22]. The accuracy of micro/nano-processing
technology determines the exact dimensions and configuration of the device structures,
while the process stability of the process ensures the consistency and repeatability of the
device. For example, the precise control of process steps such as photolithography, thin film
deposition, and ion etching can ensure the accuracy and stability of the device structure,
thereby improving the performance and reliability of the device [23,24].

This Special Issue encompasses 11 papers that explore various facets of MEMS/NEMS,
including the design and optimization of MEMS devices (Contributions 1-7), micro/nano-
materials of MEMS devices (Contributions 8), and micro-manufacturing processes of
devices (Contributions 9-11).

In particular, Wei et al. (Contribution 1) designed a high-performance piezoelectric-
type MEMS vibration sensor based on LiNbOj3 single-crystal cantilever beams. The pro-
posed MEMS vibration sensor has a high output performance, linear dependence, and
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stable sensitivity, and is suitable for broadband high-frequency vibration detection. Zhao
et al. (Contribution 2) investigated the effect of the micro-morphology of resistive strain
gauges on the gauge factor. The study showed that periodic indentations on the sidewalls
of the sensitive grid enhance local strain concentration and weaken strain distribution
on the grid body, indicating that a rough microstructure can lead to a decreased strain
coefficient, thereby reducing the accuracy and sensitivity of resistive strain gauges. Chen
et al. (Contribution 3) proposed a micromechanical transmitter with only one bulk acoustic
wave (BAW) magneto-electric (ME) antenna. A single-BAW ME antenna can replace tradi-
tional transmitter components and adjust the radiation power of the BAW ME antenna by
increasing the input voltage in higher-order resonance modes. Guo et al. (Contribution 4)
designed and optimized a MEMS skin friction sensor with a high response frequency
and large measurement range. The sensor was statically calibrated using the centrifugal
force equivalent method and a single-axis-rotating loading platform. The sensor had good
linearity and stability, and high assembly accuracy, which meets the testing requirements
of hypersonic wind tunnel experiments. Ren et al. (Contribution 5) proposed a design
which improved a bulk acoustic wave magnetic sensor based on magnetoelectric coupling.
The material design of inserting an Al,Oj3 thin film layer into an FeGaB and a two-layer
piezoelectric magnetic/piezoelectric heterostructure reduced the eddy current loss of the
magnetic composite material and elevated the energy conversion efficiency of the sensor.
Cai et al. (Contribution 6) presented an improved temperature compensation approach
called proportional difference for accelerometers based on differential frequency mod-
ulation to cancel out the frequency drift caused by temperature change. A parameter
named temperature difference ratio was used to cancel the drift in the frequency of the
differential resonators caused by temperature. Liu et al. (Contribution 7) reviewed the
research progress of inertial switches. They introduced the design concept of MEMS iner-
tial switches, providing an overview of their performance, including sensitive direction,
acceleration threshold, and contact enhancement.

To study MEMS device materials, Tian et al. (Contribution 8) investigated the hydro-
gen storage performance of y-graphdiyne-doped Li based on first principles. The results
indicated that doping Li atoms could enhance the hydrogen storage property of intrinsic
v-GDY when in large-capacity hydrogen storage. Additionally, vacancy defects can im-
prove hydrogen storage performance, and Li-VGDY possesses better hydrogen storage
performance than Li-GDY.

Regarding the manufacturing of MEMS devices, Lou et al. (Contribution 9) reviewed
the latest advances in the preparation technologies for micro-metal coils. They discussed
the typical structural types of micro-metal coils and applications, summarized the prepara-
tion materials and main preparation methods of micro-metal coils, including macroscopic
preparation processes (printed circuit board (PCB) process, hand winding method, and
wire welding technology), MEMS processing technology, and other manufacturing tech-
nologies. Baek et al. (Contribution 10) proposed a manufacturing process of polymeric
microneedle sensors for mass production, which can be applied in the electrochemical
detection of various biomarkers in interstitial fluid. The proposed manufacturing process
effectively produces microneedles with high aspect ratios and different lengths, and can
be replicated. Zhong et al. (Contribution 11) proposed a novel method which transfers
tactile sensors by using stiction effect temporary handling (SETH). This method simplifies
the microelectromechanical system (MEMS)/CMOS integration process, improves the
process reliability and electrical performance, and reduces material constriction. Moreover,
they introduced the principle of using SETH for CMOS compatible batch transfer tactile
sensors and provided the design of temporary adhesive structures to reduce adhesion
forces caused by adhesion effects. In addition, Liu et al. (Contribution 7) introduced
the manufacturing methods for non-silicon surface microfabrication technology, standard
silicon microfabrication technology, and liquid inertial switches.
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Abstract: It is a great challenge to detect in-situ high-frequency vibration signals for extreme envi-
ronment applications. A highly sensitive and robust vibration sensor is desired. Among the many
piezoelectric materials, single-crystal lithium niobate (LiNbO3) could be a good candidate to meet
the demand. In this work, a novel type of micro-electro-mechanical system (MEMS) vibration sensor
based on a single crystalline LiNbOj3 thin film is demonstrated. Firstly, the four-cantilever-beam
MEMS vibration sensor was designed and optimized with the parametric method. The structural
dependence on the intrinsic frequency and maximum stress was obtained. Then, the vibration sensor
was fabricated using standard MEMS processes. The practical intrinsic frequency of the as-presented
vibration sensor was 5.175 kHz, which was close to the calculated and simulated frequency. The
dynamic performance of the vibration sensor was tested on a vibration platform after the packaging
of the printed circuit board. The effect of acceleration was investigated, and it was observed that the
output charge was proportional to the amplitude of the acceleration. As the loading acceleration
amplitude is 10 g and the frequency is in the range of 20 to 2400 Hz, the output charge amplitude
basically remains stable for the frequency range from 100 Hz to 1400 Hz, but there is a dramatic
decrease around 1400 to 2200 Hz, and then it increases significantly. This should be attributed to the
significant variation of the damping coefficient near 1800 Hz. Meanwhile, the effect of the temperature
on the output was studied. The results show the nearly linear dependence of the output charge on the
temperature. The presented MEMS vibration sensors were endowed with a high output performance,
linear dependence and stable sensitivity, and could find potential applications for the detection of
wide-band high-frequency vibration.

Keywords: MEMS; vibration sensor; four-cantilever beam; single-crystal LiNbO3; output charge
sensitivity; temperature dependence

1. Introduction

Outer-space explorations, equipment health monitoring, the routine maintenance
of machinery, and so forth, have an increasing demand for high-performance vibration
sensors [1-3]. Compared to piezo-resistive [4] and capacitive [5] transducers, piezoelectric
transducers exhibit an expected piezoelectric coupling over wireless passive sensing, a
high quality factor, a large linear amplitude range and low power consumption [6,7]. Many
studies have focused on piezoelectric vibration devices. Li et al. developed an asymmetric
cruciform piezoelectric harvester with PZT-5H under the d;5 mode [8]. Derakhshani et al.
reported clamped—clamped and bi-stable buckled beam vibration energy harvesters with
polyvinylidene fluoride (PVDF) [9]. However, piezoelectric vibration devices with large
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sizes cannot meet the demand for the miniaturization of sensors with high sensitivity [10].
Particularly, traditional devices have an unstable performance or even fail in extreme
environments. Micro-electro-mechanical system (MEMS) piezoelectric vibration devices
are considered to be one of the most sensitive among the miniaturized devices, whether
measured or in design. Shen et al. reported a micromachined lead zirconate titanate (PZT)
cantilever for vibration energy harvesting [11,12]. Jeon developed an interdigitated top
electrode to introduce the d33 piezoelectric mode [13]. Ren and Zhou et al. proposed a
shear mode cantilever using a single-crystal PMN-PT [14,15]. The above analyses based on
a coupling bending—torsional model are helpful for the design of piezoelectric sensors. The
effects of the material properties and vibration modes on the energy harvesting performance
also provide some useful guidelines for the design of piezoelectric sensors.

Lithium niobate (LiNbOs3) is a type of lead-free ferroelectric single crystal, and its
piezoelectric constant is quite robust and less temperature-dependent. Islam et al. reported
the measurement that the piezoelectric coefficient dy5 of LINbOj3 can decrease only to about
7% even at a rather low temperature, and the coefficient is constant at a temperature below
50 K [16]. Thus, LiNDbQO3 is a better piezoelectric material candidate for many applications
in extreme low-temperature environments. However, thin-film LiNbOs is a kind of brittle,
tough, functional, ceramic material, and it is difficult to etch into a certain shape with a
relatively high-aspect-ratio structure. Qu et al. adopted a manner of focused ion beam
(FIB) milling to achieve homogeneous and ultra-shallow LiNbOj3 structures of several
nanometers in thickness [17]. Ying Li et al. used a proton-exchanged wet etching technique
to selectively remove a certain area of the LiNbOj thin film [18]. The abovementioned
methods have shown that the etching depth of LiNbOj is quite shallow, only hundreds
of nanometers, while the etching rate is about 10 nm per min. Xiang et al. adopted the
technology of proton exchange and ion-beam-enhanced etching to fabricate ridge wave-
guides with etching depths up to 2.5 um [19]. The existing difficulties in the patterning
of LiNbOj thin film have hindered the application in MEMS vibration. Therefore, it is
desirable to investigate LINbO3-based MEMS sensors, and to validate their application
in a large range of frequencies and temperatures. Fortunately, the commercially available
substrate of a thin-film LiNbO3 bonded silicon wafer can reduce the difficulty in fabricating
the sensitive structure for the MEMS sensors.

Herein, a novel MEMS vibration sensor based on functional LiNbO3 cantilever beams
is proposed. In order to design an applicable vibration sensor, the effect of the geometric
dimension on the intrinsic frequency and stress distribution on the cantilever beams was
investigated in a numerical simulation. Then, the vibration sensor was fabricated using
standard MEMS processes. During the fabrication, LiINbO3 thin-film patterning was
achieved using ion-beam etching (IBE) technology. Next, the vibration sensor was packaged
on a vibrating test platform in order to investigate the performance of the output charge
and sensitivity under input vibration with a large range of acceleration frequencies and
amplitudes. Moreover, the effect of the environmental temperature on the performance of
the vibration sensor was studied.

2. Methods
2.1. Working Principle

The main function of the proposed MEMS sensor is to sense vibrations with a relatively
large range of frequencies in a small amplitude. The piezoelectric LiINbO3 layer plays an
important role in response to such mechanical signals dynamically. Figure 1a schematically
illustrates the MEMS vibration sensor with a LiNbOj3 single-crystalline film bonded on
silicon. The four cantilever beams are connected to a central proof mass and a square silicon
frame. Meanwhile, the surface electrodes were coated on top of the LiNbOj layer. With
such a structural arrangement and surface electrode distribution, the d33 piezoelectric mode
could be formed naturally. A good output performance and sensitivity can be obtained
using the d33 mode owing to its relatively large piezoelectric coefficient [20,21]. As the
mechanical vibration is applied to the central proof mass, bending deformation will occur
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(a)

at the cantilever beams. By this means, the deflection of the cantilever beam will lead to the
piezoelectric effect of the LiNbOj layer, such that the opposite potential will be formed on
the surface electrode pairs.
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Figure 1. Schematic illustration of (a) a structural model of the vibration sensor and (b) the opposite
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electrical charges generated on different regional surfaces on the LiNbOj3 films on the cantilever beam.

The electrodes were set on the surface of the LiNbOj3 layer regions with tensile stress
to generate positive charges and compressive stress to obtain negative charges, as indicated
in Figure 1b. By using the d33 mode, the positive and negative charges can be extracted
from the adjacent interface by a pair of surface electrodes. The design of the electrode
distribution can help to collect the generated charges from the piezoelectric layer because it
is similar to the interdigital electrode, as shown in reference [20]. Although the d33 mode
demonstrated here seems different from the classical piezoelectric modes, it is useful for
our presented devices, and can obtain a higher performance.

2.2. Design of the Vibration Sensor

The dimensional parameters of the cantilever beam and the center mass have a direct
influence on the resonant frequency and maximum stress of the vibration sensor. In order to
determine the geometric dimensions of the cantilever beam and the proof mass, parametric
analyses should be performed. The reason is that the practical MEMS sensor must work
at a range of frequencies far away from the intrinsic frequency. Because the target range
of the working frequency in practical applications is about 20 Hz to 2.4 kHz, the intrinsic
frequency of the MEMS sensor should be at least 6 kHz. In this work, the LiNbOj3 thin
films and electrodes are located at the same sides, on the top surface of the cantilever
beam. The four-cantilever beam sensor is geometrically symmetric in both the X and Y
directions. The thickness of the sputtering-deposited gold electrodes is 200 nm; thus, it can
be neglected compared to the total thickness of the cantilever beam. The intrinsic frequency
of the cantilever beams was calculated using the following equation [10,11]:

L U 0.236 * D, * W,
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m' = prtL + psts, fu is the nth mode resonant frequency, v, is the nth mode eigenvalue
(v1 is 1.875), w, is the width of the cantilever beam, [ is the total length of a single cantilever
beam, [, is the length of the proof mass, m is the mass of the proof mass, D), is a function of
the Young’s moduli of the two materials E; (LiNbOs) and Eg (Si), m, is the effective mass
of the cantilever beam at the center of the proof mass, m’ is the mass per unit area of the
cantilever beam without the proof mass, p; and p; are the densities of the piezoelectric
material LiINbO3 and the supporting layer material Si, and t7 and tg are the thicknesses of
the LiNbOj layer and Si layers [22,23].

As can be seen in Figure S1, COMSOL Multiphysics software was adopted to investi-
gate the effect of varied geometric dimensions on the resonant frequency and the maximum

where D, =
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stress. The material parameter settings are listed in Table 1. Besides the material settings, a
physical setting with a Mutiphysics Interface for piezoelectric devices was used during the
design of the four-cantilever beam and mass structures.

Table 1. Physical properties of the two major material settings in the numerical simulation.

Materials Parameters Values
Silicon layer Density (kg/m?) 2330
Young’s modulus (GPa) 190
LiNbOj3 layer Piezoelectric coefficients (xpC/N) dis = 68,d33 = 6,dy =22, d31 = —1
Density (kg/ m?) 4700
Young’s modulus (GPa) 240

Figure 2 shows the resonant frequency and the maximum stress of the vibration sensor
subjected to an external force F,. The force analysis of the cantilever beam is shown in
Figure 2a. The resonant frequency and the maximum stress can be changed by varying
the geometric dimensions, including the thickness and width of the cantilever beams,
and the lengths of both the proof mass and the cantilever beams. In addition, a method
of parametric scanning was used to analyze the effect of the structural dimension using
Comsol Multiphysics. The parametric setting for the scanning analysis is listed in Table 2.
The pedestal was set as a fixed constraint while the other components were set as freely
moving parts.

Table 2. Parametric settings for the scanning simulation using Comsol Multiphysics.

Parameters for Scanning Range of Parameter Steps
Length of cantilever beams 1860 to 2260 pm 50 um
Length of proof mass 3000 to 4000 pm 50 um
Widths of cantilever beam 300 to 600 pm 20 pm
Thicknesses of cantilever beam 30 to 60 um 5 um
Thicknesses of proof mass 30 to 60 pm 5 um

Figure 2b,c shows that the resonant frequency would increase with the increase of the
thickness and width of the cantilever beam. On the other hand, the resonant frequency
would decrease continuously with the increasing of the lengths of the cantilever beam
or the proof mass. Using a parametric scanning simulation with the above geometric
parameters, the results can be obtained for the resonant frequency of 6 kHz. Figure 2d,e
demonstrates the effect of geometric dimensions on the maximum stresses of the devices
under an input acceleration of 20 g at a frequency of 2 kHz. With the increasing of the
width and thickness of the cantilever beams, the maximum stress would decrease, while
the maximum stress would become larger with a longer proof mass or beam. Despite of
the fluctuation of the maximum stress, the total trends of the output changes are consistent
within the range of several MPa, which is far below the fatigue strength of the silicon
substrate. Based on the calculation of the maximum stress and resonant frequencies, the
dimensions of the cantilever beams can be determined, including the length, width and
thickness of the beams and proof mass. Once the intrinsic frequency is fixed, a relatively
large length of proof mass should be chosen for the sake of fabrication. Meanwhile, the
thickness of the proof mass can be same as that of the cantilever beam in order to reduce
the difficulty of fabrication.

As soon as we have obtained the geometric dimensions, including the cantilever
beam length of 2260 pum, the cantilever beam width of 460 um, the thickness of 60 pm,
the length of a proof mass block with a square length of 3600 um, the first-ordered to
third-ordered modal analyses can be performed. Figure 52 shows resonant frequencies
of 6032, 12,608 and 12,682 Hz, for the first-ordered vibration mode to the third-ordered
vibration mode, respectively. Among them, a vertical displacement was found for the
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first-order resonant mode, whereas there would be torsional displacement in different
directions for both the second- and third-order vibration modes. In order to ensure a
steady performance, the working frequency of the vibration sensors should be far below
the first-order resonant frequency.
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Figure 2. Theoretical calculation and parametric design of the structural dimensions of cantilever
beams based on the resonant frequencies and maximum stress. (a) Schematic illustration of the
force analysis and deflection of the cantilever beam under a vibration shock. (b) Dependence of the
resonant frequency on the thickness and width of the cantilever beam. (c) Dependence of the resonant
frequency on the lengths of the proof mass and beams. (d) Dependence of the maximum stress on the
thickness and width of the cantilever beam. (e) Dependence of the maximum stress on the lengths of
the proof mass and beams.

2.3. Fabrication of the Vibration Sensor

Based on the results of the above analysis and consideration, the geometric parameters
of the MEMS vibration sensors were determined. After this, the vibration sensor was
fabricated in the standard clean room. The fabrication process for the MEMS vibration
sensor is depicted in Figure 3. Briefly, a set of 5-inch chromium masks were designed
and prepared according to the calculation results. Then, a 4-inch silicon wafer bonded
with a thin-film single-crystalline LiNbO3 (X-cut, Jinan Jingzheng Electronics Co., Ltd.,
Jinan, China) was thoroughly cleaned prior to the photolithography and other processes.
After the standard photolithography processes, including photoresist spin-coating, pre-
baking, ultraviolet exposure, post-baking and development, resistive patterns could be
obtained. Then, the surface electrodes could be generated by metal deposition using
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magnetic sputtering, as well as the lift-off process. Next, ion-beam etching (ACME POLE,
Beijing, China), one of the most difficult steps, was conducted in order to achieve the
patterning of the LiNbOj3 functional structures. The IBE etching processing includes an
ion-beam current of 100 mA, an etching rate of 21 nm/min, and an input of the total etching
energy of 500 eV. Then, the RIE etching process was performed to obtain silica patterns.
Finally, deep etching was implemented to release the cantilever beams and proof mass by
the DRIE process using Omega LPX Dsi equipment (SPTS Technologies Ltd., Newport, UK),
both from the front and back sides. The flow rates were 300 sccm: 400 sccm for downward
etching with gas plasma of C4F8 and SF6, whereas we used a flow rate of 996 sccm for the
sidewall etching with a gas plasma of SF6. The etching cycles could be manipulated to
control the etching depth of the silicon precisely. During the fabrication process, common
photolithography and etching processes can ensure the precise control of the dimensions of
the cantilever beams and central proof mass.

(a) (b) (©)

(d) (e) (H)

Si Si0O2 LiNbO, Au/Cr

Figure 3. Scheme of the fabrication of the MEMS vibration sensor. (a) Photolithography, metal
sputtering deposition and lift-off process. (b) LiNbO;3 pattern produced by photolithography and
IBE. (c) RIE etching of the SiO, layer. (d) Cantilever beams and mass fabrication using lithography
and etching by the DRIE process. (e,f) Release of the cantilever beams by the DRIE process.

2.4. Morphology Characterization of the Vibration Sensor

After the fabrication, the appearance of the as-prepared and packaged MEMS vibration
sensor was obtained by camera photography. In addition, the detailed morphologies of
the sensing parts—including the proof mass, cantilever beams, surface electrodes, and
welding points, etc.—were characterized using a scanning electronic microscope (SEM,
SUPRA 55, Carl Zeiss, Oberkochen, Germany). In order to investigate the cross-sectional
morphology of the cantilever beam more clearly, we deliberately cut out one of the as-
prepared sensors after the testing experiment. In particular, the cross-sectional view of
the functional structures with LiNbOj layer patterns bonded onto the silicon wafer was
characterized using SEM, and the thicknesses of the three layers were measured.

2.5. Testing of the Performance of the Vibration Sensor

After the fabrication and packaging, a series of tests should be carried out to test the
performance of the MEMS vibration sensors. This measurement is mainly composed of two
parts: one is the output charge and sensitivity, and the other is the intrinsic frequency of the
vibration sensor. The testing platforms can be seen in Figure S3. A MSA-400 Micro System
Analyzer (Polytec China Ltd., Beijing, China) was used to test the intrinsic frequency of the
vibration sensor (Figure S3a). A driving voltage of 8 V was applied with a sweep frequency
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ranging from 30 to 6.3 kHz. The output deflection was observed and recorded during the
voltage supply, such that the intrinsic frequency could be obtained.

In order to investigate the performance of the packaged sensors, a vibration test-
ing platform was used for the generation of vibration with frequencies ranging from
20 to 2400 Hz. For the test at room temperature, the testing sample sensor was directly
fixed on the metal vibration plate (Figure S3b). The excitation input was generated as a
form of sinusoidal wave from a signal generator. Meanwhile, the effect of input acceleration
on the vibration sensor was studied by varying the amplitude of the acceleration from
5to 20 g. A charge amplifier was employed to convert the output charge signal into voltage
signals. An oscilloscope was used to display the output signal, and the output data could
be downloaded for further analysis.

In order to explore the applicability of the as-fabricated LiNbO3z-based MEMS vibra-
tion sensor in an extreme environment, another experimental setup was established in an
enclosed chamber, where the MEMS sensor was excited with similar vibration signals to
those given above, while the testing temperature was tuned from —40 to 70 °C. The experi-
mental set-up for studying the performance of the sensor under a controlled temperature
is demonstrated in Figure S4. In order to investigate the characteristics of the vibration
sensor with a changing working temperature, the vibration platform should be adaptable.
Thus, the sensor was first placed on a wood plate, then a water membrane, followed by
a thicker metal vibration plate (Figure S4b). The input of the vibration acceleration with
certain frequencies was selected in order to validate the effect of temperature on the MEMS
sensor, including frequencies of 20, 50, 100, 500, 1000, 2200 and 2400 Hz.

3. Results and Discussion
3.1. Morphology of the Vibration Sensor

Figure 4 demonstrates the photography and microscopic images of the as-fabricated
vibration sensor packaged on the printed circuit board (PCB). The cross-cantilever beams
and center mass are clearly shown in a suspended state in the scanning electron microscope
(SEM) image (Figure 4a). The metal surface electrode patterns were found intact, and they
would ensure the packaging and testing of the sensor. Figure 4b shows that an etching
depth of about 5 pm was achieved on the LiNbOj thin film distributed on the cantilever
beams, and that the slope is nearly vertical. Because the LiNbOj thin film is bonded and
adhered to the silicon substrate, the interface of LiNbOj thin film and the silicon wafer
is rather flat and clear. Moreover, the modulus of the cantilever beam is small, and it is
helpful for the beam to bend about the external vibration or shock forces, so as to generate
an electrical charge on different surfaces. It is the robust mechanical structure that ensures
the long-term stable performance of the presented MEMS vibration sensors.

3.2. Performance of the Vibration Sensor

Figure 5a shows the intrinsic frequency of the vibration sensor obtained by testing. A
resonant frequency of 5.175 kHz was observed for our presented MEMS vibration sensor.
The measurement result agrees well with the theoretical and calculation values. However,
there is still some difference between the designed target frequency 6 kHz and that of
5.48 kHz from the finite element analysis based on the Equation (1). The possible reason
for the variation should be attributed to the MEMS processing, meaning that the practical
geometric dimensions of the cantilever beams and proof mass are somewhat diverse
compared to the ideal designed dimension. In any case, the outcome resonant frequency
has proven the validation of our design of the vibration sensor.

11
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Figure 4. Morphological characterization of the vibration sensor. (a) Photograph of the pack-
aged device with an indication of the surface electrodes on the (i) proof mass, (ii) pedestal, and
(iii) cantilever beams, respectively. (b) SEM image of the cross-sectional view of the cantilever beam,
indicating the layers of LiNbOj3, SiO,, and silicon wafer with various thicknesses, respectively.

(

Magnitude (pm/s) &,
T S -

~

d)

g
g 8

Output Charge (pC)
f=3
(=]

S
S

[
<

- C
| (b)l()() 3. ( )100 L 33
w— Experiment ! ' 80 F ol —1_3‘
== = Theory 60 205
= = =FEA F‘ %) i o 60 |
' S 4o Z s0f
2 20 ) 20+t
k- g 2
O of S of
220} Z-20f
o) ]
© 40} E-40f
—60 | =60
30 -80
P Eequency (kHz) s R
Frequency (kHZ) 0 20 4Q 60 80 100 2 i
Time (ms) Time (ms)
(e) ___(® -
——20 Hz —— X direction 10 f==e— X direction
[ —a—50 Hz 100 Y direction Py e Y direction
——100 Hz 6 {=r—Z direction %D =7 direction
| —*—500 Hz & 80} &
——1000 Hz © >
—+=2200 Hz en Z
£ %7 2
O £
- L
= 40 w2
& o
] g
S 20t =
Q
6 8] ]Ot A12 | 14t- 16 18 20 D QU 1080 S 1 SO0 Ry 2008 "% 500 1000 1500 2000
nput Acceleration (g) Frequency (Hz) Frequency (Hz)

Figure 5. Performance of the vibration sensor. (a) Comparison of the intrinsic frequency obtained from
the experiment, theory and FEA analysis of the vibration sensor. (b,c) Output charge performance
of the vibration sensor with a sinusoidal wave with vibrations of 100 Hz and 2200 Hz, respectively,
for the Z direction. (d) Output charge relating to the amplitude of acceleration, ranging from
5 to 20 g for the Z direction input. (e) Output charge for the vibration input frequencies ranging from
20 to 2400 Hz, indicating the X, Y, and Z directions. (f) Sensitivity of the output charge for the same
range of frequencies as (e).

Figure 5b,c demonstrate the output signals extracted from the oscilloscope with a
perfect sinusoidal wave in testing frequencies of 100 and 2200 Hz, respectively. The results
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reveal the perfect response to the input vibration signals, indicating the high-performance
sensitivity of the sensor. Meanwhile, by varying the amplitude of the vibration acceleration
from 5 to 20 g, the output signal increased proportionally. Figure 5d shows the excellent
linearity between the output charge and the input acceleration with amplitude ranging
from 5 to 20 g. The slopes of the five representative frequencies are similar, indicating the
similar sensitivity of the output charge response to the input acceleration.

In order to investigate the performance of the vibration sensor in a larger range of
frequencies, for the potential applications, the output charge was carefully observed and
recorded by scanning the input frequency ranging from 20 Hz to 2.4 kHz. Figure 5e shows
the amplitude of the output charge at the same acceleration of 10 g along the Z direction,
under the condition of frequency scanning. It is clear that the amplitude of the output
charge increased from 61.4 to 102.8 pC. Correspondingly, the amplitude of the output
charge increased from 52 to 60 pC at the same acceleration of 10 g along the X/Y direction.
The output performance of the sensor during the test for 20 Hz, 1 kHz and 2.4 kHz can
be also found in Figures S5-57. For convenience, we simply obtained the sensitivity of
the output charge related to the input acceleration amplitude, which was derived from
Figure 5e. The results are shown in Figure 5f, indicating the output charge sensitivity
increasing from 6.1 to 10.3 pC/g from 20 Hz to 2.4 kHz along the Z direction. Moreover,
the output charge sensitivity would increase from 5.2 to 6 pC/g with the corresponding
input frequency range along X/Y direction. The output for the Z direction vibration is
higher than that of the X and Y directions. Due to the symmetry of the crossing cantilever
beam structure, the X and Y directions should have a similar trend. This was verified by the
comparable measurement. It was clearly shown that, for the range of frequencies between
200 to 1400 Hz, the sensitivity remained stable. However, there was a drop of output after
1400 Hz, and it reached the bottom around 1800 Hz; then, it went up again dramatically.
Unfortunately, the reason for the drop in the frequencies ranging from 1400 to 2200 Hz is
unknown. Considering the effect of the systematic dynamics of a mass-spring model of the
presented MEMS vibration sensor, it was inferred that the air trapped around the packaged
sensor might give an increased damping coefficient at that range of frequencies.

It is noteworthy that the external vibration applied to the MEMS vibration sensor
comes with a certain frequency and amplitude along the vertical direction. During the
vibration, the cantilever beam is deformed elastically back and forth, and subjected to the
dynamic external force F (see Appendix A). For this mode, positive and negative charges
will appear on the two electrode surfaces adhering to the LiNbOj thin films along the X or
Y axes, and the charge g can be given by:

q:d,’j*FZdi]‘*kxl (2)

where dj; is the piezoelectric coefficient, k is the effective rigidity coefficient of the vibration
model, and x; is the actual deflection of the cantilever beam due to the displacement of the
proof mass. Finally, according to the analysis in the Supplementary Material, the sensitivity
of the output charge of the vibration sensor K¢ can be described as

1 dsz x k
Kg=To b, du o
T 12+ (269)°
where m is the proof mass, & the effective damping coefficient, wj = % = (2n fn)2 is

the intrinsic frequency of the acceleration system, and s = - depicts the ratio of the
input frequency to the intrinsic frequency. On basis of a theoretical analysis for the silicon
cantilever beam and piezoelectric effect, the output charge and the sensitivity of the sensor
can be obtained according to the piezoelectric modes.
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3.3. Effect of the Temperature on the Performance the Vibration Sensor

In order to investigate the effect of the temperature on the performance of the sensor, a
further experiment was performed at a relatively large range of temperatures. Upon reach-
ing a stable temperature in the testing platform, a similar vibration signal was applied to
the packaged sensor along different orientations of X/Y/Z, with an acceleration amplitude
of 10 g. Figure 6 shows the testing results for the temperature ranging from —40 to 70 °C.
Figures S5 and 6d show the photo and flow chart illustrating the test platform with the
control of the testing temperatures. By comparison, we emphasized the performance of the
vibration sensors under the temperature conditions of —40, —10, 20, 50 and 70 °C, respec-
tively. Figure 6a,b show the output charge performance from the application of vibrations
from X direction and Z direction, respectively. It is clearly seen that the performance is
quite stable for a wide-band input in the frequencies ranging from 20 to 2400 Hz.
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Figure 6. Temperature performance of the vibration sensor from —40 °C to 70 °C. Relationship of the
output performance of the vibration sensor corresponding to the vibration input with frequencies
from 20 to 2400 Hz, at an acceleration amplitude of 10 g, by applying vibration from the directions of
the (a) X and (b) Z axes, respectively. (c) Curve indicating the variation of the output charge with the
temperature (Z direction). (d) Flow chart illustrating the experimental setup for the temperature test.

Figure 6¢ indicates the variation of the output charge with the temperature from below
freezing point to above the ambient temperature conditions. As shown in Figure 6¢, the
trend is nearly upwardly linear. It is noteworthy that the output charge slope for 100 Hz is
larger than that of 2200 Hz from 20 °C to 70 °C, while they are almost the same below 20 °C
(for vibration input in the Z direction). Nevertheless, for most frequencies, the variation of
the output performance related to the large temperature ranging from —40 °C to 70 °C is
about 5 to 7 pC for both input in X-direction and Z-direction. From the above-mentioned
results, it is implied that the slight variations of the piezoelectric coefficients should be
considered for the LiNbOj3-based sensor when the temperature is changed. According
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to the reference [24], the piezoelectric coefficients may have an increasing trend within a
certain range of temperatures. The variation can be explained with the following equation:

(T) = dr,,, * [1 kg (T - Tn,f)], @)

where d(T) is the piezoelectric coefficient, k; is the changing rate with the temperature, T,,f
is the reference temperature (20 °C for this work), and T is the environment temperature.

Due to the differences in the platform settings, the actual input acceleration acting on
the sensor should be less than that under ambient conditions, with the output charge shown
in Figure 6 being only about half of that in Figure 5 for the same temperature. Nevertheless,
we can obtain a similar trend of variation at a certain range of frequencies. In addition, the
data acquired is comparable for the same test platform in the temperature controller.

4. Conclusions

In summary, in order to investigate their applicability in extreme environments, a
novel-type piezoelectric MEMS vibration sensor-based LiNbOj3 single crystal was designed
to determine the geometric structural dimensions, fabricated using standard process, and
tested on a vibration platform under ambient and temperature-controllable conditions.
The effect of the input vibration with varying frequencies and acceleration amplitudes on
the output charge was investigated. As a result, an intrinsic frequency of 5.175 kHz was
observed with the presented MEMS vibration sensor, which is close to the design. During
the fabrication of the vibration sensor, the patterned structure of the 5-um-thick LiNbO3
layer was achieved using an ion beam etching process. The morphological characterization
indicated the intact pattern and structure of the LiNbO3-bonded-silicon cantilever beams
and the surface electrodes. The vibration sensor was tested on a standard testing platform
under a vibration input with accelerations ranging from 5 g to 20 g and frequencies
ranging from 20 Hz to 2.4 kHz. The results demonstrated an excellent linear trend between
the output charge and the acceleration for a large range of frequencies. In the range of
1400 to 1800 Hz, the local decrease of the output charge performance might be due to the
air-damping effect, with an unknown relationship. In any case, a good output charge
was obtained for the wide-band vibration input, with the output charge ranging from
61.4 to 102.8 pC for the Z-direction input, and 52 to 60 pC, respectively, for the X- and Y-
direction vibration inputs. In addition, the corresponding sensitivity of the output voltage
increased from 6.1 to 10.2 pC/g and from 5.2 to 6 pC/g for the Z direction and X/Y
directions, respectively. Moreover, the results of a wide range of temperature tests showed
that there was a variation of performance. With increasing temperatures, the performance
of the vibration sensor will be enhanced proportionally, indicating a change of piezoelectric
coefficients with the LiNbOj3 functional layer. Moreover, the variation of the temperature
is regular and controllable. Future work will be focused on the damping effect on the
performance of the vibration sensor, and for higher frequencies and lower temperatures, for
practical applications in extreme environments. The presented piezoelectric-type MEMS
vibration sensors—endowed with excellent linear outputs, high sensitivity to a wide-band
vibration environment, and good temperature dependence—can find a potential application
in extreme environment exploration.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/mi13020329/s1, Figure S1: Comsol Multiphysics model indicating
the substrate and pedestal, proof mass, and cantilever beams; Figure S2: Modal analysis using
Comsol Multiphysics, indicating (a) the first-ordered resonance, (b) second-ordered resonance, and
(c) third-ordered resonance, respectively; Figure S3: Photograph of (a) the test system and (b) the
vibration platform of the MEMS vibration sensor in ambient conditions; Figure S4: Photographs of
the appearance of (a) the outside and (b) the inside of the vibration platform for the testing sensor
with a temperature controller; Figure S5: Signal of the output voltage at 20 Hz; Figure S6: Signal
of the output voltage at 1 kHz; Figure S7: Signal of the output voltage at 2.4 kHz; Video S1: Movie
displaying the output signal of the sinusoidal wave at 2.4 kHz in response to the input vibration.
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Appendix A

The output performance for the MEMS vibration sensor was tested on the vibration
testing platform. Thus, the actual output of the sensor itself should be subjected to the
whole vibration platform. The testing system can be seen as a single-freedom two-level
damping vibration model, mainly including the vibration platform, the central proof mass,
the crossing cantilever beams as the elastic component, and the interior damping due to
the air resistance (Figure A1). The practical displacement of the vibration platform x; can

be expressed as ‘
xpt = De'! (A1)

where D is the amplitude of the platform and w is the frequency of the vibration.

(a) &
m(xy+ xf)T
— m Vibration
sensor m
xl kxlT TC.X:l
Vibration

A x ~
1 [ / platform

Figure A1l. Model of the vibration system. Diagram illustration of (a) the vibration system model
and (b) forces acting on the mass, according to the d Alembert principle.

According to the d Alembert principle, the vibration system dynamic equation for the
above model can be described as:

m(x71(t) + x¢(t)) + exq(t) +kxy () =0 (A2)

where x is the displacement of the proof mass related to the vibration platform, m is the
proof mass, c is the effective damping coefficient, and k is the effective rigidity coefficient.
Substituting the second derivative of x¢, we obtain the governing equation:

max (£) + cxq (t) + kxy (£) = mDw?e™! (A3)

Solving this governing equation, we obtain the analytic solution of x;(t), which is

written as: '
x1(t) = pBe!(@t=0) (A4)

where mDw? = Fy, B = % is the static displacement, w} = % = (21 fn)2 is the intrinsic
frequency of the acceleration system, and s = = is the ratio of the excitation frequency to
the intrinsic frequency.
By substituting the above factors, the analytic solution of x(¢) can be expressed as
52 ;
x1(t) = De!(«t=0) (A5)
V- + (26
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where ¢ is the relative damping coefficient. Thus, according to the amplitude and phase
frequency distinction curves of the second-order system of a single degree of freedom, the
displacement subjected to the acceleration is described as

- & (A6)
V(1 =) + (28572

where the lagging phase angle 6 of the response displacement of the central proof mass
related to the excitation displacement is given by

x1(t) ‘ 1 1

1 2&s
1-—3s2

f = tan (A7)

Working in the range of elastic displacement, the deformation of the cantilever beams
of the vibration sensor equals the relative deflection x;. For the inertia force F acting on
the sensor, we obtain the expression F = kx;. Thus, the output charge generated from the
piezoelectric layer can be described as:

q=djjxF =djj*kx (A8)

Therefore, we obtain the relationship of the deflection of the cantilever beam and the
acceleration, expressed as

X1 q 1

A _ 1, - A

a a * dl] xk ( 9)
Finally, the sensitivity of the output charge of the vibration sensor can be described as

V-2 ¢ (269)

(A10)
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Abstract: The effect of micro-morphology of resistive strain gauges on gauge factor was investi-
gated numerically and experimentally. Based on the observed dimensional parameters of various
commercial resistive strain gauges, a modeling method had been proposed to reconstruct the rough
sidewall on the sensitive grids. Both the amplitude and period of sidewall profiles are normalized
by the sensitive grid width. The relative resistance change of the strain gauge model with varying
sidewall profiles was calculated. The results indicate that the micro-morphology on the sidewall
profile led to the deviation of the relative resistance change and the decrease in gauge factor. To
verify these conclusions, two groups of the strain gauge samples with different qualities of sidewall
profiles have been manufactured, and both their relative resistance changes and gauge factors were
measured by a testing apparatus for strain gauge parameters. It turned out that the experimental
results are also consistent with the simulations. Under the loading strain within 1000 pm/m, the
average gauge factors of these two groups of samples are 2.126 and 2.106, respectively, the samples
with rougher profiles have lower values in gauge factors. The reduction in the gauge factor decreases
the sensitivity by 2.0%. Our work shows that the sidewall micro-morphology on sensitive grids plays
a role in the change of the gauge factor. The observed phenomena help derive correction methods for
strain gauge measurements and predict the measurement errors coming from the local and global
reinforcement effects.

Keywords: resistive strain gauge; gauge factor; sensitive grids; micro-morphology; force sensor

1. Introduction

Strain gauges are commonly used in aerospace, transportation, automotive industry,
civil engineering, and even in the medical field. Based on a combination of elastic elements
and strain gauges, the physical quantities acting on structures, such as strain, displacement,
bending, torque, and acceleration, can be measured directly or indirectly [1-3].

The strain gauge incorporates the resistance change linearly with deformation in its
sensitive grids [1]. During the measurement process, strain gauges sense the elastomeric
strain and translate it into a change of resistance value. The term to describe the correlation
between these two variables is called gauge factor (GF), which is defined as the ratio of the
relative resistance change (RRC) to the strain [4]:

_ AR/R
T ¢

GF

)
where the AR/R is RRC in strain gauges, and ¢ is the corresponding strain.

When strain is transmitted from the elastic element to the strain gauge, the strain
reduction is caused by a mismatch in stiffness between the sensitive grid and the tested

19



Micromachines 2022, 13, 280

sample [3], and so do strain distortions on the edges [5,6]. Compared with strains exper-
imented by elastic elements in the absence of strain gauges, those measured with strain
gauges have lower values. This strain reduction and redistribution in resistive strain gauges
contribute to the known reinforcement effect [7,8] which can lead to significant errors in
determining the GF.

The structure configuration of the resistive strain gauge has a profound effect on
electrical conductivity, which results in a varying GF of the strain gauge. The surface
topographies from three typical metallic materials have been quantitatively characterized
and analyzed to investigate the effect of micro-stress concentrations within the sensitive
grids [7]. The integrated influences of characteristic surface parameters on micro-stress
behavior have been considered to estimate the impact of surface conditions on the perfor-
mance of GFs. The geometrical dimensional sizes of the strain gauge determine the GF
and the measurement uncertainties due to strain disorder distributions [9,10]. It has been
confirmed that the thinner film has a higher value of GF [11], and that the increased island
sizes of sensitive grids decrease the GF [12,13]. The optimized end structures and corner
arcs of susceptible grids reduce the transverse effect and improve their GFs [14].

In fact, strain gauges deflected from the perfect cross-section and the ideal sidewall
profile of sensitive grids have defects in creep-lag effect, long-term stability and temperature
self-compensation [15]. However, the sensitive grid patterns are usually fabricated by the
processes of lithography and wet etching, whose poor selectivity of the damp etching
results in irregular sidewall micro-morphology on sensitive grids [6]. These defects induce
the electrical conductivity deviation of resistive strain gauges. By now, few works of
literature focus on correlations between the property of the GF and the micro-morphology
on the sidewall profiles. In order to calibrate the GF obtained by strain gauges during
measurements and improve the long-term stability of resistive strain sensors, we observed
the micro-morphology on various commercial strain gauges and calculated the geometrical
parameters of the sidewall profiles. The finite element and experiment method had been
used to investigate the GF determined by strain transfer characteristics of the strain gauges.
Thereby, the focus has been laid on the sidewall micro-morphology of the sensitive grids,
which would change the stress—strain characteristics of resistive strain gauges.

2. Geometrical Model and Simulations

For specific manufacturing equipment and processes, the micro-morphology on sensi-
tive grids of strain gauges obtained by wet etching is controllable within a certain tolerance.
However, it is this varying degree of tolerance that can result in strain gauges of very differ-
ent qualities from one manufacturer to another. In detail, this difference mainly lies in the
roughness of the sidewall profile on sensitive grids. To have a visual and analytical under-
standing, the sidewall micro-morphology of a typical strain gauge have been observed by
confocal microscopy (KH-7700 by HIROX company in Shanghai, China). Additionally, the
geometric characteristics of the sensitive grids were obtained through a scanning electron
microscopy (SEM). As shown in Figure 1a, the shallow gray area in the SEM image refers to
sensitive grids, while the dark gray is the blank gap between them. With image processing
methods, Figure 1b,c show the sidewall profile of a sensitive grid from the viewpoint of a
binary image.
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(b)

Sensitive grid

N— -

Micro-morphology

Figure 1. The microscopy image and the obtained sidewall micro-morphology of a typical strain
gauge. (a) Scanning electron microscope image, (b) Binary image, and (c) Sidewall profile of a single
sensitive grid.

In this study, geometrical parameters of the sidewall profile on sensitive grids include
average profile unit width R,, average profile unit length Rs;;;, the maximum width R,; and
maximum length R,,; of each unit. For a certain sidewall profile line, the R, is defined by:

1

Ra - az:il“{ai‘/ (2)

where m is the total number of discrete points. Similarly, the Ry, is written as:

1
Rsm = n 2?21 Rsmis 3)

where 7 is the total number of the profile units. These definitions describe the amplitude
and frequency of rough sidewall profiles.

By random observation and measurement, we obtained the above geometrical param-
eters of the sidewall profiles from four kinds of commercial resistive strain gauges, and
the number of which were dozens of. Here we need to add that, after further research [16],
we have demonstrated that textures left on the upper surfaces of sensitive grids due to
resistance trimming also affect the performance of strain gauges, and in this study, in order
to control the study variables, we chose commercial strain gauges without significant upper
surface textures. Based on the data obtained, we classified these strain gauges according to
their sidewall qualities and grouped them into a total of four categories. Additionally, we
selected the most representative binarized image from each of these four categories and
obtained the geometrical parameters for each group by averaging, as shown in Table 1,
their geometrical parameters vary. From the horizontal view of Table 1, R;, R,;; and Ry,
increase sequentially. Moreover, the R,, as the arithmetic mean of R,;, is the smallest
among the three. From the longitudinal view, the first image shows a smooth sidewall and
smaller geometrical parameters, whereas Sample 4 takes on a rough and worse condition of
sensitive grids. All three sets of values gradually increase as the sidewall profile becomes
progressively rougher from the first to the fourth image. When the sidewalls are rough to a
certain degree, R,; and Rs;; can even reach the order of tens of microns.

Table 1. Typical sidewall profile parameters of sensitive grids (Units: um).

Serial Number Binarized Image R, R,; R
1 ] 0.4 2.2 2.7
2 I ————— 1.2 6.7 45.4
3 P —— 2.3 14.1 38.1
4 adaan o ] 6.0 26.0 36.5

Among the above four kinds of resistive strain gauges, the basic dimensional sizes
corresponding to the type HBM1-DY13-3/350 were selected to build the simulation model,
in which the grid width is 50 um and the thickness is 5 um [17]. Following the parameters
in Table 1, a geometrical model of the sidewall profile was constructed to study the GF. As
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shown in Figure 2, the complex waveforms or zigzag sidewalls demonstrated in Table 1 are
simplified to be a standard cosine curve, where the amplitude (A) and period (T) describe
the cosine type profile. In real work situations, the strain in elastic elements produced by
an applied tension force is passively transferred to the sensitive grids through the substrate
and adhesive layer [14], to apply a uniform shear force into the sensitive grid and reduce
the reinforcement effect, the sizes of both substrate and adhesive layer are set to be larger
than that of the sensitive grid.

gl

2A

ch

Figure 2. The geometry model for a segment of a sensitive grid in a strain gauge. The parameters of
amplitude (A) and period (T) describe the cosine-curve profile. The width (W) of the sensitive grid is
located between two dashed lines estimated by the least square methods.

In addition, the Poisson’s ratio of each elastic modulus and material’s layer plays a
role in GF; however, since we chose fixed materials, only the sidewall defects were mainly
investigated here.

The piezo-resistance property of metal materials is defined as the bulk resistivity
change due to applied stress or strain. The resistivity change induced by stress in cubic
symmetry materials is expressed as below general form [18]:

Ap1/po mp Mz 2 0 0 0 51
Ap2/ po my 1 mz2 0 0 0 05}
Aps/po | _ | m2 mp w0 0 0 03 @)
Ap4 /PO 0 0 0 7T44 0 0 (]
Ap5 /po 0 0 0 0 744 0 (%]
Ap6/p0 0 0 0 0 0 TT44 Og

where py is the initial resistivity, Ap;/po is the resistivity change, 0; is the stress, and 7;;
is the piezo-resistance coefficient. The properties of the constantan material used for the
strain gauge in our calculations are summarized in Table 2, which are consistent with the
data in [18,19].

Table 2. Material properties of constantan.

Density Young’s Modulus  Poisson’s Resistivity B 12 a1
(kg/em®) (GPa) Ratio (Q-um) 7ij (X107 Pa™)
8.88 160 0.329 0.48 = 2.3, mp=23, T4 =0

The parameters of both amplitude (A) and period (T) in the cosine profile model
(Figure 2) are normalized by the widths of the sensitive grids (W). Numerically, they are
expressed as A/W (relative amplitude, RA) and T/W (relative period, RP), respectively.
On this basis, RRC and GF were calculated in varying sidewall profiles and external stress
conditions. In Figure 3a, RRC related with RA and RP were presented. In the interested
strain range of 0 to 2000 um/m, RRCs are almost linearly proportional to the applied strain.
For a certain strain (1000 pm/m), the growing tendency of RRC resulting from the increase
of RA and RP can be easily told in the partial enlarged view (Figure 3a). This phenomenon
is well confirmed by the calculation results in Figure 3b. Particularly, it is worth noting that
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the scale of the abscissa interval in Figure 3b is much larger than the 0.06 x 10~# variation
range of the ordinate; therefore, the actual curves are very close to horizontal straight lines,
which means GFs approximately maintain constant. As for the small-scale increase in GFs
caused by RA and RP, we can understand it as: the stress redistribution affected by the
sidewall profile will aggravate the creep effect of the material [16], which eventually affect
GEF. From above, the varying sidewall micro-morphology of sensitive grids leads to changes
in both RRC and GF. Consequently, the deviations between the rough sidewall profile
and perfectly smooth one should be taken into account so as to improve the measurement
accuracy of the sensitive grids [7,20].

x 107*
(@) os : : (b) 2.12
—e— A/W=5%, T/W=60%
—a— A/W=5%,T/W=200% P —_
0.4 A/W=10% T/W=60% // 2
& <
& ~ 2.1~
=03 s B
an /zﬁ/g 8 —x— A/W=0
202 02112 & —8— A/W=5%.T/W=60%
< /f@i‘o.zmx / 9,2.08 —— A/W=5%T/W=200%
o 3 A/W=10%,T/W=60%
0.1 & 0.2104 <
<{ 1000 O
A
0 500 1000 1500 2000 0 500 1000 1500 2000

Strain (um/m) Strain (um/m)

Figure 3. The dependence of RRC and GF on RA and RP in sensitive grids. (a) Three susceptible grids
with different RA and RP are calculated and increasing RRCs were led by both. (b)The calculated GFs
increase with the strain load in varying RA and RP conditions. Here, an ideal profile with A/W =0 s
used to be the reference for a clear demonstration in (b).

As shown in Figure 4, increasing RA (A/W) or RP (T/W) results in growing RRC. In
the case of a constant RP, Figure 4a shows a sharp rising of RRC over the increasing RA,
and this variation in RRC is nonlinear over a tenth of the sensitive gate width, meaning that
the amplitudes of sidewall profiles gradually amplify the deviation of relative resistance
change in the strain gauge under a constant load. However, as shown in Figure 4b, the
results are much different. For a given RA, the RRCs fluctuate in a small range around a
certain value. Take A/W = 4% for example, the waveform length would almost not lead to
relative resistance change, and this is in line with the theory [21]. Still, the volatility of the
RRC at the beginning step of the curve is more pronounced, while it flattens out more in the
rest section. It is not difficult to understand, with a fixed RA, an increasing RP represents a
smoother sidewall profile of the sensitive grid that possess a steady RRC.

(a) (b) 0.213
0212 ——T/W=60% 0.212 —— A/W=4%
e —a—T/W=120% Q —a— A/W=6%
< —<—T/W=200% S —<—A/W=10%
(a4 & 0.211 1
< <
0'21 W
0.21 0.209
0 2 4 6 8 40 80 120 160 200 240 280
A/W (%) T/W (%)

Figure 4. RRC and GF are affected by the geometrical parameters of (a) RP and (b) RA in the cosine
profile. The loaded strain is 500 um/m.

These phenomena seem reasonable when considering the correlation between sidewall
roughness and stress deformations. As stated above, when RP becomes long enough, the
sidewall profile equally becomes smooth. The smooth profile would reduce the local
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strain concentration until a homogeneous strain distribution forms. Under this condition,
the deformation in resistive strain gauges would represent the strain in elastic elements
to the greatest extent, and the measured GF is a standard one. Yet, there is no way to
produce strain gauges with absolutely smooth sidewalls on sensitive grids. As the non-
ideal sensitive grid is subjected to external stress, the deformation of each aera is uneven
and the concave parts produce local stress concentrations. As shown in Figure 5, when RAs
are the same in Figure 5a,b, the longer RP (Figure 5b) reduces the maximum local strain
concentration within the sharp dimensional area, which results in a relatively even strain
distribution within the sensitive body. Further, the even distribution induces a much larger
change of relative resistance, or a more accurate sensitivity. In Figure 5a, a sharper shape on
the sidewall profile produces a worse local strain concentration than that in Figure 5b, and
the lower strain distribution over the grid body decreases the resistance change and leads
to measurement deviation. For the same reason, for an RA that is less than 4% of the grid
width (Figure 4b), the RRC becomes a basically unchanged number even the RP range from
40% to 80% in our simulations, meaning that as long as the sidewall is relatively smooth,
the RRC basically maintains at the standard constant no matter how high or low RA/RP is.

Stress= 6 X 108N /m?

Figure 5. The strain distributions due to the sidewall profile roughness of the sensitive grids under
the same load. The sidewall profile is assumed to be (a) T/W = 60% and (b) T/W = 120%.

3. Experimental Results and Discussion

The micro-morphology of sensitive grids depends on the fabrication processes. Espe-
cially, during lithography, both mask and photoresist determine the quantity of fabricated
pattern and the sidewall profile of sensitive grids. Figure 6 shows two process flows fabri-
cating strain gauges, in which the discrepant sidewall profiles can be obtained. A Cr-mask
and positive photoresist are used in the craft I, and a film mask and negative photoresist
are adopted in the craft II. The former produces a smoother profile with finer resolution
while the later brings out a rough one with micro-bulges on [22,23].

Polymer cover Strain gauge substrate

Lead 3(\
NI

Sensitive grid

Adhesive layer

Figure 6. Structural diagram of the strain gauges used in the experimental test [6].
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To have clear demonstration and contrast in the following experiment, two groups
of strain gauges we used were manufactured by the above two processes, respectively,
and there were dozens of samples per group. The structures of all these samples are the
same (Figure 6) [6], and the materials of the main layers of the structure are shown in
Table 3. Based on the principle of random measurement, it turned out that the quality of the
sidewalls of the samples within the group were all about the same, while there were large
differences between the two groups. The sidewall of the most representative sample in
each group is shown in Figure 7b,c. Estimated with Equations (2) and (3), their geometrical
parameters are listed in Table 4. In addition, we selected two more strain gauges with
almost the same qualities of sidewall profiles from each group, that is, based on the three
strain gauges in each group, we obtained their stress response and GF by the experiment.

Table 3. Materials of the main layers of strain gauges used in the experimental test.

Strain Gauge Substrate Adhesive Layer Sensitive Grids
Polyimide Epoxy resin Constantan alloy
(@) Craft 1 Craft 11
PLELVE L) VExposure) | L LV LL LT
CrMask = s w— w— w— — — ———— e <— Film Mask

Positive > <« Negative
photoresist I — photoresist
Substructure l Develop 1 Constantan

s Light blocking
1 Wet Etching Bright zone

SEMMAG:305x  WD:24.57 mm SEMMAG:305x  WD: 24.57 mm 111 .. | veoasTescan

View field: 680 ym Det: SE View fieid: 680 pm Det: SE 200 pm
HiVac HiVac Hivac Hivac

Figure 7. Fabrication processes for obtaining strain gauges and the resulting sidewall quantity. (a)
Two fabrication processes. The SEM images of micro-morphology produced by (b) the Cr-mask and
positive photoresist and (c) film mask and negative photoresist.

Table 4. The sidewall surface in two groups of fabricated strain gauge samples.

Sample Craft SEM Images R, R,; Rsm
Group I Craft1 — 0.48 2.79 4.00
Group II CraftII R 1.37 9.90 29.40

All the six samples were measured in a testing apparatus for strain gauge param-
eters [17,24]. As shown in Figure 8c,d, in order to be identical to actual use, the strain
gauges were glued to the surface of the rigid standard elastic beam and then solidified by
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thermal curing process. A standard applied force produces a uniform strain in the middle
of the standard flexible beam. As shown in Figure 8a,b, the pressure on the power arms
bends the elastic beam delivering both negative and positive strain to the standard elastic
beam. There are equal strain zones in the center area of the standard elastic beam. The
strain values are calculated by the deflection theory, in which the deflection displacement
of f+ and f— are measured by a standard flexometer. In addition, a Wheatstone bridge for
converting the strain into an electrical signal was connected to a data acquisition amplifier
(HBM QuantumX MX1615B) [17].

(@) + l z (¢)
t

Figure 8. Testing apparatus for strain gauge parameters. A schematic diagram of the negative (a) and
positive (b) strain produced in a standard elastic beam by a linear loading Q applied on the power
arms. (c) The picture of the testing apparatus for strain gauge parameters. (d) Photo of a standard
elastic beam with strain gauges glued.

The linear loading force Q provides an elastic beam strain ranging from 0 to 1000 pm/m.
Two groups of strain gauge samples were measured and the strain responses are pre-
sented in Figure 9. In the initial region of small strain values, the measured values
from two groups are almost indistinguishable. However, with the strain increasing up
to 500 um/m~1000 um/m, the strain deviation in Group II increases in a small range
compared to the Group L. Considering that commercial strain gauges are inherently high-
precision components, this small difference in the measurement due to microscopic sidewall
profiles still makes sense. Numerically speaking, using the data in Figure 9, the linearities of
the two groups can be obtained using the least squares method and they are 1.005 (Group I)
and 1.023 (Group II), respectively. The deviations of the linearities from standard value
1 are 0.5% and 2.3%, which results from the sidewall profile difference between the two
groups of fabricated samples.
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Figure 9. The strain response from two groups of samples to the standard strains. The geometrical
parameters of (a) Group I and (b) Group II are listed in Table 3. (c) The parts of (a,b) in the range
500-1000 um/m are plotted onto the same graph. The strain in the ordinate was measured by the
samples, while the strain in the abscissa was calculated by the loading force and the displacements
coming from the flexometer.

Moreover, within 1000 pm/m of the loading strain, we measured the GFs from the
two groups of samples. In Figure 10, The results indicate that the strain gauges in Group I,
which have smaller roughness of sidewall profiles, have larger GFs than those in Group II.
Although the measurements were approximately linearly correlated between the measured
strain gauges and the standard test apparatus, the data in Figure 10a,b show that the GF
values for Group I are definitely greater than those for Group 1I, in other words, the strain
gauge with a smooth sidewall profile have a better sensitivity. Among the measured data in
Figure 10, the average GFs in two groups are 2.126 and 2.106, respectively, and the difference
between these two values is 0.02. The reduction of the GF decreases the sensitivity by 2.0%.
Furthermore, we have shown that the roughness of the textured surface on sensitive grids
also shortens the fatigue lifetime and enhances the creep effect of strain gauges [23]. The
deterioration of the GF leads to a great amount of measurement uncertainty against the
long-term reproducibility in metrology force sensors. The experiment’s conclusion agrees
well with the obtained simulation results shown in Figures 3 and 4.

(@) 2.4 : : (b) 2.14
* Sl r * Sl
S2 S2
213 « s3 2130 <« s3
—6—Craft | —6—Craft II

»
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N
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[3S]

»
N

0 200 400 600 800 1000 0 200 400 600 800  100C
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Figure 10. The GF was measured from two groups of fabricated strain gauges. Three samples with
smoother sidewall profiles manufactured by Craft I (a), while the other three fabricated by Craft II
have rougher sidewall profiles (b). The loading strain increases from 100 to 1000 um/m.

4. Conclusions

The dependence of the micro-morphology on resistance changes and gauge factors in
resistive strain gauges were investigated numerically and experimentally. The dimensional
sizes and their geometrical parameters of the sidewall profiles on sensitive grids are
obtained utilizing scanning electron microscopic and the image processing techniques.
Based on these data, a model of the sensitive grid with variable cosine profiles had been
built and used in simulations, where cosine curves are approximately equivalent to the
actual complex waveforms or zigzag sidewall profiles. Subsequently, the relative resistance
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changes and gauge factors under different amplitudes and periods of the cosine model
have been analyzed by simulations. Additionally, using testing apparatus for strain gauge
parameters, we tested two groups of strain gauges which were manufactured by two
fabrication processes and have sensitive grids with different sidewall qualities. The results
in both the simulation and experiments show that the periodic depression on the sidewall
enhances the local strain concentration and weakens the strain distribution over the grid
body, indicating that the rough micro-morphology leads to the decrease in gauge factors and
results in the relative reduction of accuracy and sensitivity of strain gauges. These results
make it clear that the rough sidewall profiles exacerbate to the measurement uncertainty. For
ultra-high-precision sensors, such deviations are not allowed; therefore, the disadvantages
caused by the micro-morphology of strain gauges must be taken into consideration, and
the measurement must be calibrated in the best possible way.
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Abstract: Implantable medical devices have been facing the severe challenge of wireless communica-
tion for a long time. Acoustically actuated magnetoelectric (ME) transducer antennas have attracted
lots of attention due to their miniaturization, high radiation efficiency and easy integration. Here, we
fully demonstrate the possibility of using only one bulk acoustic wave (BAW) actuated ME transducer
antenna (BAW ME antenna) for communication by describing the correspondence between the BAW
ME antenna and components of the traditional transmitter in detail. Specifically, we first demonstrate
that the signal could be modulated by applying a direct current (DC) magnetic bias and exciting
different resonance modes of the BAW ME antenna with frequencies ranging from medium frequency
(MF) (1.5 MHz) to medium frequency (UHF) (2 GHz). Then, two methods of adjusting the radiation
power of the BAW ME antenna are proposed to realize signal amplification, including increasing
the input voltage and using higher order resonance. Finally, a method based on electromagnetic
(EM) perturbation is presented to simulate the transmission process of the BAW ME antenna via the
finite element analysis (FEA) model. The simulation results match the radiation pattern of magnetic
dipoles perfectly, which verifies both the model and our purpose.

Keywords: bulk acoustic wave (BAW); magnetoelectric transducer; antenna; transmitter; implantable
medical devices (IMDs); resonance modes; frequency modulation; radiation power; FEA

1. Introduction

Wireless implantable medical devices (IMDs) have sparked a new wave of research
on biomedical technology [1-3]. However, the problem of wireless communication has,
for a long time, been an arduous challenge in the development of IMDs [4-6]. One of the
main reasons is that the sizes of the antennas used for signal transmission are too large to
be integrated in IMDs [7-9]. In addition, the existing IMDs require an additional power
source, which could further increase the size of the entire IMDs [10-12]. A number of
transducers used to provide power sources in IMDs have successfully reduced the size
to the scale of the diameter of a piece of human hair [13-16]. However, the transducing
efficiency of the current prototypes is too low to apply. Therefore, new antenna technologies
need to be developed to solve the problem of wireless communication of IMDs in the
Industrial, Scientific and Medical (ISM) band. A novel bulk acoustic wave (BAW) actuated
magnetoelectric (ME) antenna was proposed theoretically in 2015, the efficiency bandwidth
product of which was close to Chu'’s limit [17]. In 2017, Northeastern University successfully
prepared this antenna and found that it can work comfortably in the ISM band [18]. The
size of the antenna can be greatly reduced because the electromagnetic (EM) resonance of
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the traditional antenna is replaced by the acoustic resonance of the BAW ME antenna. In
addition, the BAW ME antenna is also an EM energy harvester from the view of receiving
signals [19]. The magnetostrictive layer in the BAW ME antenna is used for sensing
magnetic signals, and the piezoelectric layer is used for generating charges. This means
that no additional power source is required to provide the energy supply of IMDs, which
further reduces the size of the IMDs.

In fact, Jensen et al. successfully used a carbon nanotube antenna to play music back
in 2007, which gives us a great inspiration [20]. The BAW ME antenna may have a more
profound meaning, that is, using a single BAW ME antenna can also achieve wireless
communication. If this view can be confirmed, it will have important implications for
the definition of potential application scenarios of the BAW ME antenna. To complete
the verification, we considered a solution using finite element analysis (FEA) simulation
under the existing conditions, since Xu et al. recently constructed an EM radiation model of
ME composites using FEA software [21]. However, the existing commercial FEA software
hardly involves magnetization dynamics and magnetic spin simulations, so it is difficult to
build a radiation model of the BAW ME antenna to verify its signal transmission behavior.

In this article, we explain and demonstrate how to achieve the wireless transmission
of signals using only one BAW ME antenna. We first review the basic components and
working principles of the traditional transmitter. For the benchmarking modulator, three
kinds of modes of vibration are used to realize frequency modulation. Regarding the
benchmarking power amplifier, the influence of the input voltage and higher order resonant
frequency on the radiated power is demonstrated, which enables the signal to be amplified.
Based on EM perturbations and multiphysics coupling, we used FEA simulation to analyze
the whole operating process for the BAW ME transmitter. The focus of this simulation
was to evaluate the near-field radiation of the BAW ME antenna by using the amplitude
and distribution of the EM field with regular variation in the EM environment. We also
compared the simulated data with the near-field pattern of an ideal magnetic dipole to
verify the simulation scheme based on EM perturbation.

2. BAW ME Transmitter
2.1. Fundamentals of Radio Transmitters

A transmitter is an electrical system that can transmit a signal according to a certain
frequency. A typical transmitter includes four essential components: an oscillator, a modu-
lator, an amplifier and an antenna, as shown in Figure 1. The modulated signal is amplified
by a power amplifier and radiated through the antenna into free space.

Typical Transmitter \
N

Oscillator Antenna

Baseband N
Signal Power Amplifire
C ) P

Modulator

Figure 1. Block diagram for a typical transmitter. The four essential components can be replaced by a
BAW ME antenna.

The four essential components of a transmitter can be replaced by just one BAW ME
antenna, as shown in Figure 2. The piezoelectric layer and electrodes form a BAW resonator
to power the antenna. The magnetostrictive layer, the radiation source of the antenna, is
coupled with the piezoelectric layer through stress/strain. From the perspective of the
operating principle, the actuating source of the antenna is the BAW resonator, and the
radiation source is magnetostrictive film integrated on the resonator. When the alternating
voltage that is consistent with the resonant frequency is applied to the top and bottom
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electrodes of the BAW resonator, the BAW resonator generates acoustic resonance to induce
magnetization oscillation of the magnetostrictive film [22]. Finally, dynamic flux forms and

an EM wave transmits.
~ I s

5 DC Magnetic Bias

! / EM Radiation
¥ X EM Reception ‘\\

Stress field
distribution Magnetostrictive layer BN BAW Propagation

I =Tosi 2
= Tysin TZ

Bottom electrode

Piezoelectric layer

Top electrode

Substrate

Figure 2. Schematic of the BAW ME antenna in resonance. The direct current (DC) magnetic bias is
used to apply prestress, which can be achieved using a DC wire.

2.2. Oscillator and Modulator

The BAW ME antenna is essentially a mechanical oscillator (also known as an acoustic
resonator); this state is achieved by alternating the voltages applied to both sides of the
piezoelectric layer.

The BAW resonator can be designed to operate in different vibration modes, includ-
ing longitudinal, contour and thickness resonance mode. According to Equation (1), the
frequency calculation for the shear and longitudinal wave, different resonant modes corre-
spond to different resonant frequencies f.

1 Y

f e 0
i (033 + %) /p

where L is the length or width of the materials, / is the thickness of the materials, Y is
the Young’s modulus of the materials, p is the mass density of the materials, and cs3, d33
and e33 are the elastic, piezoelectric and dielectric coefficients of the materials, respectively.
Therefore, frequency tunableness in the BAW ME antenna could be accomplished by
exciting different resonance modes of the BAW resonator. Its operating frequency ranges
from medium frequency (MF) to ultra-high frequency (UHF), entirely depending on its size.
As shown in Figure 3, the three vibration modes of the BAW resonator can be identified
according to the admittance characteristics of the FEA simulation at different frequencies. It
can be seen that the BAW resonator frequency spans a wide range including about 1.5 MHz,
7.8 MHz and 2 GHz, which is conducive to the frequency selection of the BAW antenna at
large scales. In order to achieve frequency modulation, a DC magnetic bias is applied to
change the tension of the active region. The signal can be applied to this bias to modulate
the resonant frequency. The film is prestressed, and the resonant frequency (also known as
the carrier) changes with the information signal.
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Figure 3. Admittance characteristic curve of the BAW resonator corresponding to the three resonant
modes. The inset is the displacement field distribution at different resonance modes: (a) longitudinal
resonance mode; (b) contour resonance mode; (c) thickness resonance mode.

2.3. Power Amplifier (PA)

The function of the PA is to enhance the antenna radiation power by enhancing the
signal amplitude. For the BAW ME antenna, there are two ways to control the radiated
power effectively. Taking the BAW ME antenna working in thickness resonance mode as an
example, our team [23] proposed a method for calculating the average radiated power of
the BAW ME antenna considering the eddy current loss, which describes the relationship
between the average radiated power and the design parameters, as shown in (2). According
to this relation, schemes can be made to improve the average radiated power.

WPh2d? W h2d2.|T]? A
Prag = o 33 fjs|T|2ds ~ 23’?7’ | , ()

where 7 is the wave impedance of the free space, d33 is the piezomagnetic coefficient of
the magnetostrictive layer in the z-direction, w is the angular frequency, which represents
the resonant frequency of the device, / is the thickness of the magnetostrictive layer, A is
the area of the active region, and T is the longitudinal stress tensor. After designing and
fabricating the BAW ME antenna, the structure and material parameters in Equation (2)
are fixed and cannot be changed. Only the two parameters of stress T and frequency w
can be used to control the average radiated power. Next, we will demonstrate two ways
to increase the internal stress and operating frequency of the device to achieve power
amplification without additional PA.

The first method we propose is to increase the stress by increasing the excitation
voltage. We demonstrate this process by FEA simulation, as shown in Figure 4. The
result shows that the internal stress of the BAW ME antenna increases linearly with the
amplitude of the input voltage, which means that increasing the excitation voltage within
the power handing of the BAW resonator can easily achieve the purpose of increasing the
radiated power.

The second method we propose is to increase the stress by using the higher order
resonance characteristics of the BAW resonator, which is a solution that raises both the
stress and the frequency. However, it is worth noting that the effect of ferromagnetic
resonance (FMR) on the performance of the antenna should be considered [24], which
means that the resonance frequency should be controlled below the FMR frequency. In
order to investigate whether the higher order resonant frequency would have an effect
on the stress, we used FEA simulation to analyze the harmonic response of the antenna
and plotted the stress field distribution at the resonant frequency. As shown in Figure 5,
the average stress of the antenna at the first-order resonant frequency is about 70 MPa,
while that at the second-order resonant frequency is about 200 MPa. The results confirm
that the radiation power of the antenna can be improved by using higher order resonance
frequencies. In addition, it was previously reported that by keeping the FMR frequency of
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the magnetostrictive layer consistent with the resonance frequency of the BAW ME antenna,
the radiation power of the device can be further improved [25].
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Figure 4. Relationship between stress and input voltage at resonance. The inset shows the stress
field distribution of the magnetostrictive layer at particular input voltages. The size of the antenna is
100 x 50 x 1 um?3, and the resonant frequency is about 2.6 GHz.
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Figure 5. Admittance characteristic curve of the BAW ME antenna. An excitation voltage of 1 V is
applied to obtain the admittance curve in the first-order and second-order resonant frequency. The
inset is the stress field distribution of the antenna at different resonant frequencies.

In short, all the four essential components of a typical transmitter can be compactly
and efficiently replaced by the BAW ME antenna to realize wireless communication.

3. Simulation of Transmission Process

This section focuses on the simulation of the transmitting process of the BAW ME
antenna, which is not a small challenge, since the transmitting process of the BAW ME
antenna involves magnetic spin. However, most existing commercial modeling software
applications are limited to simulating simple magnetic behaviors such as magnetostriction.
The response to magnetic spin that is usually achieved by magnetization dynamics is
not available in FEA software. Therefore, there is no reference report on modeling the
transmitting process of the BAW antenna using FEA. However, it is well known that the
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aperture EM field of the material’s surface is easy to obtain via FEA simulation based on
the constitutive relation of ME material as shown in (3).

) | SDB ‘%H T
[E,H]_ den 1L [D,B}' ®)
AT g

where S and T are the stress and strain tensors satisfying the boundary conditions, respec-
tively, E and H are the vectors of the electric and magnetic field intensity, respectively, D
and B are the vectors of the electric and magnetic flux density, respectively, € and y are the
dielectric constant and permeability of the film, respectively, under a no-stress condition,
sp,p are the compliance constants of the piezoelectric and magnetostrictive layers, respec-
tively, and df jy are the strain constants of the piezoelectric and magnetostrictive layers,
respectively. This aperture EM field will inevitably act as a perturbation source to break
the uniform and balanced EM environment around it. If the amplitude and distribution of
EM field change regularly in this EM environment, this variation is used to evaluate the
near-field radiation of the BAW antenna.

Therefore, a simulation scheme of near field EM perturbations is proposed, which also
solves the problem of huge physical scale differences between models and reality. The size
of the BAW ME antenna is on the micron scale and the far field distance (r >> A, A is the EM
wavelength) is over 0.1 m even at the resonant frequency of gigahertz. Therefore, extrapo-
lating the far-field solution from the near-field distribution derived from EM perturbations
is the only feasible FEA simulation method.

Specifically, the whole FEA model of the BAW ME antenna, including the magnetostric-
tive layer, piezoelectric layer, and air domain, is constructed to simulate the acoustic reso-
nance, inverse ME effect and EM perturbations. The BAW ME antenna of 100 x 50 x 1 um?
in size is located in the central point of the air domain, whose first-order resonance fre-
quency is about 2.6 GHz. The radius of the air domain is set to 1000 um. Then, the 3D
model is solved in the frequency domain by coupling the electrostatic, solid mechanical
and magnetic fields, as shown in (4)—(6), respectively.

V-D = py
Electrostatic field : E=-VV , 4)
D =¢E+ P
V.T = ply
Solid mechanical field : P (5)
S = 3 (Vu + Vu )
VxH=]
Magnetic field : B=V xA, 6)
E = —jwA

where V is the Laplace operator, py is the charge density, € is the permittivity, P is the
polarization vector, u is the displacement vector, J is the ampere density vector, and A is
the magnetic vector potential. The air domain is used for simulating the near-field of the
antenna and analyzing the magnetic flux density of different positions near the antenna.
Under the action of EM perturbations, the change rule of the flux density near the antenna
can be detected. Of course, this is not used to simulate the EM radiation of the antenna by
FEA, but to replace the radiation with EM perturbation at different positions, which means
that the simulated EM field represents the near-field of the BAW ME antenna that does
not propagate.

When the BAW ME antenna operates at the first-order resonant frequency, the am-
plitudes and distributions of magnetic flux density B in the range of 0~900 um from the
antenna along the z-direction are obtained. As shown in Figure 6, the magnetic flux density
distributions along the red dotted line tracking on the horizontal plane in the insets at dis-
tances of 50 um, 200 pm and 500 pm away from the antenna are enumerated, respectively.
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It can be found that the amplitude of B is larger at a relatively close distance of 50 um away
from the antenna, and the distribution is concentrated directly above the center of antenna.
The amplitude of B decays exponentially with distance, while the distribution of B diffuses
outwards gradually with distance. In order to ensure that the change of magnetic flux
density in the air domain can be used to characterize the near-field radiation of the BAW
ME antenna, the near-field pattern of an ideal magnetic dipole, as shown in Equation (7), is
used for comparison.

H, = 7% jwe Lklr + L e * cos

(jkr)®
Hy = figpjwe(1+ s+ glp)e ™ sing - @)
Ep = k(1 + g5 )e /" sin®

where k is the free-wave wavenumber, H, and Hy are the magnetic field vectors in the  and
6 directions, respectively, E, represents the electric field vectors in the ¢ direction, ¢ is the
permittivity of the vacuum, r is the propagation distance, and m is the equivalent magnetic
dipole moment, which is the volume integral of magnetization in the magnetostrictive layer.
It is worth noting that, based on the pointing vector, H; is a non-radiative standing wave,
which indicates the storage and mutual conversion of EM energy. Therefore, the attenuation
of H, with distance and its radiation pattern can be compared with the simulation value to
verify the FEA model.
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Figure 6. Simulation of near field normalized flux density. The insets show the distribution of the
magnetic flux density on the horizontal plane 50 um, 200 pm and 500 um away from the antenna.

Since the magnetic field data changes dramatically in the near-field region, in order
to allow accurate comparison with the simulated data, the decibel (dB) values are used
to represent the attenuation of the magnetic flux density. As shown in Figure 7a, the | B|
decays exponentially with distance and by 45 dB over a distance of 900 pm, which is
highly consistent with the calculated results of the ideal dipole. Furthermore, as shown
in Figure 7b, by extracting simulation values at different 6 and comparing them with the
near field of the ideal dipole, it can be found that the magnetic flux density distribution of
these discrete positions is equivalent to the radiation pattern of an ideal magnetic dipole.
Therefore, this consistency not only proves the feasibility of simulating the near-field
radiation of the BAW antenna based on EM perturbations, but also indirectly illustrates
that the BAW antenna can be used as a transmitter.
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Figure 7. Comparison of near field radiation characteristics between the BAW antenna and the

magnetic dipole. (a) The magnetic flux density | B| decays with distance. The inset shows the BAW
ME antenna placed in a spherical coordinate system. (b) H, pattern of the magnetic dipole (blue line)
and BAW ME antenna (small circle). Each small circle represents the normalized value of simulation
| H, | of different 0 at the first-order resonant frequency of 2.6 GHz.

4. Conclusions

We demonstrate in principle how to replace the traditional transmitter with one BAW
ME antenna to realize the functions of four components. Specifically, a DC magnetic bias
and three different modes of a BAW resonator can be excited to use frequency modulation
from MF to UHF. Taking the thickness resonant mode as an example, two methods of
power amplification are presented, including the increasing of the input voltage and the
use of a higher order resonant mode. In particular, a method based on EM perturbation is
proposed to evaluate the near-field radiation of the BAW ME antenna, which completely
solves the problem that there is no magnetization dynamics model in FEA software. The
main characteristic of this simulation is that the variation of magnetic flux density near
the antenna is used to replace EM radiation. The simulation results are in good agreement
with the radiation theory of magnetic dipole, which not only verifies the model, but also
provides a new simulation solution to evaluate the near field distribution of the BAW
ME antenna. However, the EM perturbation is different from the EM radiation, so the
simulation method in this work cannot be used for modeling the far-field of radiation. The
authors are working on the radiation far-field modeling and device preparation of the BAW
ME antenna to complete the communication experiment in further work. This work can
also provide a simulation idea for the design and analysis of magnetoelectric antennas
or transducers.
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Abstract: Micro-electromechanical system (MEMS) skin friction sensors are considered to be promis-
ing sensors in hypersonic wind tunnel experiments owing to their miniature size, high sensitivity, and
stability. Aiming at the problem of short test duration (a few milliseconds) and heavy load in a shock
wind tunnel, the fast readout circuit and the sensor head structures of a MEMS skin friction sensor
are presented and optimized in this work. The sensor was fabricated using various micro-mechanical
processes and micro-assembly technology based on visual alignment. Meanwhile, the sensor head
structure was integrated with the fast readout circuit and tested by using a centrifugal force equivalent
method. The calibration results show that this sensor provides good linearity, sensitivity, and stability.
The measurement ranges are 0-2000 Pa with good performance. The resolution is better than 10 Pa
at 3000 Hz detection frequency of the readout circuit for the sensor in ranges from 0 to 1000 Pa. In
addition, the repeatability and linearity of static calibration for sensors are better than 1%.

Keywords: skin friction sensors; shock tunnel experiment; MEMS; fast readout circuit

1. Introduction

The skin friction resistance of an aircraft surface is an important part of its total
resistance, which greatly limits the performance of hypersonic vehicles. Therefore, the
skin friction measurement of an aircraft model is an important basic item in aerodynamic
research. MEMS skin friction sensors are considered promising sensors in hypersonic wind
tunnel experiments owing to their miniature size, high sensitivity, and stability. In recent
years, several researchers have developed MEMS sensors to measure skin friction, including
the capacitance-type and comb differential capacitance-type [1-5], piezoresistive-type [6-8],
and piezoelectric-type [9]. For example, Mills et al. [5] reported a fully differential capacitive
wall shear stress sensor for low-speed wind tunnels with the high sensitivity of 196 mV /Pa
and a minimum detection limit of 12 mPa at 1000 Hz in a range from 0-10 Pa; Von, P. et al. [8]
reported a wall shear stress sensor using four piezoresistors in the cantilever, and the
resolution was 0.01 Pa in the range of 2 Pa; Kim, T. et al. [9] reported a piezoelectric floating
element shear stress sensor for the wind tunnel flow measurement with the high sensitivity
of 56.5 pc/Pa and with the frequency range of the sensor up to 800 Hz. The common
characteristics of those sensors are their usually high sensitivity, high resolution (102 Pa),
and small measurement range (several Pa). Therefore, these sensors are mainly used in
low wind tunnels to measure skin friction because their sensing elements, such as the
comb capacitance, were exposed in the flow field. To adapt to the harsh measurement
environments and large normal loads in hypersonic fields, a novel MEMS skin sensor was
developed in our previous work [10,11]. The sensor adopts the floating element so that
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it is even with the measured wall, and the signal output micro-structure is isolated from
the hypersonic field, which was fabricated using various micro-mechanical processes and
micro-assembly technology. Experimental results show that this sensor has some good
characteristics, such as good linearity, small size, high sensitivity, and repeatability of
static calibration. Furthermore, the measurement ranges were 0-100 Pa, and the minimum
detectable skin friction was 0.1 Pa. However, the natural frequency of the sensor was
410 Hz, and the detection frequency of a weak capacitance readout circuit for a skin friction
sensor is only 10 Hz.

According to the hypersonic flow field characteristics of high temperature, high total
pressure, and short test time in the shock wind tunnel, the test ambient temperature is
usually increased to hundreds of degrees centigrade, and the measurement ranges increase
to hundreds, or even thousands, of Pa. Meanwhile, the sampling frequency of the readout
circuit for the sensor also increases to thousands of Hz with higher loads, and only several
milliseconds in duration of the working time. Therefore, greater measurement ranges and
higher response frequencies of sensors for skin friction in shock wind tunnels need to
be developed.

In this work, the static force analysis and modal analysis of the sensor head structure
were carried out by finite element analysis (FEA) to optimize the head structure of the
MEMS skin friction sensor with a high response frequency and large measurement ranges.
In addition, to improve the detection frequency of the weak capacitance of the sensor, the
fast readout circuit with 3000 Hz detection frequency was designed and integrated with
the sensor head structure.

2. Structural Simulation and Optimization of the Sensor Head Structure

The structure of the MEMS skin friction sensor is shown in Figure 1. The sensor was
composed of a silicon differential capacitor embedded with a floating element, a signal
readout circuit, and a metal shell package. The working principle of this sensor is explained
as the skin friction caused the torsional deflection of clamped-clamped elastic beams by the
floating element, and the torsional deflection was transferred into a capacitance variation
by one pair of differential capacitors.

differential capacitors

(b)

Figure 1. (a) Schematic of the sensor; (b) the sensing structure parameters of the sensor head.

For a typical shock tunnel with a short test time (a few milliseconds), the lowest
frequency to obtain high measurement accuracy within the effective test time is 1000 Hz.
Because the mechanical vibration of the measurement system is excited and cannot be
attenuated rapidly enough by damping characteristics during the short test time, to obtain
higher measurement accuracy, the natural frequency of the MEMS skin friction sensor
should, therefore, be raised to 3000 Hz.
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For an undamped single freedom system, the natural frequency calculation formula is
defined as shown in the following equation:

1 Jk
fn_zn\/; @

where f), is the natural frequency, and k and m are the stiffness and mass of the structure,
respectively. From Equation (1), it can be seen that increasing the stiffness of the beam
and reducing the mass of the floating element was an effective way to improve the natural
frequency of a MEMS skin friction sensor. Then, the sensitivity of the sensor deteriorated
rapidly because the torsional deflection of the elastic beams decreased with an increase in
the stiffness (with increasing w and &) under the same loads. The sensitivity of the sensor
can be defined according to conformal transformation theory [11]:

G A _ h? LB Ewh
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where Ty, is the measured skin friction, AC is the variation of differential capacitance, A is
the area of the floating element, 3, v, ¢g and E are the elastic deformation parameters of
the torsion beam, respectively, w, I; and h are the length width and thickness of the silicon
beam, and /g and h; are the gaps of the capacitor and the height of the floating element as
a force arm. To fabricate the high-performance skin friction sensor for a shock wind tunnel
experiment, the sensitivity and the natural frequency were considered together.

To obtain the main structural parameters of the silicon beam and the floating element,
three-dimensional FEA models of the sensor head structures were built with the help of
FEA software, using our previous parameters. The optimized three-dimensional FEA
model of the sensor head structure is shown in Figure 2a.

(a) (b)

Figure 2. (a) Three-dimensional FEA model of the sensor head structure; (b) the normal deformation
of the vibrating plate under 2000 Pa equivalent loads.

Combining the designed indexes and our previous research results, we determined
that increasing the width of the silicon beam was key to improving the stiffness of the
sensor head structure. To ensure the working state of the torsion beam, the width was
not allowed to exceed its thickness (the thickness of the wafer was about 500 um). The
natural frequency of the sensor head with different widths of the silicon beam is shown in
Figure 3a. It can be seen that the natural frequency of the sensor head was from 410 Hz to
1000 Hz as the width of the silicon beam was increased from 180 pum to 420 um. However,
the natural frequency increase tended to slow down when the width of the silicon beam
was increased to 420 um. Meanwhile, the sensitivity of the sensor was down 90 percent
by Equation (2). The maximum width of the beam can be determined as 420 um without
considering the sensitivity of the sensor in this work.

41



Micromachines 2022, 13, 234

1000

T T T T T 1400 T T T T T
¢ L-2000-h-500-h -7900 o L-2000-w-420-h-500
—  e00f _
N N 1300
z . =
5 5
c 0 £
g g 1200 [ o
g o * g
5 5 1100 [ b
® el ® o
c o c
2 2
= s} = 1000 |
400 o L L L L L L . s s L
150 200 250 300 350 400 450 500 6500 6750 7000 7250 7500 7750 8000
Width of the beam ( pm) Height of the force arm ( pm)
(@) (b)
T T T T T T T 3200 T T T T
2800 £ 0 L-2000-w-420-h-500-h -6500 g - ¢ w-420-h-500-h,-6500
N o
L I
= = 3000} 1
5« 2400 E 3
§ §
g = 2800 |- 4
= -3
© 2000 4 e
® ®  woof g
5 3
2 2
© .3
£ 1600 - £ 2700 - 1
2 £
k= 2600 | 4
1200 | 4
1 1 1 L 1 Il L 2500 % g L : :
400 600  BOO 1000 1200 1400 1600 1800 2000 o fage 140 1800 e 90 210
Thickness of the floating element ( pm) Lenath:otthaibeam {som)
(©) (d)

Figure 3. The variation of the natural frequency with different structure parameters of the sensor
head: (a) the width changes of the silicon beam; (b) the height changes of the force arm; (c) the
thickness changes of the floating element; (d) the length changes to the silicon beams.

To further enhance the natural frequency, the height of the floating element as a force
arm and the mass of the floating element were reduced. The frequency increased from
1000 Hz to 1250 Hz as the height of the force arm was decreased from 7900 um to 6500 pm,
as shown in Figure 3b. It can also be seen that reducing the force arm had little effect on
improving the natural frequency of the sensor head. The reason is that the reduction of the
length of the floating element has little effect on the overall quality of m.

Therefore, reducing the thickness of the floating element can quickly reduce its over-
all mass to improve the natural frequency of the sensor, as shown in Figure 3c. How-
ever, the rapid reduction of the overall mass led to the rapid reduction of the equivalent
torque and the sensitivity. Combining the influence rule of the skin friction measurements
model [12,13] and the precision machining process, the thickness parameters of the floating
element were determined as 450 pm in this work.

The influence of the length of the beam on the natural frequency of the sensor was also
simulated, as shown in Figure 3d. The simulation results show that the natural frequency
of the sensor head increased linearly with the decreasing length of the beam.

Finally, to increase the natural frequency of the sensor to over 3000 Hz, the main
structure parameters were achieved, as shown in Table 1.

Table 1. The main structural parameters of the sensor.

Width of Silicon

Length of Silicon

The Thickness of = Diameter of the Thickness of Height of

Beam the Silicon Beam  Floating Element  Floating Element  Floating Element Gap of ?;%’adtor
(um) (um) (um) (um) (um) w
400 500 5000 450 7000 10

Meanwhile, the skin friction 7, was equivalent to the shear stress load on the surface
of the floating element in the finite element simulation. The displacement of the differential
capacitor plate under 2000 Pa loads is shown in Figure 2b. It can be seen that the maximum
normal deformation of the edge of the vibrating plate away from the torsion beam was
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+1.06 um and —1.05 pm, respectively. To ensure the good linearity of the sensor in the total
measurement range, the gap of the differential capacitor was larger than 6 pm. In this work,
the gap of the differential capacitor was designed as 10 um, and the initial capacitance was
about 9 pF by calculation. At the same time, the design sensitivity was about 2.5 Pa/{F in
the range of 0-2000 Pa by Equation (2).

3. The Fast Readout Circuit Design

Considering the previous simulation and calculation results, the variation of the
capacitance under the skin friction load was very small, within 0.01~1.00 pE. Thus, the
circuit needs not only high measurement precision but also a high detection frequency for
a shock tunnel with the short time of a few milliseconds. To improve the measurement
precision, the signal wire between the sensor head and readout circuit were as short
as possible, thus, the readout circuit was integrated with the MEMS chip, as shown in
Figure 4a. The relationship between the detection frequency and the measurement accuracy
of the sensor was contradictory. It was key to select a weak capacitance detection chip
with a high detection frequency and measurement accuracy. The readout circuit included
weak capacitance testing, and the processing circuit part and the software real-time display
part were designed in this work. A Pcap01 chip is an application-specific integrated
circuit for a MEMS capacitance sensor with a low-power capacitance-to-digital converter
with a wide input range (fF to nF) and versatile configuration options, and it can be
configured for the highest sampling rates of up to 500 kHz, the lowest current consumption
of down to 2 uA, or the lowest noise of 15 aF (RMS). In this work, the capacitance signal
testing and processing circuit were mainly composed of a Pcap01 chip and single chip
(STM32F411CEU6) due to the limitation of the volume, as shown in Figure 4b, which
was fabricated by a precision ceramic micro-strip circuit process. The real-time detection
and display functional interfaces of the MEMS skin friction sensor were designed using
LabVIEW software, as shown in Figure 4c.

Although the measurement accuracy deteriorated with the increase in sampling fre-
quency, the readout circuit for the MEMS skin sensor still had sufficiently high detection
accuracy at 3000 Hz to meet the testing requirements in a shock wind tunnel. The resolution
was about 10 Pa by static calibration test using a centrifugal force equivalent method.

The components of the MEMS skin friction sensors, including the MEMS chip, floating
element, signal readout circuit, and package shell, were fabricated using MEMS and
precision machining process technology. MEMS chips were fabricated using the MEMS
process, which consists of a silicon structure and glass electrode substrate. The photo of
a single chip is shown in Figure 5a. The signal readout circuit was fabricated by precise
microstrip circuit technology to ensure the precision of the components and processing.
The photo of the ceramic circuit board is shown in Figure 5b. The material of the floating
elements and package shells was aluminum alloy to be consistent with the test model
material. The precision turning and milling technologies with 10 um geometrical precision
were used to fabricate the floating element and package shells. A photo of the separate
components is shown in Figure 5c.

The accuracy of the skin friction measurements is very closely related to the assembly
error of the sensor and the flow characteristics of the measured wall [11]. To reduce
assembly error, a micro-assembly method for MEMS skin friction sensor assembly based
on visual alignment was developed in our previous work [10]. The key parts mainly
included the floating element and MEMS chip assembly, the MEMS chip and readout
circuit assembly, and the sensor head and package assembly, which are shown in Figure 5d.
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Figure 4. (a) Schematic of the readout circuit integrated with MEMS chip; (b) the PCB of the circuit;
(c) the display functional interfaces for the MEMS skin friction sensor.
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Figure 5. The photos of the separate components for MEMS sensor (a—c); (d) the micro-assembly
processes for MEMS sensor; (e) the coaxiality measurement for sensor; (f) the photo of the assem-

bled sensor.

The assembly results show that the assembly error can be well controlled by using
visual alignment and a micro-operating assembly system. The coaxiality of the MEMS skin
friction sensor was very good, and the error was only 2 um by calculating pixels, as shown

44



Micromachines 2022, 13, 234

in Figure 5e. A photo of the sensor with good electrical characteristics and small assembly
error is shown in Figure 5f.

4. Static Calibration of the Sensor

The performances of the MEMS skin friction sensor were determined after assembly.
With an experiment of static loading force, the static performance parameters of the sensor
were obtained. Due to the small skin friction and volume of the MEMS sensor, the centrifu-
gal force equivalent method and a single-spindle rotary loading platform were adopted
to statically calibrate the sensor [11]. The static calibration system for the sensor is shown
in Figure 6.

im \
‘Difference value |

Figure 6. (a) Control system of the loading platform; (b) rotary loading platform in vacuum environ-
ment; (c) signal real-time detection, storage, and display window of the MEMS skin friction sensor.

The MEMS sensors were fixed onto a turntable in a vacuum environment, as shown in
Figure 6b. The skin friction sensed by the floating element was in some cases equivalent
to the rotating speed of the turntable when the structure parameters of the sensor were
determined. Then, the relationship between the equivalent friction and capacitance were
obtained. The variation of capacitance under the equivalent friction loads was displayed
and stored in real time, as shown in Figure 6c.

The maximum equivalent load was set to 1000 Pa, which was limited by the rotating
speed of the turntable. The output response of the MEMS skin friction sensor under
different equivalent loads is shown in Figure 7. The detection limit of the sensors was
determined by the head structure of the sensor and the noise of the readout circuit. The
inset shows the responses of the sensor under small equivalent loads. It can be seen that
the response curve displays a clear stepwise increase when the load was increased from
0 to 10 Pa. The resolution of the sensor was better than 10 Pa at the same time.
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Figure 7. (a) The output response of the MEMS skin friction sensor under different equivalent loads;
(b) the output response of the sensor under small loads.

To obtain the repeatability characteristics of the sensor, seven groups of response
values under the same loading conditions were collected and stored at one time. To obtain
the response curve of the sensor under different loads, the response values were averaged
during a steady load. The repeatability curve of sensor #1 under different loads is shown in
Figure 8a. It can be seen that the sensor has good linearity and stability. The linearity and
repeatability are both better than 1% in the range from 0 to 1000 Pa, the sensitivity is about
3.8 Pa/fF, and the detection limit is about 10 Pa. In addition, the inset of Figure 8a shows
the responses of the sensor in a range up to 100 Pa.
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Figure 8. (a) The repeatability curves of sensor #1; (b) the response curves of three sensors under
different loads.

Although all components of the sensors were manufactured in the same batch, the
machining errors and assembly errors still affected the consistency of the sensors. The
response characteristics of the three sensors are shown in Figure 8b. Those sensors also had
good linearity and stability in the range of 0 to 1000 Pa. The sensitivities were 3.8 Pa/fF,
4.3 Pa/fF, and 3.6 Pa/{F, respectively, and the resolution was better than 10 Pa, which met
the needs of the shock wind tunnel experiment.
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5. Conclusions

This paper developed a MEMS skin friction sensor with high detection frequency and
a large measurement range in a shock wind tunnel experiment. With the help of finite
element analysis software, the sensor head structure of an MEMS sensor was optimized
to enhance the natural frequency to 3000 Hz. A key factor was to quickly increase the
natural frequency of the sensor head with coarse-tuning by increasing the width of the
beam and reducing the mass of the floating element. Then, the length of the torsional
beam and the floating element as the force arm was used to achieve fine-tuning. However,
the sensitivity deteriorated rapidly with the increasing natural frequency. In addition, to
meet the testing requirement in the shock wind tunnel with a short test duration (a few
milliseconds), it was key to design a weak capacitance detection circuit with high detection
frequency and measurement accuracy. The readout circuit of the sensor was designed and
integrated with the sensor head. The components of the sensor, including the MEMS chip,
floating element, signal readout circuit, and package shell, were fabricated by using various
micro-mechanical processes.

The sensors were assembled using micro-assembly technology based on visual align-
ment with small assembly errors. The coaxiality of the MEMS skin friction sensor was very
good, and the error was only 2 um. This is the main reason for the good manufacturing
consistency of the sensor.

Then, the static performance parameters of the sensor were obtained using the centrifu-
gal force equivalent method and the single-spindle rotary loading platform. The calibration
results show that the sensors have good linearity and stability in a range from 0 to 1000 Pa.
The repeatability and linearity of static calibration for sensors are better than 1%, and the
resolution is better than 10 Pa at the 3000 Hz detection frequency of the sensor. Due to the
maximum deformation values of the vibrating plate under 2000 Pa being only 10 percent of
the differential capacitor gap, the sensor will have good linearity in a large range (greater
than 2000 Pa). Moreover, the gap of the differential capacitor is also one of the important
parameters affecting the sensitivity of the sensor. The reduction of the capacitance gap is a
key factor to quickly enhance the sensitivity of the sensor. For example, the sensitivity will
double with the decrease of the gap of the capacitor from 10 pm to 7 um in future work.
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Abstract: Magnetic sensors actuated by bulk acoustic wave (BAW) have attracted extensive attention
due to the fact of their high sensitivity, GHz-level high frequency, and small size. Different from
previous studies, suppression of energy loss and improvement in energy conversion efficiency of the
BAW magnetoelectric (ME) sensor were systematically considered during the device design in this
work. Finite element analysis models of material (magnetic composite), structure (ME heterostruc-
ture), and device (BAW ME magnetic sensor) were established and analyzed in COMSOL software.
Additionally, the magnetic composite was prepared by radio frequency magnetron sputtering, and its
soft magnetism was characterized by magnetic hysteresis loop and surface roughness. The research
results demonstrate that after inserting four layers of 5 nm Al,Oj3 films, a performance of 86.7%
eddy current loss suppression rate, a less than 1.1% magnetostriction degradation rate, and better
soft magnetism were achieved in 600 nm FeGaB. Furthermore, compared with other structures,
the two-layer piezomagnetic/piezoelectric heterostructure had a better ME coupling performance.
Eventually, the design of the BAW ME magnetic sensor was optimized by the resonance-enhanced
ME coupling to match the resonance frequency between the magnetic composite and the BAW
resonator. When a 54,500 A/m direct current bias magnetic field was applied, the sensor worked
at the first-order resonance frequency and showed good performance. Its linearity was better than
1.30%, the sensitivity was as high as 2.33 umV /A, and the measurement range covered 0-5000 A /m.

Keywords: magnetic sensor; bulk acoustic wave; magnetic composite; ME heterostructure; resonance
enhanced; magnetoelectric coupling

1. Introduction

Strong strain-mediated magnetoelectric (ME) coupling in magnetic/electric heterostruc-
tures have demonstrated good energy conversion between magnetic and electric fields. It
shows great potential for practical devices such as sensors and tunable radio-frequency
(RF)/microwave devices. The ME coupling effect is derived from the piezoelectric effect of
the piezoelectric phase and the magnetostrictive effect of the piezomagnetic phase [1,2].
Generally, there are two types of ME heterostructures: bulk ME composites and thin-film
ME heterostructures. Over the last two decades, many magnetic sensors with bulk ME
composites have been reported; however, the device size was at the cm level or larger
and difficult to reduce in size [3-5]. Compared to the bulk composites, micro-magnetic
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sensors based on thin-film ME heterostructures driven by acoustic waves have become a
hot topic for their advantages of miniaturization, excellent elastic interactions, low cost,
and the potential capability to integrate with conventional complementary metal oxide
semiconductor (CMOS) technology [6-9]. Two types of magnetic sensors actuated by
acoustic waves have been demonstrated: surface acoustic waves (SAWs) and bulk acoustic
waves (BAWs). The sensor based on the SAW type is limited to working in the low- and
medium-frequency band of kHz or measuring static/quasi-static magnetic field signals,
although its static sensitivity is pretty high [10-15]. Whereas the sensor based on BAW
excitation has attracted tremendous attention in recent years because of its high-frequency
characteristics, high power capacity, and high energy conversion efficiency. The mechanism
of the BAW ME magnetic sensor is shown in Figure 1; when the external RF magnetic
field acts on the magnetostrictive material, strain occurs due to the magnetostrictive effect.
Furthermore, because of the ME coupling between the piezomagnetic and piezoelectric
phase, the strain transmitted to the piezoelectric material induces the longitudinal piezo-
electric effect, resulting in positive and negative opposite charges on the opposite surface
of the piezoelectric material, which are output by the electrode as a voltage. Especially, the
ME coupling between the two types of films via elastic interaction becomes maximum at
the mechanical resonant frequency of the heterostructures. Such resonance enhanced ME
coupling greatly benefits the performance of the BAW ME magnetic sensor.

@ Material: magnetic composite
Eddy current loss

Soft magnetism
@ Structure: ME hetertostructure
Input: ) ME coupling
Magnetic field Loading effect
Output:
Voltage ™% Electrode

@® Device: BAW magnetic sensor
Supporting layer Resonator-enhanced ME coupling
Air cavity Device design

Figure 1. Mechanism of the BAW ME magnetic sensor and the optimizing method of the sensor’s
performance by fine-tuning the design of the material, structure, and device to improve the energy
coupling efficiency and decrease the energy loss.

Much effort has been focused on the experimental and theoretical investigations of the
BAW ME magnetic sensors. Hui et al. reported a MEMS resonant magnetic field sensor
based on an AIN/FeGaB bilayer nano-plate resonator [16], ME coupling by depositing a
composite ME heterostructure of a monolayer AIN/10 layers FeGaB/Al,O3 on an AIN
CMR, and a ME structure based on nano-plate resonators was reported by Nan et al., which
had good magnetic resolution [17,18]. Simultaneously, some works through modeling and
simulation methods are also demonstrated. Wu et al. reported a flexible magnetic sensor
based on a BAW resonator, the equivalent Mason model of the sensor circuit was established,
and its sensitivity was improved by selecting the electrode of giant magnetostrictive
material with a large frequency offset [19]. Martos et al. proposed a circuit simulation
model of a novel miniaturized magnetoelectric antenna which is applied in low-power
sensing [20]. However, there is little systematic research on the material, structure, and
device simulation and performance optimization of the micro-magnetic sensor based on
BAW actuation yet [21-23].

In order to design and optimize the BAW ME magnetic sensor, as shown in Figure 1,
this paper proposes a method to decrease the eddy current loss of the magnetic composite
and improve the energy coupling of different layers in the device by finite element analysis
(FEA) simulation and experiments. Additionally, models of material (magnetic composite),
structure (ME heterostructure), and device (BAW ME magnetic sensor) were established
and analyzed. Meanwhile, the magnetic composite was prepared by the RF magnetron

50



Micromachines 2022, 13, 206

sputtering method and characterized to optimize its soft magnetism. Eventually, the design
of a BAW ME magnetic sensor with higher sensitivity and better linearity can be achieved.

2. Materials and Methods

As shown in Figure 2a, a 3D simulation model of the magnetostrictive layer (Fe-
GaB) was built in COMSOL Multiphysics software, and parameters of the films were
referenced from data from Northeastern University. A magnetic field, Hy, and an electric
field, Ex, were applied to the magnetostrictive layer in an air-filled cavity to generate
high-frequency dynamic magnetic flux, which induced eddy current loops and magne-
tostriction in Figure 2a(i). The alumina films with different thickness (0~100 nm) and layers
(0~10 pieces) were uniformly inserted into the magnetostrictive layer to form a magnetic
composite in Figure 2a(ii), which induced a dramatic decrease in the eddy current density
and somehow degradation of the magnetostriction in Figure 2a(iii) [24,25]. Furthermore,
the thickness of the composite film was optimized in the range of 0~3000 nm. In order to
characterize the soft magnetism of the magnetic composite, FeGaB (600 nm) and (FeGaB
(120 nm)/Al,O3 (5 nm))4/FeGaB (120 nm) were layer by layer deposited on the SiO,
substrates with 100 Oe bias field by an RF magnetron sputtering tool at the frequency of
13.56 MHz, there was no vacuum broken between the FeGaB and Al,O3 deposition. The
sputtering power was RF 80 W for FeGaB and RF 90 W for Al,Os, while the sputtering
pressure and base pressure were 0.7 and 4 x 10~* Pa, respectively. The cross-section and
diffraction pattern were characterized by TEM (transmission electron microscope) and EDX
(energy-dispersive X-ray spectroscopy). Magnetic hysteresis loops and surface roughness
were tested by VSM (vibrating sample magnetometer) and AFM (atomic force microscope),
respectively. Furthermore, the permeability of the magnetic composite was measured by
ESR (electron spin resonance).

i T i
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oops
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_ airfilled cavity ~layer
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Figure 2. FEA models in COMSOL software. (a) Material: the magnetic composite, (i) a 3D model
in an air-filled cavity for eddy current and magnetostriction simulation; (ii) magnetic composite—
FeGaB inserted by alumina layers; (iii) suppression of eddy current loss—eddy current loops isolated
by uniformly laminated alumina in FeGaB. (b) Structure: ME coupling effect of the piezomag-
netic/piezoelectric heterostructure. (c) Device: resonance frequency matching between the FMR of
the magnetic composite and the resonance frequency of the BAW resonator.
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Suppression rate (%)

As shown in Figure 2b, the structure based on the 2-5 layer ME heterostructure was
simulated in the COMSOL Multiphysics software [6]. The FEA models of the ME het-
erostructure, including the piezomagnetic phase, piezoelectric phase, and air domain, were
constructed by coupling the magnetic field, solid mechanics module, and electrostatic
module in the 3D geometric model. The strain, ME coefficient, and voltage were sim-
ulated and compared under the conditions of DC bias to optimize the structure of the
ME heterostructure.

As shown in Figure 2¢, based on the optimization result of the material and structure,
an FEA model of the magnetic sensor was constructed to analyze resonance enhanced ME
coupling between ferromagnetic resonance (FMR) of the magnetic composite and resonance
frequency of the resonator by fine-tuning the device size. Eventually, the design of the
BAW ME magnetic sensor was finalized, and the sensitivity, linearity, and full scope of the
sensor were optimized.

3. Results and Discussion
3.1. Material Design: Magnetic Composite
3.1.1. Eddy Current Loss

As shown in Figure 3a, the suppression rate of the ECL increased sharply with the
increase in Al,O3 thickness; then, it reached its saturation value at a thickness of 10 nm. In
particular, at a thickness of 5 nm, the suppression rate reached 98.5% of the saturation value,
but its overall suppression value was not higher than 66.8%. Therefore, the effective ECL
suppression could not be achieved yet just by increasing the thickness of the Al,O3 film. At
the same time, the degradation rate of the strain tensor kept increasing almost linearly with
the increase in the thickness of the Al,Os film. After inserting a single 5 nm Al,Os film,
the degradation rate of strain tensor could be controlled within 1.6% and obtained a 66.8%
saturated suppression rate of ECL.

—O— Eddy current loss

—&— Magnetostrictive

20 40 60 80
Al,O; thickness(nm)

(@)

100 20 100 20

< < Q 3 -
g g g g S
o ~ 80| 80 15 =
9 ] {115 8 K] 1 o

4 -
© © © © [
s S 60| = = 60 c
c c c < c
] o —O0— Edd ¢l 110 © ° —O— Eddy current loss 110 §
=] ‘5 a0l ly current loss 'S 2 40 o 2
[} a 4 \ ] 4 —2&— Magnetostrictive ©
T Q —A— Magnetostrictive b -] o L]
g s s © S 15 ®
= o = 20 -
(=) o 20 F <) o )
a E] @ a @

v o, X N . . o O P SR A Juwn. Juww o SO =

100 0 2 4 6 8 10 [} 500 1000 1500 2000 2500 3000
Al,O; layers(pcs) Composite Thickness (nm)

(b) (c)

Figure 3. Suppression of the eddy current loss and degradation of magnetostriction by inserting an
alumina insulation layer into the FeGaB: (a) the thickness effect of the single-layer alumina; (b) the
layer number effect of the inserted 5 nm alumina; (c) the thickness effect of the magnetic composite.

Multi-layer Al,Os5 films were inserted into the magnetic material, and a significant
improvement in the suppression rate can be observed in Figure 3b. The increasing rate of
ECL suppression gradually slowed down and then reached the maximum of 95.6%. To
insert multi-layer Al,O3 with a thickness of 5 nm, a higher suppression rate of over 90% can
be achieved, because the inserted insulation film can separate the eddy current loop into
several weaker ones by limiting the eddy current within a narrower space. Simultaneously,
the magnetostriction degradation rate of the magnetic film increased slowly with the
increase in the number of layers. It was less than 1.8% with 1~4 layers of inserted Al,Oj film;
then, it increased near-linearly beyond four layers, reaching 7.8% for 10 layers. Therefore,
with a trade-off between magnetostriction and ECL suppression, inserting four layers of
5 nm AL, O; films into 1000 nm FeGaB film, the degradation rate of the magnetostriction
was less than 1.8%, and the ECL suppression reached more than 85.1%.
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Magnetic composite
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As shown in Figure 3¢, with the increase in composite thickness, the suppression rate
changed into the shape of a “rainbow”, which is supposed to be caused by the interaction
of the isolation effect and size effect. These two effects alternately dominate before and after
the thickness of 800 nm, respectively. Moreover, less degradation of magnetostriction for
thicker magnetic composites, especially at an ultralow 1.1% magnetostriction degradation
and 86.7% ECL suppression of the composites, was found at a thickness of 600 nm, which
may be enhanced by well magnetic coupling between two laminated magnetostrictive
layers after introducing a certain number of interfaces.

3.1.2. Soft Magnetism

As depicted in Figure 4a, the magnetic composite showed an amorphous state by the
cross-section and diffraction pattern, which can effectively suppress the crystallization and
grain growth of the film. Therefore, the soft magnetism of the composite can be enhanced
by decreasing the magnetocrystalline anisotropy and raising the inter-grain exchanging
coupling [25]. In Figure 4b,c, the magnetic hysteresis loops and surface roughness were
measured to compare the soft magnetism between the FeGaB film and the composite,
and a 98.9% and 35.2% decrease in the coercivity and surface roughness, respectively,
were achieved after inserting the four-layer alumina into the FeGaB film. Magnetostatic
interaction and surface roughness were also considered to play positive roles in improving
soft magnetic properties.
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Figure 4. Soft magnetism of the magnetic composite: (a) the cross-section and diffraction pattern of
(FeGaB (120 nm)/Al,O3 (5 nm))4 /FeGaB (120 nm) by TEM and a comparison of the soft magnetism
between (b) FeGaB and (c) (FeGaB (120 nm)/Al,O3 (5 nm))4 /FeGaB (120 nm) through a magnetic
hysteresis loop by VSM and surface roughness by AFM.

3.2. Structure Design: ME Heterostructure

Under different bias magnetic fields, the energy coupling of the ME heterostructure
was analyzed through the energy conversion of the magneto—electro-mechanical. Its
coupling generated an induced charge on the surface of the piezoelectric layer, resulting in
an induced voltage. Therefore, the structure of the sensor can be optimized by comparing
the strain, ME coefficient, and the output voltage of the ME heterostructures in different
layers. The strain and ME coefficient, cg, are the most important parameters to evaluate
the coupling performance of the ME heterostructure. Their calculation formulas are as
following equations [26]:

S = =[(Vu)! + Vu] @

1
2
_ 0E, _ 9E,
ME = Sy  OH,

2

As shown in Equation (1), Sy, T, and u are the strain tensor, stress tensor, and displace-
ment of the magnetostrictive layer, respectively. The strain of the magnetostrictive layer
varies with its displacement gradient. Therefore, the ME coupling effect of the piezomag-
netic/piezoelectric heterostructure is mediated by strain or mechanical energy. As shown
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in Equation (2), E, is the electric field added along the z-direction, and the DC bias, Hy,s,
is the magnetic field added along the y-direction, Hy. The ME coefficient can be used to
characterize the ME coupling efficiency of heterostructures.

As shown in Figure 5a, the strain in the two-layer structure was the largest. This is
because the strain of the magnetostrictive layer was affected by the displacement gradient
(Equation (1)), and its strain change law was consistent with that of the displacement
gradient. Furthermore, the variation law of the ME coefficient was analyzed under the
bias magnetic field (0~500 Oe) (Equation (2)). The ME coefficient firstly increased and then
decreased with the addition of the bias magnetic field. The two-layer ME heterostructure
with the highest ME coefficient had the highest sensitivity, which also means the best
magnetoelectric conversion efficiency and the largest output voltage. As shown in Figure 5c,
the output voltage value of the two-layer structure was the largest one, too. Therefore, the
structure based on the two-layer ME heterostructure can achieve the best energy coupling.
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Figure 5. With the increase in the bias DC magnetic field: (a) the variation curve of the strain,
(b) the variation curve of the ME coefficient, and (c) the output voltage of the ME heterostructures in
different layers.

In summary, the result demonstrates a two-layer structure for improving the sensitivity
of the magnetic sensor by optimizing its strain, ME coefficient, and the output voltage of
the ME heterostructure layers.

3.3. Device Design: BAW Magnetic Sensor

The permeability of the magnetic composite is shown in Figure 6a, and its resonance
frequency was 1.51 GHz. In order to obtain the highest output voltage by resonance
enhanced ME coupling, the BAW ME magnetic sensor should work at the same reso-
nance frequency [27]. Therefore, the device size, including the thickness of the piezoelec-
tric/magnetic layer and the electrode, needs to be optimized to match the FMR of the mag-
netic composite and the resonance frequency of the BAW resonator. Figure 6b,c show that
the resonance frequency of the sensor can be fine-tuned by adjusting the thickness of the ME
heterostructure and the electrode. As shown in Figure 6d, the resonance frequency matched
well between the BAW resonator (2.65 GHz) and films (piezoelectric 600 nm/magnetic
600 nm; Mo electrode 200 nm) by considering the mass load effect. The first-order and
second-order resonance frequencies of the sensor were 1.51 and 3.60 GHz, respectively.

3.4. Performance Analysis

As shown in Figure 7a, the design of the BAW ME magnetic sensor was optimized,
including the magnetic composite (FeGaB with a four-layer alumina uniformly inserted;
Ta was 5 nm), the structure (two-layer piezomagnetic/piezoelectric heterostructure; h was
600 nm), and the electrode (6 was 200 nm). In order to evaluate the performances of the
magnetic sensor, different DC biases magnetic fields (20,000-80,000 A /m) were applied
to characterize the output voltage and ME coefficients (Figure 7b). The output voltage
at the resonance frequency was significantly higher than that of others; additionally, the
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maximum output voltage at the first-order resonance frequency was larger than that of the
second-order one.
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Figure 6. Design of the magnetic sensor by resonance enhanced ME coupling: (a) permeability of the
FeGaB/Al,O3 composite by ESR and the FMR matching by changing the thickness of (b) the piezo-
magnetic/piezoelectric heterostructure and (c) the electrode; (d) after matching the frequency, the
admittance curve of the two-layer device was obtained by applying an AC voltage to the piezoelectric
layer of the ME heterostructure without a bias magnetic field.

The sensitivity and linearity were the most important parameters to evaluate the BAW
ME magnetic sensor. Their calculation formulas are shown in the following equations:

oV OE,
S=3H, ~ aH, )
xp, = AYmax x 100% 4)
Yrs

As shown in Equation (3), S, V, and h are the sensitivity, output voltage, and thickness
of the piezoelectric phase, respectively. It was found that the sensitivity of the sensor was
dependent on the ME coupling of piezomagnetic/piezoelectric heterostructure, oy, and
thickness of piezoelectric phase, h. In order to obtain good ME coupling, it can thus be seen
that it is extremely necessary to improve energy conversion efficiency and suppress eddy
current loss in the design of the BAW ME magnetic sensor. In Equation (4), ar,, AY max, and
YFs are the linearity, the maximum deviation between the calibration curve and the fitting
line, and the output voltage difference over the full-scale range. Therefore, the linearity
of the sensor was directly related to a selection of the fitting line and a full-scale range. In
this work, the fitting line was obtained by the least squares method. In Figure 7c, it can
be found that the output voltage at the first-order resonance frequency increased to be
the highest and then decreased at the bias magnetic field of 60,000 A/m; meanwhile, the
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sensitivity at the DC bias magnetic field of 54,500 A/m was found to be the highest by the
differential analysis method of the V-H curve. As shown in Figure 7d, a high sensitivity
of 2.33 umV/A, a good linearity better than 1.30%, and a wide measurement range of
0-5000 A/m could be achieved while the DC bias magnetic field applied on the sensor was
kept at 54,500 A/m.
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Figure 7. The performance of the BAW ME magnetic sensor: (a) the finalized design of the BAW ME
magnetic sensor; (b) the output voltage variation at the first-order and the second-order resonance
frequencies; (c) the output voltage and sensitivity at the first-order resonance frequency under
different DC bias magnetic fields; (d) the linearity and the measurement range with a DC bias of
54,500 A/m.

4. Conclusions

In this work, a method was proposed to design and optimize the BAW ME magnetic
sensor; especially, the energy loss suppression and the energy conversion efficiency im-
provement were systematically considered. FEA models of material (magnetic composite),
structure (ME heterostructure), and device (BAW ME magnetic sensor) were established
and analyzed in COMSOL software. Additionally, the magnetic composite was prepared by
RF magnetron sputtering, and its soft magnetism was characterized by magnetic hysteresis
loop and surface roughness.

After inserting four-layers of 5 nm Al,Os films, the performance of an 86.7% eddy
current loss suppression rate, less 1.1% magnetostriction degradation rate, and smaller
coercivity and roughness were achieved for (FeGaB (120 nm)/Al,Os (5 nm))s/FeGaB
(120 nm). Furthermore, the strain, ME coefficient, and output voltage of the heterostructure
were simulated and analyzed. Compared with other structures, the two-layer piezomag-
netic/piezoelectric heterostructure had a better ME coupling performance. Eventually,
the design of the BAW ME magnetic sensor was optimized by matching the resonance
frequency between the magnetic composite and the BAW resonator as the first-order of
1.51 GHz. When a 54,500 A/m DC bias magnetic field was applied, the sensor worked at
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the first-order resonance frequency and showed good performance. The linearity was better
than 1.30%, the sensitivity was as high as 2.33 umV /A, and the measurement range could
cover 0-5000 A/m. With the advantages of the highest energy conversion efficiency based
on resonance enhanced ME coupling and the lowest eddy current loss and the integrated
capability with CMOS technology, the BAW ME magnetic sensor has a bright future for
compact receiving antennas, biomedical application, and the Internet of Things (IoT) due to
the fact of its unique and particular properties. Furthermore, this achievement will further
guide the structural design and performance optimization of other ME coupling devices.
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Abstract: Resonant accelerometers are promising because of their wide dynamic range and long-
term stability. With quasi-digital frequency output, the outputs of resonant accelerometers are less
vulnerable to the noise from circuits and ambience. Differential structure is usually adopted in a
resonant accelerometer to achieve higher sensitivity to acceleration and to reduce common noise at
the same time. Ideally, a resonant accelerometer is only sensitive to external acceleration. However,
temperature has a great impact on resonant accelerometers, causing unexcepted frequency drift.
In order to cancel out the frequency drift caused by temperature change, an improved temperature
compensation method for differential vibrating accelerometers without additional temperature
sensors is presented in this paper. Experiment results demonstrate that the temperature sensitivity of
the prototype sensor is reduced from 43.16 ppm/°C to 0.83 ppm/°C within the temperature range of
—10 °C to 70 °C using the proposed method.

Keywords: resonant accelerometer; temperature compensation; difference

1. Introduction

Microelectromechanical systems (MEMS) accelerometers have been widely used in
many applications, such as mobile devices, gaming, automobile and healthcare [1,2] for its
advantages of small volume, light weight, low power consumption and low cost [3]. How-
ever, MEMS accelerometers still need further development for high precision applications,
such as inertial navigation, tilt measurement and geophysical measurements [4-9]. Among
various kinds of MEMS accelerometers, silicon resonant accelerometers are promising for
high sensitivity, large linear range, low bias instability and so on [10-13]. A silicon resonant
accelerometer converts external acceleration input into modulated frequency output as
the acceleration will change the stiffness of resonator. With frequency modulation output,
the signal is easy to measure and not vulnerable to the circuit noise [14,15].

To reduce common noise and improve the sensitivity to external acceleration, differ-
ential structure is often adopted. Ideally, the frequency of the resonator is only sensitive
to the external acceleration. However, the material of differential vibrating accelerom-
eters, normally single crystalline silicon, is temperature dependent, causing the device
to be sensitive to temperature as well [16,17]. Moreover, the temperature sensitivity of
the two resonators in an accelerometer may be different due to process and fabrication
tolerances. To improve the performance against temperature, two typical approaches are
explored. One way is to keep the temperature in the accelerometer stable with an inner
oven [18-21]. Salvia presented a real time temperature compensation for MEMS oscilla-
tors using an integrated oven, achieving a frequency stability of &1 ppm from —20 °C to
+80 °C. Yang adopted a micro oven-control system to keep temperature in inertial sensors,
providing the temperature-induced root of sum of squares bias error 1.920 mg from —40 °C
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to 85 °C for three-axis accelerometers in their Invensense MPU-6050. Another way is to
remove the side effects caused by temperature change with thermal compensation [22-24].
In [22], an integrated temperature sensor is set to sense the temperature and the compensa-
tion algorithm is implemented in FPGA. The zero bias is reduced from 345 mg to 1.9 mg
over the temperature range from —10 °C to 80 °C. The work presented in [23] uses an
additional resonator to sense the temperature and the result is used to make temperature
compensation. Temperature is captured and a temperature compensation algorithm is
implemented to make electrostatic stiffness control to cancel out the side effects caused
by temperature change in [24], achieving about 100 times the improvement compared to
without compensation. In the first way, an oven is needed additionally, and a heating
controller as well. The heating controller and the oven form a closed loop for tempera-
ture, where the heating controller can sense the temperature and control the oven power,
making the temperature a constant, thus removing the side effects caused by temperature
change. An inner oven means not only a more complex system, but also higher power
consumption. The second way is a usual alternative method to cancel the thermal affection.
Aiming to compensate the impact of temperature fluctuation, a thermometer used to make
a real-time measurement of temperature and a compensation algorithm used to cancel
the side effect of temperature are required in the second method. The main drawback of
using a temperature sensor is that temperature measurement error and thermal lags are
inevitable. Besides the two typical methods mentioned above, there are some other novel
approaches proposed to improve performance. Behbahani et al. proposed a wafer-level
technique that can tune the frequency of axisymmetric resonators precisely and reduce the
frequency mismatches of a subset of the wafer’s resonators greatly [25]. An in situ bias
drift compensation by using multiple rate measurements derived from a single resonator
has been proved to be effective for reducing bias drifts caused by temperature in work [26].
These novel approaches are either in need of additional process steps or difficult to be
applied on MEMS resonant accelerometers.

To overcome the drawbacks mentioned above, we proposed an improved approach
called proportional difference to accomplish the thermal compensation in a differential
vibrating accelerometer with recognition of approximate linear drift in frequency caused
by temperature change.

2. Architecture and Temperature Sensitivity Analysis of the Sensor

The schematic of the accelerometer is shown in Figure 1. Two double-ended tune fork
resonators are connected to the proof mass through a pair of micro-lever force amplifiers
on each side. The two resonators are driven and sensed by parallel-plate capacitor at
two sides of the resonators. External acceleration will generate a force through the proof
mass. This force is applied on and amplified by the micro-lever, and then acts on the
resonator of each side, causing stiffness change of resonators and making their resonant
frequency change with the external acceleration. As the force direction is opposite for the
two resonators, a differential effect is achieved.

The device is fabricated using silicon-on-insulator (SOI) foundry process and vacuum
packaged by wafer-level package. Some parameters of the accelerometer are summarized
in the Table 1.
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Figure 1. Schematic of the accelerometer.

Table 1. Parameters of the accelerometer.

Parameter Value
Device thickness 40 um
Length of CC resonant beam 400 pm
Width of CC resonant beam 6 um
Gap of resonant beam 2 um
Quality of proof mass 1.50 mg
Quality factor 15,600
Resonant frequency 1 (at 30 °C) 197.2495 kHz
Resonant frequency 2 (at 30 °C) 195.6092 kHz
Scale factor of resonator 1 512Hz/g
Scale factor of resonator 2 508 Hz/g

The resonant frequency of the resonator is affected by temperature for many factors,
where the temperature sensitivity of elasticity is considered mainly responsible for tem-
perature drift in frequency in our accelerometer. In general, the elasticity of a material is
represented by the Young’s modulus (E). The change in Young’s modulus with tempera-
ture is designated as temperature coefficient of elasticity (TCE) and the expression of the
temperature-dependent Young’s modulus can be given by:

E = E(298.15K) (1 —6.382 x 107°AT — 5.199 x 10—9AT2) 1)

The change of temperature will also lead to thermal expansion of the silicon, which
can be expressed by thermal expansion coefficient (TEC).

TEC(T) = —4 x 1071272 + 8 x 107 7T + 4.7 x 1077 )

The size of the resonant beam will change with temperature, which can be calculated by:

L(T) = Lo + Lo(T — Ty)eTEC(T) 3)
w(T) = wy + wO(T - To)OTEC(T) 4)
I(T) = o + ho(T — Ty)eTEC(T) ®)
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where L is the length of the beam, w is the width of the beam and # is the height or thickness
of the beam. Then, the resonant frequency can be estimated as following with considering
of the effect caused by temperature.

2
fzzﬁLZ ,%
o 2 E(To)l 1 9E 2 E(To)I 51 0L(T 10h(T 1 0w(T
= f(To) + o B iy AT + o VB (555 + 1 5P + 12 )aT (0)

2
~ f(To) + b/ B9 sty SRAT = f(To) + ke (To) AT

where E is Young’s modulus of the material, I. is moment of inertia, A is the cross-sectional
area of the beam, p is the material density. Both change in Young’s modulus and in geometry
with temperature can cause drift in resonant frequency. The sensitivity to temperature is
nearly —8 Hz/°C due to the change of Young’s modulus with temperature and —0.1 Hz/°C
for thermal expansion in geometry size. The temperature sensitivity caused by change of
Young’s modulus kg is also relative to the geometry as:

kE = kE(LO, wo, ho) +

g2 [E(To)ly 1 aE< 5AL 1Aw Ah) -

2ni2\| TpAy 2E(Ty)aT\ 2L 2w o

According to Equation (7), the relative change in length of the resonator would make
the most change to temperature sensitivity, and the relative change in thickness would
make the least.

To get the characteristic of resonant frequency drift caused by temperature variations,
a finite element multiphysics (FEM) simulation was taken with COMSOL (COMSOL Lnc.,
Stockholm, Sweden). Figure 2 shows the result of the simulation. Over the temperature
from —40 °C to 80 °C, a linear approximation is fairly good over the range with a residual
norm no more than 0.44841 Hz, corresponding to 0.018 ppm/°C, which is quite small.

2 048 10° ——r
N . *  simulation |
_:I;‘ 2.046 ~—— linear approximation
52,044 S— ]
S2042f P
g 004l linear approximation: -
£ 2 y = -5.868" + 2.059x10°

2.038 : ' ‘

250 300 350
temperature/K

(a)

0.2 +| residual norm=0.44841Hz ‘

S
o

residual error/Hz
o
|
|
{
{
|
Il

250 300 350
temperature/K
(b)
Figure 2. (a) frequency drift caused by Young’s modulus and thermal expansion with temperature
and linear approximation, (b) residual error between simulation and linear approximation.

3. Temperature Compensation
3.1. Temperature Model of Sensor and Method for Temperature Compensation

To improve the sensitivity to external acceleration of a MEMS resonant accelerome-
ter, differential frequency output is often adopted, which has the opposite sensitivity to
external acceleration, but the same direction sensitivity to temperature. The dependency of
frequency on temperature has an approximately linear relationship for single crystalline
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silicon in a large range as discussed before. So, the output frequency of the two differential
outputs may be expressed as follows with considering of the impact of temperature in
frequency drift of a MEMS resonant accelerometer based on differential output.

{f1:f10+5F1ﬂ+k1T ®)
fo=f20+Sp2a+k T

Sr1 >0,Sp2<0;k1<0,k2<0 (9)

where f; and f; are the resonant frequency of the resonators respectively, Sr1, Sp are the
scale factors for the resonators to the external acceleration and k1, k; are the temperature
factors. The absolute value of scale factor Spq and Spy or temperature factor ky and kp
are ideally equal to each other, but there may be some difference due to process devia-
tion and other reasons. To implement temperature compensation, this work proposed a
self-temperature compensation method called proportional difference without additional
temperature sensor. The main idea of the promoted approach can be formulated as

df = fi—afo = fy+ (Sp1 — aSpa)a+ (k1 —aky)T (10)
_

X = % (11)

fo = fro —afa (12)

The impact on frequency drift caused by temperature can be cancelled by the propor-
tional difference of the two resonators within an accelerometer. « is called as temperature
difference-ratio in this paper, and it is always a positive value as k1, k; have the same sign
in an accelerometer, ensuring Sr; — aSry be nonzero for the fact that Sp; and Spp have
opposite signs to each other because of the opposite sensitivity to the external acceleration.
Without considering temperature compensation, the two resonant frequencies are made
different directly to achieve external acceleration. This conventional method is called direct
difference in this paper in contrast with the proposed approach.

3.2. Calibration of Temperature Difference Ratio

With the linear model, a self-calibration of temperature difference-ratio is proposed.
In a typical way, a set of output frequencies from both resonators at N different temperature
are recorded and linear fittings between frequencies and temperature are made to get the
parameter k1, ky of the temperature model. In this process, a temperature chamber which
can keep and monitor the temperature precisely as expected is necessary. Manual operation
is required in most steps for the duration. This work proposed a simpler approach by
calculating the temperature difference ratio directly using the least squares method instead
of computing temperature factors of both resonators. For the zero-bias of the proposed
approach of thermal compensation:

fi(T)la=0 = afa(T)|a=0 + fp (13)

Because both « and f; are independent of the value of temperature, a group of
frequencies from the two resonators in different temperatures would be sufficient, which
means much more convenience and simplicity in operation.

fo(T1)]p— 1 fi(T1)|a=o
f2(T%)|g:o 1 y < ;; > _ fl(Tzz)la:o 14)
fo(T)la—o 1 fi(T)lazo
then
(J‘i; ) — (ATA) 'ATB (15)
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where
f(T1)]— 1 1(T1)],=
A fz(Tzz)\ﬂ:o? B fl(Tz:)a:O 16)
ATl 1 ATl

With the proposed calibration method, equipment which can change temperature
meets the need. No additional temperature sensor is required to measure the temperature,
which means no error caused by temperature measurement error and thermal lags. In this
paper, a procedure of recording frequencies from the two channels during a process of
cooling down while keeping the external acceleration as zero is implemented to calculate «
and f},. Using the proposed approach, the process can be simplified as Figure 3b shows,
where little manual operation is needed.

Start
n=0
Y

Manual operation

( Start )

Manual operation ¢

—» Set to a new temperature

]
Wait for temperature steady | Settoa hlgh. temperature |
for a duration to eliminate |

thermal lag Y
¥ Sample and record the

resonant frequency of
both resonators as the
temperature cools down

Record temperature and the
resonant frequency of both

resonators

(n++) -
Calculate the ratio-
difference using least

Y
¢ squares method
N
¥ end

Get k1,k2 by linear fitting

(a) (b)

Figure 3. (a) Calibration of temperature factor. (b) Calibration of temperature difference ratio.

4. Experiments and Results
4.1. Experimental Setup

Each resonator is capacitively excited by an oscillator circuit. The photograph of
driving circuit and accelerometer is shown in Figure 4a and the schematic of the circuit is
shown in Figure 4b. A 10 V DC voltage is applied to provide bias, with a 5 mV AC voltage
applied across the electrodes of the parallel-plate capacitor to generate actuating force,
driving the resonator. TIA (Trans-Impedance Amplifier) converts the movement current to
voltage as the input of the oscillation loop. An AGC is used in every oscillation loop to
provide a stable amplitude of oscillation, aiming to reduce the phase noise and limit the
loop gain [27].
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Figure 4. (a) Photograph of driving circuit PCB (Printed Circuit Board) and packaged accelerometer. (b) Schematic of

driving circuit.

The device consisting of accelerometer and driving circuit was placed in the temper-
ature chamber with a thermometer monitoring the temperature. A DC (Direct Current)
power source was used to supply power for the device and two frequency counters
(Keysight 53230A, Keysight Technologies, Santa Rosa, CA, USA) were used to measure
the oscillating frequencies from the two differential resonators. The test platform and
temperature chamber are shown in Figure 5a,b, respectively.

Frequency counter

Temperature
chamber
L1 Accelerometer
and driving
circuit —
Thermometer
(a)

Figure 5. (a) The platform for temperature test. (b) Temperature chamber.

4.2. Results and Discussion

To prove the proposed approach of calibration, an experiment of getting temperature
factor ki, kp and calculating temperature difference ratio by ki /ky was performed as well.
The accelerometer was put in the temperature chamber, —10 °C to 70 °C with a 10 °C
step is set, and the frequency of the two resonators is recorded after two hours, when the
temperature becomes steady, to eliminate the thermal lag.

Then a linear fitting between frequency with temperature is made for each resonator,
as shown in Figure 6a,b. Results show that f; has a sensitivity of —8.777 Hz/K and f; is
—7.615Hz/K.
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Figure 6. (a) Calibration of temperature factor for resonator 1. (b) Calibration of temperature factor for resonator 2.

Then, an experiment of dynamic temperature ramp down has been performed and
the temperature difference ratio is calculated by proposed approach of calibration. After
the temperature reached to 70 °C, the target temperature was set to —10 °C. The output
frequency of both resonators was sampled at an interval of 50 ms and recorded as the
temperature dropped down. The temperature difference ratio was calculated using the
recorded frequencies from both resonators. The results of temperature difference ratio
calculated by the two methods are summarized in Table 2. The proposed approach is
proved to be effective according to the result by calculating with kq /k».

Table 2. Calculated temperature difference ratio through the two method.

Temperature Factor1 Temperature Factor 2 Temperature Difference

Ratio
ki/ko —8.777 —7.615 0.867
proposed ~ ~ 0.878

To verify the approach of temperature compensation, another temperature ramp down
experiment was taken. In the experiment, the temperature difference-ratio calculated by
the proposed approach was used for compensation. The temperature is set to 70 °C for
a duration of 2 h. Then target temperature of the chamber was set as —10 °C, making
temperature cool down to —10 °C in about 6 h. The frequencies, measured by Keysight
53230A, of the two output signals were recorded at a time interval of 50 ms for the duration,
and the proportional difference proposed and direct difference were implemented with
the output frequencies, respectively. In Figure 6, resonator 1 and resonator 2 showed
43.16 ppm/°C and 38.48 ppm/°C drift without any temperature compensation, respec-
tively. A comparison between direct difference and proportional difference proposed is also
shown in Figure 7. The direct difference can reduce the drift to 5.26 ppm/°C as it can offset
a part of side effects in frequency drift caused by temperature change, while the proposed
proportional difference can cancel out the impact of temperature the most and reduce the
drift to 0.83 ppm/°C. Proportional difference performs much better than direct difference
because proportional difference copes with the differential outputs while considering the
effect of temperature and the fact that there may be differences of sensitivity to temperature
between the two resonators.
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Figure 7. Frequency drift in different cases.

Allan deviation anaysis is shown in Figure 8. with proportional difference imple-
mented. The long-term noise, which is mainly caused by the change of temperature,
is reduced the most. Compared with the frequency of a single resonator without any
temperature compensation, the two kinds of differential methods perform evidently better
at the start of about 10 s. The differential ouputs reduce the frequency drift caused by
temperature changes. Within time more than 100 s, the proportional difference evidently
reduces the noise in contrast to direct difference as proportional difference can cancel out
frequency drift to the greatest extent. As temperature changes over a large range for a long
time, the proportional difference performed the best by achieving the least drift.
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Figure 8. Measured Allan deviation during the temperature ramp down.

5. Conclusions and Future Work

This article proposed an improved temperature compensation approach called pro-
portional difference for accelerometers based on differential frequency modulation. A pa-
rameter named temperature difference ratio is used to cancelled the drift in the frequency
of the differential resonators caused by temperature. A method using the least squares
method is promoted to calculate the temperature difference ratio instead of measuring the
temperature factor of each resonator, which is simpler and is proved to be effective. The ap-
proach of temperature compensation called proportional difference performs better than
direct difference, which is usually used in accelerometers based on differential frequency
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modulation without considering the thermal impact, especially if there is a large difference
in sensitivity to temperature of both resonators. The nonlinearity between temperature and
bias drift over a large temperature range limits the performance of our approach. This may
be improved in future work by making an optimization design on MEMS accelerometer
and adding an oven controller which can tune the temperature in a small range.

Author Contributions: Conceptualization, X.Z.; data curation, P.C.; formal analysis, K.W.; investiga-
tion, ].W.; methodology, P.C.; resources, X.Z.; supervision, X.Z.; validation, P.C.; writing—original
draft, P.C.; writing—review and editing, X.X. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the National Key Research and Development Program of
China, grant No. 2018 YFB2002300.

Acknowledgments: The authors would like to thank Zheng Wang for his efforts with the sensors
and Yunfei Liu for his assistance with the mathematical analysis. Thanks to everyone who helped us
in our work.

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

References

1. Judy, M.W. Evolution of Integrated Inertial Mems Technology. In Proceedings of the 2004 Solid-State, Actuators, and Microsystems
Workshop, Hilton Head Island, SC, USA, 6-10 June 2004.

2. Marek, J. MEMS for automotive and consumer electronics. In Proceedings of the 2010 IEEE International Solid-State Circuits
Conference—(ISSCC), Bucharest, Romania, 16-20 September 2010.

3. Weinberg, M.S.; Bernstein, J.; Borenstein, ].T.; Campbell, J.; Sohn, ].B. Micromachining inertial instruments. In Proceedings of the
SPIE—The International Society for Optical Engineering, Austin, TX, USA, 23 September 1996.

4. Hopkins, R.; Miola, ].; Setterlund, R. The silicon oscillating accelerometer: A high-performance MEMS accelerometer for precision
navigation and strategic guidance applications. In Proceedings of the 2005 National Technical Meeting of The Institute of
Navigation, San Diego, CA, USA, 24-26 January 2006.

5. Zou, X.; Thiruvenkatanathan, P.; Seshia, A.A. Micro-electro-mechanical resonant tilt sensor. In Proceedings of the IEEE Interna-
tional Frequency Control Symposium, Baltimore, MD, USA, 21-24 May 2012.

6.  Zwahlen, P; Nguyen, A.M.; Dong, Y.; Rudolf, E; Schmid, H. Navigation grade MEMS accelerometer. In Proceedings of the IEEE
International Conference on Micro Electro Mechanical Systems, Hong Kong, China, 24-28 January 2010.

7. Shan, X.; Zou, T.; Forbes, ].R.; Angeles, J. Design Specifications for Biaxial Navigation-Grade MEMS Accelerometers. In Proceedings
of the ASME International Mechanical Engineering Congress and Exposition, Montreal, QC, Canada, 14-20 November 2014.

8.  Zhao, C.; Pandit, M.; Sobreviela, G.; Steinmann, P.; Mustafazade, A.; Zou, X.; Seshia, A. [IMEMS Letters A Resonant MEMS
Accelerometer With 56ng Bias Stability and 98ng/Hz1/2 Noise Floor. . Microelectromech. Syst. 2019, 28, 324-326. [CrossRef]

9. Rao, K, Liu, H.; Wei, X.; Wu, W.; Tu, L.C. A High-resolution Area-change-based Capacitive MEMS Accelerometer for Tilt Sensing.
In Proceedings of the 2020 IEEE International Symposium on Inertial Sensors and Systems (INERTIAL), Hiroshima, Japan, 23-26
March 2020.

10. Comi, C.; Corigliano, A.; Langfelder, G.; Longoni, A.; Tocchio, A.; Simoni, B. A Resonant Microaccelerometer With High
Sensitivity Operating in an Oscillating Circuit. J. Microelectromech. Syst. 2010, 19, 1140-1152. [CrossRef]

11.  Seshia, A.A.; Palaniapan, M.; Roessig, T.A.; Howe, R.T.; Montague, S. A vacuum packaged surface micromachined resonant
accelerometer. |. Microelectromech. Syst. 2003, 11, 784-793. [CrossRef]

12.  Omura, Y.; Nonomura, Y.; Tabata, O. New resonant accelerometer based on rigidity change. In Proceedings of the International
Conference on Solid State Sensors & Actuators, Chicago, IL, USA, 19 June 1999.

13.  Seo, Y.H.; Cho, Y.-H. Design, fabrication, static test and uncertainty analysis of a resonant microaccelerometer. Sens. Mater. 2002,
14,91-108.

14. Wang, Y.; Zhang, J.; Yao, Z; Lin, C.; Tong, Z.; Su, Y.; Zhao, ]. A MEMS Resonant Accelerometer With High Performance of
Temperature Based on Electrostatic Spring Softening and Continuous Ring-Down Technique. IEEE Sens. |. 2018, 18, 7023-7031.
[CrossRef]

15. Meldrum, M.A. Application of vibrating beam technology to digital acceleration measurement. Sens. Actuators A Phys. 1990, 21,
377-380. [CrossRef]

16. Liu, G.J,; Jiang, T; Jiang, Q.K.; Wang, A.L. Characterization of a MEMS Accelerometer Considering Environmental Temperature
Fluctuations. Mater. Sci. Forum 2011, 697-698, 801-804. [CrossRef]

17.  Watanabe, H.; Yamada, N.; Okaji, M. Linear Thermal Expansion Coefficient of Silicon from 293 to 1000 K. Int. J. Thermophys. 2004,
25,221-236. [CrossRef]

18.  Yang, D.; Woo, ] K;; Lee, S.; Mitchell, J.; Challoner, A.D.; Najafi, K. A Micro Oven-Control System for Inertial Sensors. ]. Microelec-

tromech. Syst. 2017, 26, 507-518. [CrossRef]

68



Micromachines 2021, 12, 1022

19.

20.

21.

22.

23.

24.

25.

26.

27.

Kwon, HK,; Ortiz, L.C.; Vukasin, G.D.; Chen, Y.; Kenny, T.W. An Oven-Controlled MEMS Oscillator (OCMO) With Sub 10mw,
=+ 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.

Xu, C.; Segovia-Fernandez, J.; Kim, H.J.; Piazza, G. Temperature-Stable Piezoelectric MEMS Resonators Using Integrated Ovens
and Simple Resistive Feedback Circuits. J. Microelectromech. Syst. 2017, 26, 187-195. [CrossRef]

Salvia, ].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]

Li, B;; Li, C.; Zhao, Y.; Han, C.; Zhang, Q. An integrated packaged resonant accelerometer with temperature compensation.
Rev. Sci. Instrum. 2020, 91, 105004. [CrossRef] [PubMed]

Chiang, C.; Graham, A.B.; Lee, B.J.; Ahn, C.H.; Kenny, T.W. Resonant pressure sensor with on-chip temperature and strain sensors
for error correction. In Proceedings of the 2013 IEEE 26th International Conference on Micro Electro Mechanical Systems (MEMS),
Taipei, Taiwan, 20-24 January 2013.

Lee, J.; Rhim, J. Temperature compensation method for the resonant frequency of a differential vibrating accelerometer using
electrostatic stiffness control. . Micromech. Microeng. 2012, 22, 95016-95026+95011. [CrossRef]

Behbahani, A.H.; Kim, D.; Stupar, P.; Denatale, J.; M'Closkey, R.T. Tailored Etch Profiles for Wafer-Level Frequency Tuning of
Axisymmetric Resonators. J. Microelectromech. Syst. 2017, 26, 333-343. [CrossRef]

Ge, H.H,; Behbahani, A.H.; Closkey, R T.M. MEMS gyro drift compensation using multiple rate measurements derived from a
single resonator. In Proceedings of the 2018 IEEE/ION Position, Location and Navigation Symposium (PLANS), Monterey, CA,
USA, 23-26 April 2018; pp. 288-293.

Lee, S.; Nguyen, T.C. Influence of automatic level control on micromechanical resonator oscillator phase noise. In Frequency
Control Symposium and PDA Exhibition Jointly with the 17th European Frequency and Time Forum, 2003, Proceedings of the 2003 IEEE
International, Tampa, FL, USA, 4-8 May 2003; IEEE: Tampa, FL, USA, 2003.

69



micromachines

Review

Research Progress of MEMS Inertial Switches

Min Liu t, Xinyang Wu *©, Yanxu Niu, Haotian Yang, Yingmin Zhu and Weidong Wang *

check for
updates

Citation: Liu, M.; Wu, X,; Niu, Y.;
Yang, H.; Zhu, Y.; Wang, W. Research
Progress of MEMS Inertial Switches.
Micromachines 2022, 13, 359. https://
doi.org/10.3390/mi13030359

Academic Editor: Eui-Hyeok Yang

Received: 30 December 2021
Accepted: 19 February 2022
Published: 24 February 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Mechano-Electronic Engineering, Xidian University, Xi’an 710071, China;
mliu_12@stu.xidian.edu.cn (M.L.); wuxinyang_1999@163.com (X.W.); nikx_1999@163.com (Y.N.);
17040210008@stu.xidian.edu.cn (H.Y.); ymzhu@xidian.edu.cn (Y.Z.)

* Correspondence: wangwd@mail xidian.edu.cn

t These authors contributed equally to this work.

Abstract: As a typical type of MEMS acceleration sensor, the inertial switch can alter its on-off
state while the environmental accelerations satisfy threshold value. An exhaustive summary of
the design concept, performance aspects, and fabrication methods of the micro electromechanical
system (MEMS) inertial switch is provided. Different MEMS inertial switch studies were reviewed
that emphasized acceleration directional and threshold sensitivity, contact characteristics, and their
superiorities and disadvantages. Furthermore, the specific fabrication methods offer an applicability
reference for the preparation process for the designed inertial switch, including non-silicon surface
micromachining technology, standard silicon micromachining technology, and the special fabrication
method for the liquid inertial switch. At the end, the main conclusions of the current challenges and
prospects about MEMS inertial switches are drawn to assist with the development of research in the
field of future engineering applications.

Keywords: MEMS; inertial switch; threshold acceleration; sensitive direction; contact effect; fabrication

1. Introduction

Inertial switches are more and more widely used in automotive electronics, inertial
navigation, and weapon equipment products [1-6]. They can be nested in wearable sys-
tems, transport devices for monitoring health, maintenance needs, and transportation
of special goods [2,7-9]. As the rapid expansion of the Internet of Things (IoT) [10] and
the requirements of the application environment increase, the research interest in MEMS
inertial switches is growing [9,11,12]. Compared to piezoelectric microswitches, electro-
static microswitches, and accelerometers, inertial MEMS switches have some distinctive
characteristics, such as less power consumption, a simple structure, and an interface circuit,
which can maintain strong durability in environments with inconvenient power supply.
However, accelerometers always consume a certain amount of power even without an
external excitation [13-15]. The main disadvantages of electrostatic and piezoelectric mi-
croswitches are their high drive voltage and low reliability [16-18]. An inertial MEMS
switch combines sensing and actuation. When sufficient acceleration is sensed, the movable
electrode contacts the fixed electrode and the external circuit is triggered [19]. This kind of
switch with only acceleration excitation is also superior to electrostatic and piezoelectric
accelerometers because they avoid electromagnetic interference in applications [3].

Based on the state of the inertial switch “on” after the acceleration excitation is re-
moved, inertial microswitches have been classified into two categories: the intermittent
switch and the persistent switch. The intermittent switch refers to the switch resuming the
initial disconnected condition after the acceleration dissipates, and the persistent switch
means that the switch performs a keep-closed function after the acceleration is evacu-
ated. The most obvious feature of the intermittent switch is that the switch does not
have self-blocking capability. Intermittent inertial switches work on the principle that
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the movable electrode (mainly a suspended mass) comes into contact with a fixed elec-
trode when the acceleration reaches its threshold. The model of a spring—mass system
is shown in Figure 1[1,11,20]. Here, the intermittent inertial switches are mainly classi-
fied and discussed by means of the different properties containing the following three
groups: directional switches, various acceleration threshold switches, and contact enhanced
switches. For the persistent inertial switch, the realization of the locking function is carried
out by various structures, so the classification is mainly dependent on the feature structures.
These switches are embodied in three aspects, including latching switches [8,21,22], bistable
switches [23-26], and microfluidic switches [27-31]. Persistent switches have an excellent
contact effect due to special structural features or external auxiliary units.

fixed electrode
contact point Yo
v
. —
Inertial
. movable electrode p—
acceleration m L.
circuit

Figure 1. Schematic diagram of the spring (k)-mass (movable electrode m)-damping (c) system model
of a uniaxial inertial switch. yy means the initial distance between the movable electrode and the
fixed electrode.

2. Intermittent Inertial Switches
2.1. Sensitive Direction

Axial sensitivity has always been an important research topic for MEMS inertial
devices. In the actual working environment, the inertial switch is inevitably impacted in
different directions. For the inertial switch, it is important to prevent spurious triggering
from shocking interference in non-sensitive directions. Therefore, reducing the disturbances
and improving the sensitivity of the working axis of the device have attracted the attention
of many researchers. MEMS inertial switch studies with different direction sensitivity are
summarized in the following sections.

2.1.1. Uniaxial Inertial Switches

A uniaxial sensitivity inertia switch has only one sensing direction. The main structure
of a uniaxial inertial switch is a well-known spring-mass damper system. Consider the
vibration model of a traditional single-degree-of-freedom switch system (Figure 1) under
acceleration (a) excitation. The dynamic equilibrium model of the MEMS inertial switch
can be described with Equation (1).

my +cy +ky = ma (1)

where m, y, ¢, and k represent the weight and the displacement of the proof mass, the
squeeze film damping coefficient, and the stiffness of the spring beam, respectively.
When the inertial switch senses an acceleration (i.e., equal to or at more than the
threshold level) in the sensitive direction, the movable electrode overcomes the damping
force and moves along the sensitive direction. When the movement displacement is greater
than the initial gap 19, the movable electrode contacts the fixed electrode and the inertial
switch is turned on. When the acceleration signal is removed, the movable electrode is
pulled back under the action of elastic force, which finally returns to its initial position.
At present, a variety of single-axis inertial switches have been reported. For a uniaxial
sensitive inertial switch, it is necessary to increase the structural stiffness in the insensitive
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directions, as then the device is less susceptible to disturbance from off-axis or rotational
accelerations. In order to obtain a lower off-axis sensitivity inertial switch, the key method
is designing a symmetrical structure for the proof mass, or using the constrained structure
to limit the off-axis movement of the action unit.

Yang et al. [32] designed a vertically driven MEMS inertial switch. The switch consisted
of the proof mass as the movable electrode and two compliant bridge beams as the fixed
electrode. The proof mass was suspended by two conjoined serpentine springs. However,
the first two frequencies of this kind of device by modal analysis are discussed in the
subsequent study [33]. It was seen that the first and the second frequencies were very close,
which indicates that the cross-coupling effect of the microswitch was very obvious. They
improved the previous design of the fixed electrode in order to prolong the contact time of
the switch. A new bridge-type fixed electrode was applied, but this design limited where
the suspension springs of the mass could be placed, resulting in the suspension springs
only being arranged on both sides of the head and tail of the mass. This design of the fixed
electrode made the switch affect the off-axis accelerations easily. Therefore, they redesigned
the switch, designed the device structure as a centrally symmetric structure, and changed
the fixed electrode from two bridge beams to a cross beam to reduce off-axis sensitivity [34],
as well as improve the fixed electrode overload capability. The ratio of the second-order
and first-order frequencies of the simulation increased from 1.04 to 5.21, indicating that the
off-axis sensitivity of the redesigned device was largely reduced. The threshold acceleration
of the redesigned MEMS inertial switch was 70 g and the tested turn-on response time
was 30 ps.

Wang et al. [7] designed a novel horizontally driven inertia microswitch with an
elastic cantilever as the fixed electrode. By minimizing the clearance, the reverse-resist
block worked well to reduced rebound force and enhance the contact time to 230 ps. The
unique design of the sensitive mass improved the overall stability and reliability of the
switch. Zhang et al. [35] proposed a laterally-driven MEMS inertial switch. The multi-
directional tightly constrained structural design effectively reduced off-axis sensitivity and
improved impact resistance. The constrainting plate with holes above the sensitive mass
limited the radom motion of the proof mass and reduced the off-axis sensitivity of the
inertial microswitch. In order to avoid rotation, in the new design of the inertia switch a
symmetrically distributed double-layer serpentine spring beam was introduced [36]. When
the inertial switch was impacted in the sensitive direction, there was no collision between
the sensitive mass and the constraining structure, which improved the uniaxial sensitivity.

As mentioned above, many uniaxial inertial switches are constructed from a proof
mass suspended by springs. Some schematic illustrations of these are displayed in Figure 2.
Their vibration models are described in Equation (1). When these systems act as shock
switches, according to the S.R.S., for the pulse time of acceleration, reliability is a serious
problem. These traditional single-mass inertial switches may misoperate at shock levels less
than the threshold, resulting in reduced switch reliability. Fathalilou et al. [37] proposed
a dual-mass MEMS shock switch. An auxiliary mass spring was attached to the main
mechanism of the switch, and the safety performance of the sensor under shocks below
the threshold was improved by adjusting the auxiliary system. In addition, Ren et al. [38]
proposed a self-powered MEMS inertial switch for a potential wake-up application without
additional power consumption. When the switching device sensed a small vibration
acceleration, the suspended mass vibrated continuously at the equilibrium position. During
the movement of the movable mass, the capacitance of the parallel plates also changed,
causing induced charge transfer. At this time, the alternating current of the device was
converted into direct current, which could be stored in an energy storage device using
a self-charging unit. Once an exceeding threshold acceleration was sensed, the movable
electrode contacts the fixed electrode and carried out the circuit conduction. Then the
charges stored in the energy storage device were released. When this device was impacted
by an acceleration of 40 g, it generated a pulse signal.
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Switches used in extreme acceleration environments (such as ballistic rockets) need to
withstand accelerations of up to 100,000 g and operate with high fidelity at a low impact
of 100 to 10,000 g. Raghunathan et al. [39] presented a novel MEMS low-g switch with
serpentine flexures based on single-crystal silicon, which could withstand high load shocks
200 times the trigger load. The switch was capable of responding at low acceleration
(60-131 g) and withstanding a high-g impact shock acceleration load of 24,000 g.
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Figure 2. Some uniaxial inertial switches: (a) [40], (b) [12], (c) [41], (d) [42].

2.1.2. Biaxial Inertial Switches

An inertial switch with biaxial sensitivity means that it can operate in two axes. There
are two main methods to achieve biaxial directional sensitivity for the switch. One of the
ways is to assemble two single-axial switches into one chip, and the new switch can realize
biaxial sensitivity in a plane [43]. Although the direct assembly of single-axis switches
improves the directional sensitivity, it also has some problems and defects, including
assembly errors [44], excessive bulk [45], packaging difficulty [46], and high manufacturing
costs [45]. Another method is to utilize multiple springs to support the mass, and the fixed
electrode is placed around the mass in multiple directions to achieve biaxial sensitivity.
That layout allows a more uniform distribution of the stiffness of the mass—spring system
in all directions. Greywall et al. [47] claimed patents for two biaxial inertial switch designs.
Both designs had a circular proof mass suspended by springs, but varied in the fact that
the fixed electrodes were outer and inner. Lin et al. [48] presented another design of a
two-axis low-g acceleration threshold switch. The switch utilized buffer springs connected
to the proof mass and contacted the fixed electrode, which would reduce the bounce of
the switch when the shock exceeded the acceleration threshold, thereby prolonging the
contact time of the switch, as illustrated in Figure 3. Niyazi et al. [49] designed a novel
bidirectional multi-threshold mems inertia switch capable of acceleration-based actuation of
separate circuits. The design implemented a spring-suspended mass with fixed electrodes
positioned in the sensitive direction, consuming no power in the stationary state. The
acceleration thresholds were 69 g and 121 g. Xu et al. [50] fabricated a dual-axis MEMS
shock sensor that could be triggered in each direction in a single plane. The device consisted
of a movable electrode, which was a proof mass suspended by four serpentine springs,
and three cantilever beams forming the first, second, and third stationary electrodes. The
switch could sense an acceleration range of 800-2600 g.

73



Micromachines 2022, 13, 359

Muti-folding
springs

Contact pads
Buffer springs
Proof mass

B moveable

. anchor

Figure 3. Schematic of the two-axis low-g inertial switch.

2.1.3. Triaxial Inertial Switches

A triaxial inertial switch can sense an acceleration signal in the x, y, and z axes, which
usually includes the proof mass and three pairs of fixed electrodes in the orthogonal
sensitive directions. Chen et al. [2] introduced an all-metal contact-enhanced triaxial
inertial microswitch with low axial disturbance, which consisted of a proof mass as the
movable electrode, and the fixed electrode of the switch in the horizontal and vertical
directions composed of two L-shaped flexible cantilever beams and a multi-hole crossbeam.
The acceleration threshold in the horizontal direction was 255 g and the contact time
was 60 us, whereas in the vertical direction, the threshold acceleration was 75 g with a
contact time of 80 ps. Currano et al. [51] designed a triaxial MEMS inertial switch using
a single mass—spring assembly. The device consisted of an annular mass and a centrally
clamped suspension composed of four spiral springs. The spiral spring was used to realize
compliance in all directions. The switch had an acceleration threshold range between 50 g
and 250 g.

2.1.4. Multidirectional /Omnidirectional Inertial Switches

Omni-directional switches can sense a shock signal in all the radial directions of a
hemisphere. For the actual engineering environment, the acceleration excitation may come
from any direction. If a single-axis or dual-axis switch is simply combined to monitor
multi-directional acceleration, it is easy to cause installation errors and centroid deviations,
affecting the reliability of test results. Besides, the fabrication cost of the switch increases.
Therefore, it is of great practical significance to develop triaxial or omnidirectional inertia
switches. Such switches have been widely applied in the field of military weapons. Inertia
switches are often used in automotive airbags and vibration monitoring fields.

Xi et al. [19] presented a novel MEMS omnidirectional inertial switch consisting of
a proof mass and an axial and four radial flexible electrodes to form a dual mass—spring
system. The switch had omnidirectional sensitivities in a half sphere. The switch could
sense an acceleration range from 380 g to 500 g. Liu et al. [52] presented a MEMS-based low-
g inertial switch that consisted of an annular proof mass suspended by a helix spring. The
helix spring could sense a weak signal. The acceleration threshold was 20 g. Yang et al. [53]
designed a multidirectional-sensitive inertial microswitch with an electrophoretic flexible
composite fixed electrode to enhance the contact effect. The contact time of the switch was
prolonged because the new vertical composite fixed electrode was capable of reducing
the stiffness, and the threshold was around 70 g, which was uniform in different sensitive
directions. The fully axisymmetric serpentine spring was used to support the sensitive
mass to sense any radial acceleration in the xoy plane. The T-shaped cantilever with a
maple leaf shape on the top was used as a vertical fixed electrode, which could monitor
the acceleration of the z-axis. Du et al. [54] studied a low-g omnidirectional microswitch
via non-silicon surface micromachining technology, and the distribution of the threshold
acceleration was uniform. The device consisted of combination of an annular-shaped
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proof mass and supporting Archimedes spiral springs as the moving electrode and static
electrode located in the center of the ring. The structural sketch of the proposed inertial
switch is shown in Figure 4. The threshold acceleration of the switch dropped to 38 g.
Moreover, they improved the design, redesigning the structure of the central springs [55].
The switch adopted an S-type flexible connection that could reduce the stiffness of the
electrode to extend the contact time of the switch. The dynamic threshold of the switch was
7.9 g to 11.3 g, and the response time in each direction was less than 2 ms. Chen et al. [56]
designed an omnidirectional inertial switch with a rectangular spring. The omnidirectional
switching system’s stability was reinforced, due to the design of rectangular springs. The
threshold acceleration of the designed inertial switch was about 58 g in the x direction and
37 g in the z direction, and the contact time was about 18 us. A summary of some examples
of typical sensitive direction inertial switch performance is shown in Table 1.

Radial electrode

Archimedes’
spring

-
Vertical limitation =
loop
Proof mass

Figure 4. Structural sketch of the omnidirectional inertial switch.

Table 1. A summary of some examples of typical sensitive direction inertial switch performance.

Sensitive . Acceleration Contact Special Design and ...
Direction References Material Threshold Time Function Application
Compliant cantilever
Wang et al. [5] Ni 180 g 1050 us fixed electrode to —
contact enhancement
Wang et al. [7] Ni 38g 230 us Elastic fixed electrode Safety airbags
Environments and
Kim et al. [12] Si 2.0-1725¢g — — applications require
accurate threshold
Bridge-type elastic
Yang et al. [32] Ni 100 g 12 us beams to enhance —
contact time
Uniaxial Stationary electrode
changed from two
. . bridge-type beams to .
Cai et al. [34] Ni 70g 30 pus one cross beam to
reduce the
off-axis sensitivity.
Internet of Things
Zhang et al. . Double-stair shape (IoT) system to
Ni 1658 35 ps cantilever beam remote detection of
vibration shock
Double-layer
Yang et al. [36] Ni 272 g 20 ps suspended springs IoT system

for improving
single-axis sensitivity
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Table 1. Cont.

Sensitive . Acceleration Contact Special Design and s
Direction References Material Threshold Time Function Application
. A dual-mass switch Automobile,
Fathalilou et al. . - ..
[37] — 154 g — with auxiliary medicine, and
mass spring aerospace
Vibration energy
. harvester (VEH) and
Ren et al. [38] Ni 40¢g 80 ps Self-powered potential wake-up
application
Surviving
Rachunathan acceleration loads
& SOI 60-131¢g — 200 times greater Ballistic rockets
etal. [39] . .
than its designed
trigger load
Chen et al. [42] Ni 297 ¢ 80 s Compliant cantilever Automotlye safety
beam crash airbags
Buffering springs to
Lin et al. [48] Si 60g — extend the —
contact time
N Separate digital . .
Biaxial le?i;]et al. Si 69gand121g — outputs for ACthse s;l;p::smn
each threshold Y
High-resolution
. digital quantitative
Xu et al. [50] Si 800-2600 g — . IoT system
acceleration
measurements
~60 s (+x Flexible fixed
255-260 g (+x and _:L axis) electrode can prolong
Chen et al. [2] Ni and +y axis) ~80y s the contact time and IoT system
o ~75 g (+z axis) (+ " ) eliminate the
Triaxial Z axis rebound
Currano et al Compliance in all Early warning for
’ Si 50-250 g 255 pus P . traumatic brain
[51] axes identical ..
injury (TBI)
Xi et al [19] Ni 450 g 60 s A dual mass-spring —
system
The response time of
Liu et al. [52] Si 20¢g — 0.46 ms is —
short enough
Electrode with a
Du et al. [54] Ni 3540 g ~100 ps spherical contact Automotive airbags
Omnidirectional surface
>300 us Method of “thickness
. g (XOY plane) compensation” to Wearable systems
Duetal. [55] Ni 79-1138 >230 pus control threshold and airbags
(axial) accuracy
58¢g . .
+ direction Rectangular spring to ~ Transport of special
Chen et al. [56] Ni 37 18 ps reinforce switching goods and
. direcgtion system’s stability drop detection
Polymer—metal
Multidirectional =~ Yang et al. [53] Ni 70g 110 ps composite fixed —

electrode
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2.2. Threshold Acceleration
2.2.1. Low-g Threshold Inertial Switches

MEMS inertial switches sensing a low-g threshold acceleration can find representative
application in ISDs (ignition safety devices), consumer electronics, and automotive and
aerospace domains.

Chen et al. [57] designed a nickel low-g MEMS inertial switch with horizontal sensitiv-
ity, as shown in Figure 5a. The forward novel L-shaped elastic cantilever beams were used
as the fixed electrode. The threshold acceleration was about 18 g, with the contact time of the
switch around 216 ps. However, switches made of metal are not suitable for missile equip-
ment with operating temperatures between —51 °C and 75 °C. Deformation due to thermal
expansion of the metal would significantly change the acceleration threshold. When the
inertia switch is used in the aerospace field, mainly in the climb and descent stages of an
airplane, the requirement of the acceleration threshold is less than 30 g. Xiong et al. [58]
designed a silicon-based low-g MEMS inertial switch with an acceleration threshold of 7.4 g,
as shown in Figure 5b. The structure of the device was mainly composed of a large-volume
mass block and a low-stiffness coil spring. Rectangular springs were designed in a spiral
shape with a thin thickness in order to reduce the stiffness of the switch and facilitate flexi-
ble movement of the mass under applied load. Moreover, to further decrease the threshold,
they redesigned the structure of the spring—mass system [59], as shown in Figure 5c. By
reducing the spring thickness and increasing the spring length, the design obtained lower
stiffness and the threshold value was 5 g. Furthermore, they introduced the conceptual
design of a new MEMS inertial microswitch, which adopted the method of direct contact
sensing to eliminate the bouncing effect when the electrodes were in contact. The measured
threshold was approximately 11.8 g [60]. Field et al. [61] studied a low-g switch with a
threshold value of 25 g. The fabrication was based on a silicon-on-insulator (SOI) wafer,
and the sensing direction was along the thickness of the wafer. Hwang et al. [62] designed
a low-g MEMS acceleration switch with a threshold acceleration of 6.61 g. The structural
material was single-crystal silicon, the structure was stress-free, and the stability was good
at high temperature. However, common SOI wafers have an unexpected disadvantage in
that the balance of structure is hard to maintain, mainly due to over-etching by poor etching
verticality, which causes quality deviation, shifts in the center of mass and the contact area
becoming smaller, and the mass tilting or rotating when it moves along the shock direction,
potentially leading to contact uncertainties. One solution is to adopt a double-buried layer
SOI wafer to replace the original common SOI wafer. Massad et al. [63] designed a low-g
inertial switch made of silicon, whose plate was suspended by four folded beams that acted
as springs. The electrodes closed when an acceleration from 6 g to 10 g was applied.

Reverse direction|

rotection pillars
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Figure 5. Schematic diagrams of three low-g inertial switches. (a) The nickel low-g MEMS inertial
switch [57]. (b) The silicon-based low-g MEMS inertial switch [58]. (c) The lower stiffness of the
redesigned inertial switch [59].

2.2.2. High-g Threshold Inertial Switches

In recent years, owing to the intelligent requirements of weapon systems, MEMS
technology has also been closely integrated with advanced weapon systems. In smart
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ammunition fuse applications, the survivability of MEMS inertial switches under high
mechanical loads is a key to measure the performance of switch devices. More miniaturiza-
tion, strong anti-interference ability, high sensitivity and reliability of high-g MEMS inertial
switches have been studied to better adapt to the development trend of military weapons.

Nie et al. [64] presented a MEMS high-g electronic inertial switch for medium- and
large-caliber projectile fuses. This switch mainly consisted of four parts: a zigzag groove in
the center of the sensitive mass, a latch, an electrical connection structure, and a movement-
limiting mechanism, as shown in Figure 6. The zigzag groove had a damping effect
on the mass movement, which had the function of sensitively distinguishing the fuse
launch acceleration and accidental fall shock. The switch could withstand accelerations
of 3000 g. A method for identifying the acceleration load of the zigzag groove of the mass
block was established, which was of great significance for the parameter optimization
of the switch structure under different accelerations. Singh et al. [65] designed a passive
high-g inertial switch for critical applications without electricity. The switch consisted of a
serpentine spring—mass system, the dimensions of which were optimized for the natural
frequency [66], and the switch was closed at 3500 g acceleration. Xu et al. [67] presented
an inertial microswitch with synchronously following flexible electrodes, and its spring-
shaped structure was used not only to prolong the contact duration but also to reduce shock
bounce. The switch achieved a contact time of 350 us at 500 g acceleration. Xi et al. [68]
proposed a high-g inertial switch consisting of five individual electrical switches and a
sensitive mass-spring system. This switch could detect not only the acceleration threshold,
but also the direction of acceleration in three-dimensional space. The contact time of the
switch was 119 us when the acceleration shock was 1200 g.

4 L

Electrical connection
latching system

Micro-Zigzag
slot mechanism

Figure 6. Schematic diagrams of the MEMS inertial high-g switch.
2.2.3. Threshold-Tuning Inertial Switches

If the threshold acceleration of the inertia switch is adjustable, its application can be
extended to a wider range of environments. Kim et al. [12] designed a bidirectional ad-
justable acceleration switch that could simultaneously increase and decrease the threshold
acceleration in the same mechanism. In their previous paper [69], they proposed a tunable
acceleration switch, but the switch design could not decrease the threshold acceleration and
the tunability was limited. It could be used in secure/armed position switching and me-
chanical locking adjustable switches for military applications. Threshold acceleration could
be increased or decreased by electrostatic forces created by the electrical potential between
the contact portion and the comb structure. The threshold acceleration without tuning
voltage was 10.25 g, and then it was tuned to 2.0 g and 17.25 g by applying 30 V to the
push and pull combs, respectively. Subsequently, a fully digital MEMS accelerometer was
implemented using the concept of a MEMS accelerometer switch [70]. The accelerometer
consisted of a proof mass and a number of parallel plate electrostatic actuators that could be
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turned on and off in a sequential manner by a digital controller (as shown in Figure 7). By
changing the bias voltage and working voltage of the electrode, the full-scale acceleration
and acceleration range of the most significant bit and least significant bit could be set to
any value, thereby adjusting the acceleration range of the device. This design realized
the adjustment of threshold acceleration between 0 and ~1 g. Ma et al. [71] presented an
inertial switch with adjustable acceleration thresholds based on a MEMS digital-to-analog
converter (M-DAC). The selected adjustable plates were pushed by diverse PDMS caps to
produce a specific displacement of the sensitive mass, thus realizing the adjustment of the
acceleration threshold. By using different upper PDMS caps, the acceleration thresholds
changed between 40 g and 75 g. Abbasalipour et al. [72] expanded on the original design
of the fully digital MEMS accelerometer and designed a micromechanical accelerometer
with 8-bit digital control. The tuning force of each electrode group was three times that of
the adjacent electrode group. The full-scale acceleration of the tested 8-bit prototype was
2.7 g. Table 2 shows a summary of some examples of typical threshold acceleration inertial
switch performance.

Acceleration GND
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Vox Bit 1
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Proof Mass
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Bit 0
electrode

Tuning Electrodes
W vse [NVt [Lse - GND

Figure 7. Simplified schematic view of a 3-bit digitally operated MEMS switch.

Table 2. A summary of some examples of typical threshold acceleration inertial switch performance.

Threshold

Acceleration Special Design

Acceleration References Material Threshold and Function Application
L-shaped elastic Health monitoring and
Chen et al. [57] Ni 18g cantilever beam special industrial
fixed electrode transportation
Xiong et al. [58] Double buried 74g Low-stlffr}ess spiral Linear acc.eleratlon
SOI spring sensing
Low-g Zhang et al. [59] Doubéeo‘t;urled 5g Circular spiral springs —
Displacement-
. restricting structures for - o
Hwang et al. [62] Si 6.61¢g all directions to prevent Military applications
breakage of the spring
Massad et al. [63] Gold 6-10g Fouriolded beams RF MEMS

as springs

79



Micromachines 2022, 13, 359

Table 2. Cont.

Threshold . Acceleration Special Design ..
Acceleration References Material Threshold and Function Application
Zigzag groove to
Nie et al. [64] Ni 3000 g distinguish thg fuse Medlum—. anc'i large-caliber
launch acceleration and projectile fuses
the accidental fall shock
. Independent angled Critical applications
High-g Singh et al. [65] SOl 35008 latching mechanism without electricity
Synchronous follow-up
Xu et al. [67] Ni 500 g compliant electrodes for —
extending the contact
Detecting the Directional warheads
Xi et al. [68] Ni 1200 g acceleration threshold impacting targets at
and direction high speed
Comb drive actuators to Secure/armed position
Kim et al. [12,69] Si and glass 2-1725¢g tune the acceleration convertibility for
threshold military applications
Bias voltage and
. working voltage are
Thres.hold Kumar et al. [70] Si 0~1g used to adjust Integrated systems
tuning .
acceleration
hﬁfx‘irt%l(tﬁ:g:g?ﬁg Crash recorders and
Ma et al. [71] Si 40-75 g arming and

adjust acceleration
thresholds

firing systems

2.3. Contact-Enhanced Inertial Switches

Solid-solid rigid contact can easily cause contact bounce, making it unsuitable for
small signal switches. It also causes arcing and welding of the contacts, resulting in contact
surface damage and material transfer. This contact degradation restricts the reliability and
longevity of these devices. Avoiding solid-to-solid mechanical contact means there are no
issues associated with contact bounce or contact degradation, thus extending the life of
the switch.

Contact time is a critical property for an intermittent inertial switch in some application
environments because the longer contact time, the less difficult the signal processing
is. A short contact time requires an external circuit with higher signal identification
performance [3]. Insufficient contact between two electrodes is usually caused by a rigid
contact process, resulting in a strong rebound of the movable electrode after touching the
fixed electrode (usually a rigid substrate for conventional inertial switches). These switches
have extremely short contact times (less than 10 ps), which is difficult for the external circuit
to recognize [1]. Furthermore, contact bounce can damage the interface between the two
motors due to mechanical hammering and arcing, subsequently affecting the durability of
the system, which may result in permanent adhesion between the two electrodes [73]. In
recent years, in order to eliminate the bounce phenomenon and enhance the contact effect
of the intermittent switches, considerable efforts have been put into inertial microswitches.
The methods mainly include some special structures and flexible materials.

2.3.1. Special Structures to Extend Contact Time

Cai et al. [1] developed a new double mass-spring system that is completely different
from the traditional system design. In addition to the proof mass—spring system, instead
of being rigidly fixed to the proof mass, the contact point was suspended in the middle of
the proof mass by an inner spring. The experiment results demonstrate that the threshold
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acceleration of the MEMS inertial switch was about 175 g and the contact time of the contact
point was 56 ps. The steady turn-on time of more than 50 ps was much longer than the 12 ps
in the research [74]. The switch was driven vertically and the elastic beam above the proof
mass block could be used as a fixed switch electrode. However, there were two switch-on
signals under an acceleration of 200 g acceleration, which would lead to secondary closure
of the switch and have a bad effect on the reliability of the switch. Wang et al. [5] proposed
a new type of L-shaped flexible cantilever fixed electrode, and long contact was possible in
a transverse MEMS inertial switch. The sensitive mass was suspended by two pairs of con-
joined serpentine springs as the motion electrode and the fixed electrodes were suspended
from the blocks. The flexible cantilever electrode could realize a flexible deformation to
enhance contact time and avoid the rebound phenomenon of the MEMS inertial switch.
The contact time was extended to 1050 us, which was much longer than the time without
cantilever buffer effect of 5 us. Moreover, according to the characteristics of the cantilever
arm, its special elastic deformation could be designed to realize the control method of
switch contact time. With the increasing acceleration, the contact time also decreased until
it tended to a stable value. At the same time, based on the same inertial switch structure,
Chen et al. [3] analyzed the influence of the applied acceleration loads on contact time.
Combining the tested results, it was concluded that as the pulse width of the applied shock
load increased, so did the contact time. Yang et al. [32] investigated an inertial microswitch
with bridge-type elastic fixed electrodes for prolonged contact. Specifically, they designed
two parallel perforated elastic beams as fixed electrodes. The microswitch was equipped
with a relatively good contact effect, but the switch could be triggered with an effective
contact of only 12 pus when 100 g acceleration was applied. By adding a group of cantilever
beams on the mass block as the buffer between the electrodes [73], the contact time could be
prolonged and the phenomenon of jumping contact could be avoided. Another advantage
of this is that the contact time of the microswitch could be extended to 240 ps. It was more
than 15 times that of a microswitch without cantilever beam. Table 3 shows a comparison
of contact times for simulated and experimental tests of three kinds of inertial switches.
In addition, Yang et al. [33] also discussed three other devices with different structures
(types 11, 111, and IV), as shown in Figure 8. Types Il and III used a cross-beam stationary
electrode to realize a long contact time with deformation. The contact times for the two
switches (types II and III) utilizing beam deformation were 20 pus and 30 ps, respectively.
However, due to the limitation of deformation, the contact effect of the switch was not effec-
tively improved. Therefore, type IV adopted a double spring-mass system, which greatly
improved the contact effect. The experimental results show that the contact time was about
55 us, which greatly enhanced contact performance. Xu et al. [6] introduced a laterally
actuated inertial switch. As a moving electrode, the sensitive mass was connected to two
L-shaped elastic cantilever beams. The switch had an inductive acceleration threshold of
288 g with a contact time of 150 ps.

Freq: 676.1Hz Freq: 1174.1Hz
703.2Hz 3143.3Hz

Freq: 1616.6Hz
4362.1Hz

Freq: 1260.1Hz
3377.3Hz

Figure 8. Modal analysis of various microswitches and their first two frequencies. Type I adopted a
vertically driven structure with low off-axis sensitivity. Type II and III used a fixed contact point on
the proof mass. Type IV realized a longer duration contact with a movable contact point.
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Table 3. Comparison of the contact time of inertial microswitches from different designs.

Inertial Microswitches of
Different Designs

Sketch of the Microswitches
Simulated Contact Time (us)  Measured Contact Time (us) Movable Electrode I
Fixed Electrode I

Conventional microswitch

Microswitch with a
bridge-type compliant fixed
electrode

~5(t1)/ ~10(At)/ ~13(t1)/ ~60 (At)/
~2(tp) skip contact ~8(ty) skip contact I'WWW_M’MI

Improved microswitch with
cantilevers

~160 no ~240 no

skip contact skip contact ]'*"Wim‘l

2.3.2. Materials and Assistive Force to Extend Contact Time

Unlike the inertial switches described above with specific structures to increase contact
time, some studies have proposed the use of special materials or external assistive forces
to improve contact characteristics. Lee et al. [75] proposed a new inertial microswitch. Its
contact mode was carbon nanotubes (CNTs) in contact with carbon nanotubes. Due to
the high mechanical flexibility and elasticity of CNT material itself, it was prone to elastic
deformation when used as contact pad material [76], so the contact time was prolonged.
At present, the contact time of the existing traditional switch is only 7.5 ps, but with this
inertial micro switch, the contact time could be extended to 114 us. The results show that
the new inertial microswitch proposed by Lee et al. could significantly prolong the contact
time. Yang et al. [77] developed an inertial microswitch with polymer metal composite as
a fixed electrode. It not only had the characteristics of multidirectional features and high
sensitivity, but also prolonged the contact time of the switch and improved the stability and
reliability of the inertial microswitch. The contact time was improved to 110 us, which was
longer than that one without polymer (~65 us). In addition, an inertial microswitch with
a flexible carbon nanotube/copper (CNT/Cu) composite array layer between movable
and fixed electrodes was designed in [78]. The interaction between carbon nanotubes,
i.e., adhesion, was one of the main reasons for the extension of contact time. Li et al. [79]
designed a MEMS inertial switch to prolong the contact time through electrostatic assistance
and multi-step pull action. Through the test, the contact time was about 540 us and showed
no bounce. Table 4 shows a summary of some examples of typical contact-enhanced inertial
switch performance.

Table 4. A summary of some examples of typical contact-enhanced inertial switch performance.

Acceleration Contact

Methods of Contact Enhancement References Material Application

Threshold Time

Double mass—spring
system

Automotive airbag

Cai et al. [1] Ni 145¢g >50 ps system

L-shaped flexible
) cantilever Wang et al. [5] Ni 180 g 1050 ps
Special fixed electrode

Circuit analyzing in
many applications

structure

L-shaped compliant . Small-scale or

cantilever beam

Chen et al. [3] Ni 259 g 75 us longlifetime systems

Bridge-type elastic
fixed electrodes

Accessories and
Yang et al. [32] Ni 100 g 12 us automobile
applications
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Table 4. Cont.

Acceleration

Contact

Methods of Contact Enhancement References Material Threshold Time Application
Cantilever beams on the .
mass block as the buffer Yangetal. [73] Ni %8 240 ps -
e
cantilever beam Xu et al. [6] Ni 288 g 150 us g-utetme sy
with limited
electrodes
supply power
Airbag restraint
Carbo(r&;zirr;c))tubes Lee et al. [75] SOI — 108 us systems and geriatric
healthcare systems
Materials Detecting
Polymer metal composite ~ Yang et al. [77] Ni 70g 110 ps multidirectional
vibration shocks
Carbon nan- Wang et al. [78] Ni 80 112 us —
otubes/copper(CNTs/Cu) & ' & K
. . . . Hard conditions or
Electrostatic force assistance Lietal. [79] Ni 2g 540 us

remote monitoring

3. Persistent Inertial Switches

Compared to an intermittent inertial switch without a self-locking function, a per-

sistent inertial switch can achieve a stable contact property with a mechanical lock and a

bistable structure. Furthermore, a fluidic MEMS inertial switch can also accomplish a lock-
ing function when flowing liquid (as a movable electrode) contacts the metal fixed electrode.

3.1. Latching Switches

When the acceleration increases to the threshold of the inertia switch, the mass will

move and pass through the hook. When the acceleration is slowly reduced to 0, the latching
mechanism prevents the proof mass from returning to the initial state. Then the switch stays

in an “on” state. Lee et al. [80] introduced a hooked latch to an electrode for the contact part,

which improved the reliability of the contact. The power consumption directly affected the
practicability and reliability of the sensor system. An analog front-end is required to detect
and interpret the output in the present commercial application of accelerometers. It leads
the power consumption to be in the range of hundreds of pW to a few mW. Reddy et al. [81]
developed a MEMS passive impact sensor that could be applied to multiple thresholds
and had a good latch device. It could measure an impact in the range of 20-250 g at a
threshold 10 times higher than itself. Ramanathan et al. [82] designed a new MEMS inertial
switch design framework. The mass block was mainly supported by a group of four folded

beams and it could design the accelerometer according to the parameters input by people.
It was verified that the optimal threshold acceleration of the framework was about 60 g.
Guo et al. [22] presented a latching switch with an easy-latching /difficult-releasing (ELDR)

latching mechanism and cylindrical contacts. The ELDR locking mechanism could reliably
lock the switch. The measured latching shock was over 4600 g and the response time

was less than 0.2 ms. Currano et al. [83] discussed a MEMS inertial switch that was used
to monitor the shock event over a specified threshold level with a latching mechanism.

However, introducing a latch structure led a recovery issue, which is not beneficial to
early testing and unlocking. Therefore, Zhang et al. [84] designed a novel heterogeneous
integrated inertial microswitch with an adjustable acceleration threshold that could get
the switch to keep a stable “on” state due to the pull-in phenomenon of a predefined bias
voltage. Besides, the switch was easily unlocked by removing the bias voltage.
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3.2. Bistable Inertial Switches

Additionally, the concept of a bistable mechanism has been brought to micro-inertial
switches [85,86], which utilizes a bistable post-buckling structure to achieve a similar latch-
ing function. Taking advantage of the ability of the bistable mechanism to maintain two
bistable positions without consuming power, the bistable structure has great superiority
in designing an inertial switch with a self-locking function. Sandia National Laborato-
ries presented a fully compliant bistable microswitch with a tapered beam in [87] and a
three-segment bistable inertial switch [23] consisting of a large mass suspended on the
four bistable beams, which could achieve the on-off function of a high g-value accelera-
tion. Bistable microstructures as nonlinear elastic spring elements to precisely define two
static stable states have been involved [25]. However, bistable structures have not been
used to decrease the contact resistance. To reduce the contact resistance, a novel magnetic
actuated bistable acceleration switch was proposed in [26], which included an asymmetric
bistable mechanism with a parallel beam and three magnets arranged three-dimensionally.
Zhao et al. [88] presented a wireless inertial microswitch incorporating a bistable flexible
mechanism. When the bistable structure underwent buckling deformation under an exci-
tation of external acceleration, the proof mass at the contact position could be stabilized.
Liu et al. [89] studied a novel low-g MEMS bistable inertial switch with dual self-locking
functions under an 8 g acceleration and reverse unlocking under a 105 g acceleration
threshold, which was expected to carry out the reuse of the switch. The schematic of the
designed bistable inertial switch is shown in Figure 9. This switch used a fully mechanical
structure to greatly improve the anti-electromagnetic interference ability.

spring beam shell

Sensing driving
direction mass
comb
Moving tooth
direction
_—boss
y
: X — bistable
z beam

proof mass electrode

Figure 9. Schematic and structural parameters of the designed MEMS bistable inertial switch.

3.3. Liquid Inertial Switches

Unlike the conventional solid-to-solid-type micro inertial switch, a liquid inertial
switch realizes contact through liquid—solid mode so as to improve its stability. The liquid—
solid contact-based liquid switch mechanism can avoid problems such as signal bounce and
contact wear during switch movement. Moreover, a liquid—-metal (LM) microswitch [90]
has been used in safety and arming (S&A) applications for time-delay fuses.

Yoo et al. [91] designed an inertial switch with a liquid-metal contact method, which
greatly improved the stability of the switch contact. Kuo et al. [28] designed a passive
inertial switch and integrated an L-C resonator to realize wireless signal transmission. The
working fluid was water. In another design [92] introducing multiwall carbon nanotube
(MWCNT)-hydrogel composite material, they proposed a liquid-type inertial switch in-
tegrated with a passive inductor/capacitor (L-C) resonator. This switch could achieve
various threshold levels of acceleration by various channel configurations. Huang et al. [27]
designed a microfluidic time-delay switch. The device consisted of glycerol (as the working
fluid), a microcapillary valve (as the time-delay mechanism), and sensing electrodes. The
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schematics are shown in Figure 10. By changing the geometric design of the microfluidic
system (such as channels and valves), the delay time of the microfluidic switch could be
easily adjusted. The experimental test showed that the delay time range of the switch was
4.1t0109s.

Nie et al. [29] developed an innovative microfluidic inertial switch structure. It had
the characteristics of accurate delay response. The results showed that the actual delay time
was 114.1 ms under an inertia load of 75 g. Most studies used mercury as a conductive metal
liquid, but it is toxic. Gallium indium (EGaln) was used as the conductive element of the
mobile electrode, which had the obvious advantages of non-toxicity, low viscosity, and high
conductivity. Shen et al. [30] designed a self-recovery inertial switch, and its working liquid
was a gallium-indium (EGaln) metal droplet. The switch employed a U-type microchannel
in order to reduce air resistance in the microchannel. There were sensing electrodes in the
rectangular microchannel. After the acceleration signal disappeared, the droplet returned
to the reservoir. This demonstrated the automatic-recovery characteristic of the switch.
Liu et al. [93] used Galinstan and designed a microfluidic inertial switch. The test results
showed that the response time was 0.66 ms and the contact time was 0.88 ms under a
51.2 g acceleration threshold. Liu et al. [31,94,95] conducted further research on the LM
switch. An increase in the contact angle would increase the viscous force of the droplet
on the capillary valve, thereby prolonging the response time. Furthermore, the switch
structure introduced a two-stage microvalve, which facilitated adjustment of the threshold
by changing the mercury volume. Huh et al. [96] designed a dual-axis accelerometer based
on a liquid—metal droplet. The movement of droplet was leaded by the induced inertial
force. Then they proposed an opposite design [97], which was to etch the cone-shaped
guiding channel on the upper cover. The droplet was located in the channel. The switch
could sense the acceleration signal in the range of 0-1 g, with high resolution and long
service life.

The droplet used in the switch was selected according to its density, toxicity, melting
point, and other characteristics. The following Table 5 lists the characteristics of several
commonly used droplets in microfluidic switches. However, because liquid metals are
volatile, the sealing problem of the switch requires special attention. Fluid is greatly
affected by temperature, and cannot be kept constant at different temperatures. Therefore,
the applications of fluid switches are seriously limited. A summary of some examples of
typical persistent inertial switch performance is shown in Table 6.

(a) Bonding ring

Diquid Air vent
Glass

Silicon

Valve Sensing electrode

(b) Top view Air vent
Wgrkmg Sensing
fluid

electrode

L
Sensing

Storing reservoir 4
reservoir

Figure 10. Schematics of the proposed microfluidic system design: (a) the S-A device and (b) top
view of the device.
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Table 5. Characteristics of some droplets in microfluidic switches.
. Density Melting Point . . Surface Tension . ..
Working Droplet (g/cm®) ©0) Toxicity (mN/m) Others Characteristic
Water 1.0 0 Non-toxic 73 -
. Opaque
Mercury 5.43 —38.83 Toxic 485.5 High reliability
Glycerol 1.26 -17.8 Non-toxic 63.4 High dielectric constant
gallium-indium L Low viscosity
(EGaln) 6.25 15.7 Non-toxic 445 High conductivity
Galinstan [98] 6.44 ~19 Non-toxic 534.6 Low vapor pressure

Easy to oxidize

Table 6. A summary of some examples of typical persistent inertial switch performance.

. Acceleration ..
Type References Material Threshold Performance Application
Lee et al. [80] Si and glass 437 ¢ Mechanical hooked latch Alrbags., p arachu'tes,
and military devices
Robust latching Long-term remote
Reddy et al. [81] SOI 20250 g mechanism with ong’ .
. monitoring applications
mass-spring assembly
Latching Ramanathan Projectiles or the
switches SOI 60g Semi-circular latch key separation of
et al. [82]
rocket stages
Easy-latching/difficult-
Guo et al. [22] Si and glass 4600 g releasing (ELDR) —
latching mechanism
Stable “on” state due to Monitoring the
Zhang et al. [84] Si and Ni 57¢g a predefined transportation of
bias voltage special goods
Remote detection of
. V-shaped slender threshold acceleration
Zhao etal. [88] Ni 3238 ¢ bistable beams and corresponding
Bistable inertial response time
switches 8¢g
(self-locking) Three-segment fully
Liu et al. [89] SOI 105 ¢ & compliant bistable Military applications
(self-locking) beams
Liquid—-metal (LM)
droplet combined with
Yoo et al. [91] Si and glass — selective surface —
modification inside
the channel
Multiwall carbon
nanotube
Liquid inertial Kuo et al. [92] Si, glass, 60 E?rnwils,\il’i)i_rﬁlt}édzz?ej Sensing acceleration
switches ‘ and PDMS & postt & inducing by impact
with an
inductor/capacitor
(L-C) resonator
. Si 75.1g,466¢g, Precise time-delay Fuze safety and arming
Nie et al. [29] (EGaln) 365¢g response characteristic systems
Automatic-recovery
Liu et al. [93] Glass and PDMS 512¢g inertial switch and —

Galinstan marbles
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4. Typical Fabrication Methods

The design and fabrication method can directly affect the reliability of MEMS inertial
switches, especially the lifetime, robustness, and stability under extreme conditions of shock
temperature, humidity, chemical exposure, or other challenges. Depending on the design
and materials of the inertial switch, fabrication methods can be divided into three categories:
(1) standard silicon micromachining technology, (2) non-silicon surface micromachining
technology, and (3) the special fabrication method for liquid inertial switches.

4.1. Standard Silicon Micromachining Technology

Standard silicon micromachining is mainly manifested as a combination of bond-
ing and deep eclipsing technologies to pursue large mass, stress reduction, and three-
dimensional processing. Direct silicon bonding is completed by heating to promote the
polymerization of hydrogen bonds to generate SiO,, so the surface treatment of the sili-
con wafer before bonding is key to making the surface of the silicon wafer absorb more
OH™. Besides, gold—-gold thermocompression bonding has been used in the preparation of
bistable inertial switches to obtain a mass block of large thickness [89].

The main process of the standard silicon micromachine is sketched as follows and
illustrated in Figure 11.

(1) SOI wafer preparation: A BOE rinse is performed to remove the native oxide layer on
the SOI wafer.

(2) Thermal oxidation: An SiO; layer is grown and patterned, which serves as the etching
mask layer for deep reactive ion etching (DRIE).

(38) Oxidation pattern: A thin layer of Al,O3 is deposited on the SOI device layer via
atomic layer deposition. Then the Al,Oj3 film is patterned as a hard mask for a
silicon etch.

(4) Device layer etching: The inertial switch silicon skeleton is then formed in the SOI
device layer via silicon dry etching.

(5) Backside lithography: Backside etching is carried out, followed by long DRIE tech-
nology, to remove the handle layer underneath the device and avoid any potential
stiction issues for the large proof mass. Other Bosch technology is acceptable to ensure
the verticality of the etching.

(6) Moveable electrode: The moveable electrode (Ti/Pt/Au) is deposited on the back side.

(7) Back side of the proof mass: Another DRIE process is applied to reveal the back side
of the proof mass.

(8) Microswitch release: The MEMS switch is finally released after removing the excessive
5i0; layer in the BHF solution.

4.2. Non-Silicon Surface Micromachining Technology

Non-silicon surface micromachining technology on a different substrate such as sil-
icon, metal, and glass, etc., mainly includes sputtering, electroforming, and sacrificial
layer technologies. Some typical new inertial microswitches, including vertical [1] and
lateral actuation [3], uniaxial [35], multiaxial [4], and omnidirectional sensitive [19] and
flexible electrodes using CNT/Cu composites to enhance contact [78], are fabricated by
this technology.

The following is a summary of the surface micromachining process of a MEMS inertial
switch combined with the preparation of a uniform omnidirectional sensitivity inertial
switch. The main procedure is sketched in Figure 12 and described as follows:

(1) Preprocessing of the substrate: The roughness of the substrate surface is reduced via
polishing techniques and by cleaning.

(2) Photoresist lithography: A spin-coating photoresist on the substrate and photolithog-
raphy are carried out. Table 7 shows some common photoresists, including their
performance and coating thickness. Mostly, negative photoresist (SU-8) and positive
photoresist [6] are used for the mold and sacrificial layers, respectively.
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®)

4)

®)

(6)

@)

(1) SOI wafer preparation

Micro electroforming: As the structure material, electroplated metal nickel (Ni) has
good mechanical properties and can effectively solve the problem of switch breakage
under a high acceleration impact. Volume error can be reduced by controlling the
plating time.

Seed layer: Sputtered Cr/Cu on the substrate is used as a seed layer for dev-
ice electroplating.

Multilayer repetition of micro electroforming: Multilayer plating technology can
overcome etching difficulties of a high slim ratio of inertial switches.

Microswitch release: The photoresist and seed layer are removed, and then the inertial
microswitch can be obtained. Usually, acetone or boiled inorganic are used to remove
negative photoresist SU-8 and an ammonia/peroxide solution is used to remove the
seed layer.

Rinsing and drying the device: The released microswitch is rinsed with isopropyl
alcohol or deionized water, and then dried to avoid stiction.

(5) Backside lithography

(2) Thermal oxidation (6) Moveable electrode

(3) Oxidation layer patterned (7) Backside of the proof mass

(4) Device layer etching

(8) Microswitch release

[ si I oxidation [ ] tipvau

Figure 11. Schematic view showing the fabrication process of a standard silicon micromachine.

4.3. Special Fabrication Method for Liquid Inertial Switches

For liquid inertial microswitches, the key difficulty in the fabrication process is the

problem of the tightness of the liquid electrode (movable electrode). Micro-channels
are formed on a silicon substrate by microfabrication technology, and the covered glass
substrate is convenient for observing the movement of droplets. The specific fabrication
process is illustrated in Figure 13 and expressed as follows.

Microchannels with different cross-sections can be etched by micromachining pro-

cesses. The silicon wafer is etched by DRIE technology, and the bonding between the silicon
wafer and the glass cover is realized by anodic bonding.

@
@

Silicon substrate photolithography: The microchannel is SOI material, with a photore-
sist masking pattern for ICP etching microchannels on the SOI material.

Silicon substrate ICP etching: The microchannel is etched by ICP technique, and then
the photoresist is removed.
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®)

First metal electrode layer: The photolithography, sputtering, and lift-off techniques
are applied on the glass substrate. The first metal electrode layer is achieved on

the glass.

(4) Second metal layer: The same technology as above is used to achieve the second metal

layer on the glass substrate.

(5) Glass cover plate laser drilling: To achieve the adjustment of the volume of the flowing

droplets, the adjustment holes and channels are laser etched.

(6) Anode bonding and dicing: After wafer-level packaging, chips are obtained through

precise dicing technology.

Table 7. The performance and coating thickness of common photoresists.

Coating
Type Name Performance Thickness
Ultra-thick film, high-contrast, and high-speed positive-tone standard
AZ P4620 photoresist for semiconductor and/or GMR head manufacturing processes. 10715 pm
. Stable, excellent coating characteristics and sidewall profiles for developing g
Positive AZ S0XT plating and wafer-bumping applications. 40-80 pm
AZ 9260 Small absorption coefficient a’nd a typical photoresist for thick resist 6.2-15 um
etching processes.
. : . High aspect ratio imaging, improved adhesion, reduced coating stress, vertical .
Negative SU-8 series sidewalls, and faster drying for increased throughput. 0-5-300 pm
Variable AZ 5214F Wide viscosity variation suitable for high resolution process (lift-off process) 0.5-6 um

and available for positive/negative patterning.

Preprocessing of the substrate.

Photoresist lithography.

Photoresist lithography.

Multilayer repetition of micro

Micro electroforming. electroforming

Photoresist lithography.

Multilayer repetition of micro
electroforming

Seed layer

Seed layer

Photoresist lithography.

Multilayer repetition of micro
electroforming

Photoresist lithography.

o

Microswitch release

Multilayer repetition of micro

electroforming
I 1 I .
Substrate Photoresist Ni Cu

Figure 12. Sketch of the main fabrication process of surface micromachining.
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After completing the structural preparation of the fluid switch, the droplets are injected
into the adjustment hole and the channel is adjusted to make the droplet enter the initial
position. Although gold has good conductivity, its application is limited due to its high
solubility with mercury. Therefore, chromium (Cr) can be chosen as the electrode material
due to its proper electrical conductivity and low solubility with mercury. In addition, the
preparation process of an alternative fluid inertial switch including a package shell is given,
as shown in Figure 14 [27]. The detailed process is as follows, which mainly consists of
three parts, including a glass wafer, silicon wafer, and package.

(a) Glass wafer

1) Adhesive layer and electrodes: A chrome film as an adhesion layer and a gold
film as a sensing electrode are evaporated and patterned on a glass substrate
by lift-off technology.

2) Parylene film: Parylene thin films are deposited by chemical vapor deposition
(CVD) and patterning by oxygen plasma. In the subsequent silicon-to-glass
bonding process, the parylene film serves as a hydrophobic surface and bond-
ing interface.

(b) Silicon wafer

(©)] Thermal oxidation: Silicon dioxide is processed by thermal growth and then
patterned on a silicon wafer.

4) Microchannel and fluidic components: The DRIE process is used to prepare
structures required for microfluidic work, such as capillary valves, reservoirs,
and vents.

()  Parylene film: Parylene film plays a role in surface modification and bonded
adhesion layers, which is deposited by the CVD process.

(c) Packaging
(6) The Si substrate is filled with fluid and then sealed to glass by bonding technology.

) The liquid inertial switch device is created after dicing the Si substrate and
electrical routing.

(1) Silicon substrate-photolithography

(2) Silicon substrate-ICP etching

(3) Metal electrode layer

(5) Anode bonding and dicing

(4) Glass cover plate-laser drilling

I

B si B sio, [ ]Glass Metal

Figure 13. The special fabrication method for a liquid inertial switch.

MEMS manufacturing process technology is the basis for supporting the development
of mechanically robust, high-performance inertial switch designs. It is combined with
the hermetic silicon process, which is the key to realizing a truly reliable long-life MEMS
switch. An airtight protective casing is formed around the MEMS inertial switch device.
Regardless of the external packaging technology used, this airtight enclosure can improve
the environmental robustness and service life of the inertial switch.
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(a) Glass Wafer (b) Silicon Wafer

M

(@)

(c) Package

-

3

()

o LLIL_M

[

M Glass [ Silicon [JCuwAu M Parylene

M Oxide M Liquid M Wirebond H PCB

Figure 14. Manufacturing and packaging process for a fluid switch.

5. Challenges and Prospects

In engineering practice, it is always difficult to break through bottlenecks such as

inertial switch manufacturability, threshold repeatability, and threshold inconsistency. Both
the bottlenecks and the opportunities for MEMS inertial switches are in progress. In order
to successfully commercialize MEMS inertial switches, there are some challenges that
remain and prospective trends that are worthy of attention.

@

@)

®)

@)

Persistent switches can achieve stable closure. However, they are not suitable for an
engineering environment wherein repeated application is required. In addition, in
early experimental tests, its one-time use feature will cause a great waste of devices,
so it is necessary to study the self-unlocking method for this type of switch.

DRIE and Bosch technology are able to achieve large mass preparation, and multi-
layer electroforming technology makes complicated inertial switches possible with
multiple direction and threshold sensitivities. However, the inherent fabrication errors
and the residual stress lead to low threshold accuracy. Thence, the method of error
compensation can significantly improve the threshold accuracy and sensitivity.
Mature SOI technology can effectively guarantee the fabrication accuracy of the
inertial switch. However, the packaging process of the inertial switch in the later stage
affects the final size and application of the switch. Usually, the package shell of the
inertial switch needs to have high sealing and pressure resistance to ensure air film
damping, and the packaged chip is also easier to install and transport. However, most
of the current switch research is limited to experimental test packaging, which is far
from the packaging requirements of the actual application environment. Therefore,
it is of great significance to select appropriate materials and packaging processes to
bring the switch from research and development to practical applications.

The surface micromachining process is compatible with the integrated circuit pro-
duction process, and the integration is high. Furthermore, integrating and applying
the inertial switches with integrated circuits for systematic integration is a significant
trend as well.
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Abstract: The rapid development of micro/nano systems promotes the progress of micro energy
storage devices. As one of the most significant representatives of micro energy storage devices, micro
hydrogen fuel cells were initially studied by many laboratories and companies. However, hydrogen
storage problems have restricted its further commercialization. The y-graphdiyne (y-GDY) has broad
application prospects in the fields of energy storage and gas adsorption due to its unique structure
with rigid nano-network and numerous uniform pores. However, the existence of various defects in
v-GDY caused varying degrees of influence on gas adsorption performance. In this study, Lithium
(Li) was added into the intrinsic y-GDY and vacancy defect y-GDY (y-VGDY) to obtain the Li-GDY
and Li-VGDY, respectively. The first-principles calculation method was applied and the hydrogen
storage performances of them were analysed. The results indicated that the best adsorption point
of intrinsic y-GDY is H2 point, which located at the centre of a large triangular hole of an acetylene
chain. With large capacity hydrogen storage, doping Li atom could improve the hydrogen adsorption
property of intrinsic y-GDY; meanwhile, vacancy defect inspires the hydrogen storage performance
further of Li-VGDY. The mass hydrogen storage density for LiyHs¢-GDY and LipHs6-VGDY model
were 13.02% and 14.66%, respectively. Moreover, the LiyH54-GDY and LipHs4-VGDY model had
same volumetric storage density, with values that could achieve 5.22 x 10* kg/m?3.

Keywords: y-GDY; first-principles; dope; vacancy defect; hydrogen storage property

1. Introduction

Micro energy storage devices are the power core of micro/nano systems, which have
been widely used in the field of microelectromechanical systems, micro/nano robots, smart
portable/wearable systems and micro-implantable medical sensors, etc. The development
of micro and nano technology drives the developing trend of micro/nano systems towards
miniaturization, systematic and intelligence, etc. Thus, higher requirements have been
proposed for its energy storage components, such as micro volume, high power and long
reliability etc. [1-4].

Micro batteries, such as Li+ [5] micro batteries, Na+ [6] micro batteries and micro fuel
cells [7], are common micro energy storage devices in the micro/nano system. Among
them, micro fuel cells have been regarded as one of the key technologies in the field of
energy due to their excellent advantages with high energy conversion efficiency, large
output power and non-pollution, etc. In addition, as an ideal secondary energy, hydrogen
energy has recently been considered as a green and strategic energy by the international
community [8-10]. Therefore, the research and development of hydrogen fuel cells has been
widely accepted by many scholars and laboratories. Meanwhile, many companies have
conducted research for the commercialization of micro fuel cells actively [11]. However, in
order to meet the requirements of portability and high energy density for the hydrogen
micro fuel cell, it is critical to solve the problem of hydrogen storage [12-14].

96



Micromachines 2022, 13, 547

Hydrogen storage methods mainly include high-pressure gaseous hydrogen storage,
liquid hydrogen storage and solid hydrogen storage. Solid hydrogen storage in particu-
lar can effectively overcome the shortage of gaseous and liquid hydrogen storage with
convenient transportation, high storage density and safety coefficient, etc. Carbon-based
hydrogen storage materials, such as carbon nanotubes [15], activated carbon [16] and
graphene [17] etc., were considered as promising solid hydrogen storage materials due to
its outstanding hydrogen adsorption and release properties. Yang et al. [18] studied the
hydrogen storage property of a sandwich structure composed of a carbon nitride and two
graphene sheets based on the first principles. The results indicated that hydrogen could be
blocked by the graphene completely and stored in this sandwich structure with higher den-
sity. Liu et al. [19] studied the hydrogen adsorption performance of Li decorated C68-GY.
The results indicated that the hydrogen storage density is 8.04 wt% with adsorption energy
of —0.227. Moreover, hydrogen binds with Li/C through polarization and H-H interaction
among molecules. Cui et al. [20] and Liu et al. [21] studied hydrogen storage property of Ti
decorated double vacancy graphene and porous graphene, respectively. Calculation results
shown that the hydrogen adsorption capacity of decreased 33% after doped with Ti, in
contrast, Ti-porous graphene system possessed excellent hydrogen storage property.

Graphdiyne (GDY), as a new type of all-carbon molecule, was synthesized through
an in situ chemical method for the first time on a copper surface according to the research
of Li et al. [22]. It has a unique 1,3-diacetylene bond [23], which can conjugate with the
benzene ring to form a two-dimensional planar network structure. Meanwhile, the large
triangular rings in GDY formed by alkyne bond and benzene ring improved the pore
size to 0.25 nm [24]. In addition, the GDY has many excellent properties, such as, rich
carbon chemical bonds, large conjugate system and better ion shuttling etc., which can
maintain the long reliability of device [25]. Due to these advantages, the GDY has huge
potential for its application in the field of hydrogen storage. Zhang et al. [26] investigated
the intercalation and diffusion of hydrogen in the single layer and bulk GDY. The results
for the first time revealed that the GDY possessed excellent hydrogen storage performance.
Panigrahi et al. [27] studied the hydrogen storage property of GDY doped with light metal
(Li, Na, K, Ca, Sc and Ti). Computation results showed that the Li-GDY possessed the
highest hydrogen storage capacity, which reached 6.5 wt%.

Many studies of hydrogen storage equipment have focused on carbon materials,
especially in the GDY materials. In this study, the hydrogen absorption properties of GDY
modified structures doped with Li or vacancy defect were investigated. The calculation
results were essential to understanding and analysing the adsorption mechanism and
broadening the practical applications in the field of hydrogen storage.

2. Simulation Methods and Computation Models
2.1. Simulation Methods

In this study, the first-principles calculation method based on density functional
theory was adopted, and CASTEP program package in Materials Studio software was used.
The electron exchange correlation potential selected the Perdew—Burke-Ernzerhof (PBE)
functional of generalized gradient approximation (GGA) [28,29]. The X and Y directions
were superposed and the Z direction was erected to the graphene plane, respectively, to
obtain calculation results. The vacuum layer was 20 A. In order to acquire stable total
system energy, considering the factors of calculation accuracy and efficiency, the plane
wave truncation energy with 600 eV and the Brillouin zone K point of Monkhorst-Pack
with 6 x 6 x 1 were selected, respectively. The above simulation parameters can ensure
that the total energy error of the system convergence was not more than 2 x 1075 eV /atom.

2.2. Computation Models

Figure 1a,b show the computation models of hydrogen molecule and Li atom, respec-
tively. The optimized structures of hydrogen molecule and Li atom were obtained through
the CASTEP of Materials studio. The steady-state energy of hydrogen molecule (Ey,) was

97



Micromachines 2022, 13, 547

—31.67 eV, and the bond length of hydrogen-hydrogen was 0.746 A. The steady-state energy
of Li atom (Ej;) was —188.20 eV.

a) b)

& ©

Hydrogen molecule Li atom
ey

Figure 1. Computation models of hydrogen molecule and Li atom.

Figure 2 shows the initial simulation model of intrinsic y-GDY, which is a 2 x 2
supercell, and the steady-state energy is —11,111.919 eV. In this figure, there are four
different carbon—carbon (C-C) bonds, and the bond length of aromatic bond (C;-Cy), C-C
single bond (C1-C3), C—C triple bond (C3-C4), and C—C single bond (C4-Cs) are 1.430 A,
1.392 A, 1.232 A and 1.334 A, respectively. Several related research reported the C-C bond
length of y-GDY and their results are listed in Table 1, which proved that the intrinsic y-GDY
in this study is reasonable and could be used to simulate the hydrogen adsorption process.

Figure 2. Supercell structure of intrinsic y-GDY models.

Table 1. Related research of the C-C bond length of intrinsic y-GDY.

References C-C Single Bond (A)  C-C Triple Bond (A) Aromatic Bond (A)
Cranford [30] 1.460~1.480 1.180~1.190 1.480~1.500
Bai [31] 1.341~1.400 1.239 1.440
Mirnezhad [32] 1.404 1.219 1.423
Peng [33] 1.407 1.223 1.426
Pei [34] 1.340~1.400 1.230 1.430

Due to the particularity of the acetylene bond in the intrinsic y-GDY structure and
the similarities and differences of the C-C bond length, nine highly symmetric adsorption
points were selected during the hydrogen adsorption process. Figure 3 shows the schematic
diagram of nine highly symmetric adsorption points of the y-GDY models. According to
the difference location of points, three groups are divided as presented in Figure 3. Two
points located at the centre of the pore were defined as hole (H). Bridge (B) referred four
points in the middle of the C—C bond. Additionally, top (T) showed three points at the
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directly above of the carbon (C) atom. The supercell structure of the y-GDY was the critical
factor for all points selection. H1 and H2 points were located in the centre of the benzene
ring and the large triangular hole composed of the acetylene chain, respectively, and the
selection of them based on all pores structure of the supercell structure. The types of all
C-C bonds in the supercell structure were the crucial selection factors of B points. The C-C
bond of the benzene ring referred to B1 points, the C—C single bond and triple bonds of
the ethyne chain were defined as B2 and B3 points, respectively, and B4 points showed the
C-C single bond which connected two C-C triple bonds. According to the hybridization
mode of different C atoms in the supercell structure, the C atom on the benzene ring was
selected as T1 point, and the two C atoms on the ethyne bond were selected as T2 and T3
points, respectively.

H- Hole
== B- Bridge
® T- Top

Figure 3. Schematic diagram of the nine highly symmetric adsorption points of intrinsic y-GDY models.

Vacancy defect occurs in carbon materials inevitably. As shown in Figures 2 and 3, the
intrinsic y-GDY is divided into two symmetrical parts by the ethyne chain. The missing
ethyne chain forms a new structure, known as vacancy defect y-GDY (y-VGDY), composed
of four identical ethyne chains and a benzene ring. In order to analyse the effect of vacancy
defect on the hydrogen storage performance, the y-VGDY model is also established by the
Materials studio software, as shown in Figure 4.

Figure 4. Schematic diagram of the y-VGDY models.

3. Results and Discussion
3.1. Hydrogen Adsorption Property of Intrinsic y-GDY

In order to investigate the hydrogen adsorption property of intrinsic y-GDY, the
hydrogen adsorption models of nine highly symmetric adsorption points are shown in
Figure 5. The concentration of hydrogen molecule and initial adsorption height were set as
1 and 3 A severally to obtain optimal hydrogen storage property. The hydrogen adsorption

99



Micromachines 2022, 13, 547

energy of intrinsic y-GDY at nine highly symmetric adsorption points was also calculated,
which can be expressed in Equation (1):

Euis = Ecpy+H, — Ecpy — En, 1)

Figure 5. Hydrogen adsorption models of intrinsic y-GDY at nine highly symmetric adsorption
points. (Hydrogen molecules are expressed by white balls, (a—i) represent the hydrogen molecule
adsorption points B1, B2, B3, B4, H1, H2, T1, T2 and T3, respectively).

Here, EgpyH, is the total energy of intrinsic y-GDY after adsorbing one hydro-
gen molecule, the Egpy and Ep, are the energy of intrinsic y-GDY and single hydrogen
molecule, respectively. If the adsorption energy is negative, it means that the system re-
leases heat during the adsorption process, and the total energy of the system is reduced and
the adsorption process more easily occurs. Thus, the higher the absolute value is, the easier
the adsorption becomes. In contrast, when the adsorption energy is positive, this process
needs to absorb heat, the higher absolute value shows that the adsorption of hydrogen is
difficult. Table 2 shows the adsorption height and energy of nine points. As shown in this
table, the H2 point possesses the largest absolute value of adsorption energy and lowest
adsorption height for hydrogen, thus the H2 point is seen as the best adsorption point for
intrinsic y-GDY.

Table 2. Hydrogen adsorption height and adsorption energy of nine points.

Points B1 B2 B3 B4 H1 H2 T1 T2 T3

Adsorption height (A) 3.0018 3.0019 3.1911 3.1528 2.9425 2.8159 3.1024 3.1760 3.1748
Adsorption energy (eV)  —0.0215 —0.0216 —0.0315 -0.0277 —-0.0326 —0.0786 —0.0289 —0.0340 —0.0281

3.2. Li Adsorption Property of Intrinsic y-GDY and v-VGDY

The H2 point shows the best performance of hydrogen adsorption in nine adsorption
points, however, the lower adsorption energy indicates that the hydrogen storage property
of intrinsic y-GDY is not ideal. Thus, it is necessary to study the hydrogen storage property
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of intrinsic y-GDY doping with Li (Li-GDY). Figure 6 shows the initial Li atom adsorption
models of intrinsic y-GDY, which are named as the initial Li-GDY models. According to
Table 2, the difference of adsorption energy values for B and T points are limited, thus the T
and H points are selected to establish the adsorption models. Moreover, the Angle point
(A) was introduced to enrich the diversity of simulation models. The adsorption energy of
intrinsic y-GDY to Li atom can be expressed in Equation (2):

Euis = Egpy+1i — Ecpy — ErLi )

Figure 6. Six initial Li-GDY models (Purple ball is Li atom, (a—f) represent the Li atom adsorption
points T1, T2, T3, H1, H2 and A, respectively).

Here, Egpy.1; is the total energy of intrinsic y-GDY after adsorbing one Li atom,
the Egpy and Ej; are the energy of intrinsic y-GDY and single Li atom, respectively. The
adsorption height and energy of intrinsic y-GDY after doping Li atom is shown in Table 3.
In this table, the adsorption energy of T1, T2, T3 and H1 points to Li atom are —1.991 eV,
—1.983 eV, —2.021 eV and —1.979 eV, respectively. Meanwhile, the adsorption energy of H2
and A points to Li atom are —2.657 eV and —2.641 eV, respectively. The results indicate that
the H2 and A points of intrinsic y-GDY are the best dope points when doping a single Li
atom. In the following simulation, the H2 point of intrinsic y-GDY is selected as the dope
point for the Li atom and the adsorption height is 0.084 A.

Table 3. Adsorption height and adsorption energy of six points for Li-GDY.

Points T1 T2 T3 H1 H2 A
Adsorption height (A) 1.930 1.931 1.906 1.878 0.084 0.232
Adsorption energy (eV) —1.991 —1.983 —2.021 —-1979 —2.657 —2.641

The analogous rhombic ring composed of four ethyne chains in y-VGDY was the
optimal dope area. Thus, the doping concentration of Li atoms was considered as the
significant factor. Figure 7 shows the initial y-VGDY models when doping different
concentration Li atoms (Li-VGDY), which are named as the initial Li-VGDY models. The
average adsorption energy of y-VGDY to Li atoms can be expressed in Equation (3):

Ens = (E(x)Li+VGDY — Evepy — xELi) /x (3)
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top view
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Figure 7. Three initial Li-VGDY models. (Purple ball is Li atom, (a—c) represent the Li atoms
concentration 1, 2 and 3, respectively).

Here, E(y)1i1vcpy is the total energy of y-VGDY after doping x Li atoms, the Eypy
and Ep; are the energy of y-VGDY and a single Li atom, respectively, x is the number
of Li atoms. Table 4 shows the adsorption height and average adsorption energy of y-
VGDY after doping Li atoms. In this table, the average adsorption energy of y-VGDY after
doping 1, 2 and 3 Li atoms are —4.437 eV, —3.720 eV and —3.130 eV, respectively. Li-VGDY
model possesses the maximal average adsorption energy, thus it is selected in the following
simulation and the adsorption height of Li atom is 0.396 A. In addition, compared with
v-GDY, the y-VGDY expresses better doping ability of Li atoms.

Table 4. Adsorption height and adsorption energy of Li(,)-VGDY.

Concentration 1 2 3
Adsorption height (A) 0.396 0.402 1.253
Average adsorption energy (eV) —4.437 —3.720 —3.310

3.3. Hydrogen Adsorption Property of Li-GDY and Li-VGDY

Because of the unacceptable hydrogen storage performance of intrinsic y-GDY, the
structure and energy of Li-GDY computation models were optimized. The adsorption
characteristic parameters of LiHyn-GDY system under the different density of hydrogen
molecules were studied. Figure 8a—g show the hydrogen adsorption models of Li-GDY
under different hydrogen concentrations (LiH;n-GDY), which are named as the LiH,n-
GDY models. Graphene materials are permeable to hydrogen, even though it is defect
free [35]. However, if hydrogen could be adsorbed on the y-GDY by chemical bonding,
it will be difficult to achieve the function of hydrogen permeation. Moreover, in order
to determine the stability of hydrogen molecule adsorption on the Li-GDY surface, the
adsorption energy of hydrogen (E,;;) was also calculated, which can be expressed in
Equation (4) [19,36]:

Eads = EgDy + (x)Li+(N)H, — EcDY+ (x)Li+(N-1)H, — EH, 4)

The average adsorption energy of hydrogen (E,;s) can be described in Equation (5):

Eqgs = (EGDY+(x)Li+(N)H2 ~ Epy+(nLi — E(N)Hz) /N ©)

Here, EGpy (x)Lit+ (N)H, a4 EGpy+ (x)Li+(N—1)H, are the total energy of intrinsic y-
GDY doped x Li after adsorbing N and N — 1 hydrogen molecules, respectively. Egpy (x)Li
is the total supercell energy of intrinsic y-GDY doped x Li. Ep, and E )y, are the energy of
single and N hydrogen molecules, respectively, and N is the number of hydrogen molecules.
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Figure 8. Seven LiHyN-GDY models and adsorption energy. (Purple ball is Li atom, white balls are
hydrogen molecules, (a-h) represent the LiH;n-GDY models of hydrogen concentrations with 1, 2, 3,
4,5, 6 and 7, respectively, (h) shows the hydrogen adsorption energy and average adsorption energy
of Li-GDY).

Table 5 shows the hydrogen adsorption energy and average adsorption energy of
Li-GDY. As shown in this table, when the concentration of hydrogen molecules exceeds
three, the absolute value of average adsorption energy of Li-GDY surpasses the absolute
value of adsorption energy of intrinsic y-GDY in H2 point. This phenomenon indicates that
Li-GDY shows better hydrogen storage property compared to the intrinsic y-GDY when in
large capacity hydrogen storage. Thus, the hydrogen storage property of intrinsic y-GDY
could be improved by the doping Li atom. When the hydrogen molecular concentration
is four, the adsorption energy reaches the peak, and the value is —0.194 eV. Moreover,
the hydrogen average adsorption energy of Li-GDY increases obviously with the rise in
molecular concentration. When the number of hydrogen molecules are seven, the best
average adsorption energy occurs, which can achieve —0.132 eV.

Table 5. Hydrogen adsorption energy and average adsorption energy of Li-GDY.

N (Hy) 1 2 3 4 5 6 7
Epas (€V) —0.008 —0.094 —0.141 ~0.194 —0.158 —0.146 —0.185
Eas (eV/Hy) —0.008 —0.051 —0.081 ~0.109 —0.119 —0.124 ~0.132

In order to analyse the hydrogen storage property of Li-VGDY, the seven hydrogen
adsorption models of Li-VGDY under different hydrogen concentrations (LiH;N-VGDY)
are shown in Figure 9a—g. Meanwhile, the adsorption energy of hydrogen (E,;) and
average adsorption energy were calculated to determine the stability of hydrogen molecule
adsorption on the Li-VGDY surface, which can be expressed by Equations (6) and (7):

Eags = EvGpy+(x)Lit (N)H, — EveDpy+(x)Lit (N—-1)H, — EH, (6)
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Figure 9. Seven LiH,;N-VGDY models and adsorption energy. (Purple ball is Li atom, white ball is
hydrogen molecule, (a—h) represent the LiHyn-VGDY models of hydrogen concentrations with 1, 2, 3,
4,5, 6 and 7, respectively, (h) shows the hydrogen adsorption energy and average adsorption energy
of Li-VGDY).

Here, Eycpy 1 (x)Li+(N)H, a4 Evepyy (x)Lit (N—1)H, are the total energy of y-VGDY
doped x Li after adsorbing N and N — 1 hydrogen molecules, respectively. Eygpy . (y)r; i
the total supercell energy of y-VGDY doped x Li. Ep, and E(y)p, are the energy of single
and N hydrogen molecules, respectively, and N is the number of hydrogen molecules.

The hydrogen adsorption energy and average adsorption energy of Li-VGDY are
shown in Table 6. In this table, different from the Li-GDY, the hydrogen adsorption energy
of the Li-VGDY system shows fluctuation between —0.149 and 0.029 eV. In addition, the
absolute value of average adsorption energy of Li-VGDY decreases with the increase in
hydrogen molecular concentration. Nonetheless, the Li-VGDY possesses better average
adsorption energy than Li-GDY. Meanwhile, the average adsorption energy of Li-VGDY
reaches a steady state when the number of hydrogen molecules are four, which is —0.15 eV.
The results indicate that the Li-VGDY has excellent stability in large capacity hydrogen storage.

Table 6. Hydrogen adsorption energy and average adsorption energy of Li-VGDY.

N (Hy) 1 2 3 4 5 6 7
Eqis (V) —-0.178 —0.149 —0.120 —0.155 —-0.171 —0.146 —0.162
E.4s (eV/Hy) -0.178 —0.164 —0.149 —0.151 —0.155 —0.153 —0.154

3.4. The Capacity of Hydrogen Storage

High-efficiency hydrogen storage materials need to satisfy two significant conditions
of larger storage capacity and higher bonding strength in the practical applications. The

104



Micromachines 2022, 13, 547

mass and volumetric hydrogen storage density were proposed by the US Department of
Energy to measure the performance of hydrogen storage materials.
The mass hydrogen storage density ((#7(wt%)) can be expressed in Equation (8):

(wt%) = 2Ar(n(Ha) 100% ®)
U AT’(”)J’I(C) +A1’(L1)TI(L1) +2A1’(H)1’1(H2)

The volumetric hydrogen storage density (o(V')) can be described in Equation (9):

. ZAT(H)?I(HQ)/NA
- a-b-c

p(V -100% )

Here, the Ar(Li), Ar(H) and Ar(C) are the relative atomic mass of Li, hydrogen and C
atoms, respectively. Ar(Li) =7, Ar(H) = 1 and Ar(C) = 12. The n(Li), n(H;) and n(C) are the
number of Li atoms, hydrogen molecules and C atoms, respectively. Ny is the Avogadro
constant, and the value is 6.022 x 10%3. Thea, b and ¢ represented the overall length, width
and height of the model, respectively.

According to the analysis of Table 5, when the concentration of hydrogen molecules is
N =7, the LiHyn-GDY system achieves the best performance of hydrogen storage. Figure 10
a shows the maximum hydrogen storage capacity model of intrinsic y-GDY (Li;Hs¢-GDY
model). In this figure, two Li atoms are doped to the intrinsic y-GDY, the top and bottom
surface of Li-GDY adsorb seven hydrogen molecules, respectively, and the hydrogen
molecules on top and bottom surface are represented by white and green balls, the purple
balls represent Li atoms. The structure and energy of the model were optimized, and the
adsorption energy of this system was —0.226 eV in steady state, which could meet the
requirement of hydrogen storage adsorption energy. The mass and volumetric hydrogen
storage densities of LiyHss-GDY system were 13.02% and 5.22 x 10* kg/m?, and these
values of intrinsic y-GDY were 7.69% and 2.24 x 10* kg/m?3, respectively.
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Figure 10. Maximum hydrogen storage capacity model of intrinsic y-GDY and y-VGDY. (a) LipHs-
GDY model, (b) LiyHs4-VGDY model. (Hydrogen molecules on top and bottom surface are repre-
sented by white and green balls, the purple balls represent Li atoms).

As shown in Table 6, when the number of hydrogen molecules is one, the performance
of hydrogen storage of LiHyN-VGDY reaches its peak. In order to ensure the consistency of
the simulation, here, the number of hydrogen molecules also selected seven. Figure 10b
shows the maximum hydrogen storage capacity model of y-VGDY (LipHs4-VGDY model).
Computational results indicated that the adsorption energy of this system was —0.209
eV when in a steady state, which also could satisfy the requirement of hydrogen storage
adsorption energy. Meanwhile, the mass hydrogen storage density of Li;Hs¢-VGDY system
was 14.66%, and the volumetric storage density was 5.22 x 10* kg/m3, a value the same as
the Li;Hs6-GDY system.
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4. Conclusions

(1) The H2 point of intrinsic y-GDY shows the best hydrogen adsorption property in nine
highly symmetric adsorption points. However, the hydrogen adsorption performance
of intrinsic y-GDY is not ideal.

(2) Liatoms could be adsorbed by intrinsic y-GDY and y-VGDY stably.

(3) Doping Li atoms could enhance the hydrogen storage property of intrinsic y-GDY
when in large capacity hydrogen storage.

(4) Vacancy defect has a positive influence on hydrogen storage performance; Li-VGDY
possesses better hydrogen storage performance than Li-GDY.
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Abstract: The recent development of micro-fabrication technologies has provided new methods for
researchers to design and fabricate micro metal coils, which will allow the coils to be smaller, lighter,
and have higher performance than traditional coils. As functional components of electromagnetic
equipment, micro metal coils are widely used in micro-transformers, solenoid valves, relays, elec-
tromagnetic energy collection systems, and flexible wearable devices. Due to the high integration
of components and the requirements of miniaturization, the preparation of micro metal coils has
received increasing levels of attention. This paper discusses the typical structural types of micro metal
coils, which are mainly divided into planar coils and three-dimensional coils, and the characteristics
of the different structures of coils. The specific preparation materials are also summarized, which
provides a reference for the preparation process of micro metal coils, including the macro-fabrication
method, MEMS (Micro-Electro-Mechanical System) processing technology, the printing process,
and other manufacturing technologies. Finally, perspectives on the remaining challenges and open
opportunities are provided to help with future research, the development of the Internet of Things
(IoTs), and engineering applications.

Keywords: micro metal coil; MEMS processing technology; flexible electronic process; magnetic film;
printing process

1. Introduction

Over the last few decades, the field of micro metal coils has evolved rapidly due to
the widespread application of micro metal coils in fields such as consumer electronics,
the automobile industry, aerospace, machinery, the chemical industry, medicine, among
others [1-15]. Among the various types of micro metal coils, the coils based on MEMS
technology and flexible electronic technology have greater research value [1-8].

The coil turns of micro metal coils are greatly increased in a limited volume, resulting
in a more uniform, high-density magnetic field when working [9]. They have the advan-
tages of miniaturization, integration, intelligence, low cost, high performance, and mass
production, which are prerequisites for realizing a high level of integration and complexity
in modern electronic equipment [12-16]. The micro-transformer produced by micro coil
technology has low resistance, high inductance, a high coupling coefficient and quality
factor, and plays an important role in switching the power supply, power conversion or
signal isolation [15,16]. In particular, the DC-DC converter that is composed of a micro-
transformer effectively reduces the volume of the power system and is widely used in
various portable electronic products. The application of micro coils in relays makes the size
of the aeroengine shrink, which promotes the development of micro-aviation [17-19].

Compared with the traditional metal coil, the flexibility and ductility of the flexible coil
are significantly improved, and it is easy to bend and fold, as well as being lightweight [5,6].
As the most efficient energy supply mode in micro-energy acquisition technology,
an electromagnetic energy harvester also uses flexible coils to solve the problem of ensuring
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high output voltage under the premise of controlling the volume [20-22]. Micro coils
can be nested on wearable system devices. Flexible sensors convert external deformation
signals into electrical signals. MEMS sensors can achieve almost all sensory functions of
the human body, including vision, hearing, taste, smell (such as the Honeywell electronic
nose) and touch, which play an important role in health monitoring, motion monitoring,
swallowing speech monitoring and intelligent rehabilitation [23-29]. With the develop-
ment of micro coils, people can directly obtain certain body information in a convenient,
fast, and friendly way. The wearable device based on micro coil technology is advanta-
geous due to its small size and portability. It deeply contacts the measurement target,
reduces the cost, and completes the integration of multiple functions with a certain level of
accuracy [26-33]; therefore, the application of micro metal coils has greatly expanded the
use of electronic devices and laid the foundation for the rapid development of consumer
electronics, the automobile industry, and even the aerospace, machinery, chemical, and
medical monitoring industries.

The development of micro metal coils also benefits from the significant progress of
advanced microfabrication technologies, such as microelectronic technology, integrated
circuit technology, and its processing technology, MEMS preparation technology, and
film and flexible electronic processing technology [34-36]. The substrate materials mainly
include silicon, glass, ceramic materials and flexible materials [37-42]. The hard substrate
has a high degree of hardness and good dielectric properties, but for some non-planar
surfaces and curved surfaces, it is necessary to use a flexible substrate to prepare sensors.
At present, the organic polymer materials for flexible substrates studied by scholars in
China and abroad not only have better mechanical properties, dielectric properties, and
physical and chemical stability, but also have good mapping ability and flatness, and are
widely used in the manufacturing of MEMS sensors [39].

Micro metal coils are mainly divided into two structural types: three-dimensional
coils and planar coils. Three-dimensional coils are mainly solenoid-type micro coils, and
planar coils can be subdivided into single-layer coils and multi-layer coils [40-42]. The
single-layer planar coil has no magnetic core-binding circuit, and the magnetic leakage
is significant. Then, the single-layer thin film magnetic core or the two-layer thin film
structure and sandwich structure are introduced to remarkably improve the inductance and
quality factor of the planar spiral inductor [2-5,43-46]. The solenoid based on the MEMS
process has good integration performance on standard silicon substrate, and the hollow
solenoid coil can reduce the influence of substrate [47-50]. Three-dimensional solenoid
inductors and suspended planar inductors were fabricated on silicon and glass substrates
using thick gel lithography and copper plating. Moreover, a high-performance, folded,
stacked multilayer 3D magneto-inductor coil was fabricated using MEMS technology.
The new folding and welding methods successfully solved the complexity of the key
manufacturing process of multilayer inductors, enabling the simple, rapid and low-cost
assembly of multilayer coils [47,51-55].

In this paper, the structure, preparation methods and preparation materials of micro
coils are summarized. Section 2 discusses the characteristics and applicable scope of coils
with different structures. The study of micro metal coils based on different processing
methods and materials is emphasized in Section 3. Finally, we provide typical devices
and applications of coils based on different processing methods. The challenges and open
opportunities of the micro metal coil preparation process for future development are given.

2. Type and Theory of Micro Metal Coil Construction
2.1. Theory of Coil Performance

When conducting theoretical analyses of a coil, the inductance, quality factor Q and
distributed capacitance of the coil are generally of highest concern. The degree of inductance
of the coil depends mainly on the number of turns in the coil, the winding method, the
presence or absence of a magnetic core, and the material of the core. In general, the more
coils there are and the denser the wound coils, the greater the inductance. Coils with
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a center of gravity have a larger inductance than coils without a center: the larger the
permeability of the core, the greater the inductance. The higher the quality factor Q of
a coil, the smaller the loss and the higher the efficiency. The Q value of a coil is related to
the DC resistance of the wire, the dielectric loss of the skeleton, losses caused by the shield
or iron core and the influence of high-frequency skin effects. There are certain capacitances
between the turns, between the layers of any inductance coil, between the coil and the
reference ground, and between the coil and the magnetic shield. These capacitances are
called the distributed capacitances of inductance coil. If these distributed capacitances are
integrated, they will become an equivalent capacitance, C, in parallel with the inductor coil.
The existence of distributed capacitance decreases the Q value of a coil, and the stability
thus deteriorates; therefore, the smaller the distributed capacitance of the coil, the better.

Due to the complex configuration and diversity of coils in practical applications,
it is difficult to carry out complete theoretical calculations; as a result, the simplified
model and equivalent circuit are hard to explain. Below, a PCB board coil is presented as
an example [56]; qualitative analysis was used to determine the performance of the coil
transformer. The transformer circuit model is shown in Figure 1.

Figure 1. Circuit model of transformer.

The inductance was measured using an HP4194A impedance/gain phase analyzer.
The stray inductance of primary winding could be compensated by the impedance analyzer;
however, lead stray inductance between the secondary winding and the external capacitor
could not be compensated as it must be included in the transformer model as part of the
secondary leakage inductance. The capacitance inside a winding is far smaller than the
external capacitance; therefore, their influence was ignored to simplify the analysis.

The voltage gain ratio and no-load resonant frequency of the transformer could be
determined by connecting an external capacitor to the secondary winding and the measured
coil inductance. This frequency characteristic is an important factor in the design of power
converters for a specific switching frequency range.

2.2. The Solenoid

The solenoid coil is a three-dimensional coil in space, directly wound by metal wires.
Its interior is either hollow or a metal core, and it is used to concentrate the magnetic
field. When passing a current in a closed loop, the magnetic field can be generated. As
a common electromagnetic component, the solenoid is widely used in various fields, as
shown in Figure 2; it is used for electromagnets [57], inductors [58], converters [59], solenoid
valves [60], relays [61], and so on, as a part of inductors and transformers.
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Figure 2. Main applications of solenoid coils as common electromagnetic components.

Moazenzadeh et al. [11] formed a vertical magnetic core column using a laminating
process. The magnetic core material is a cobalt-based amorphous magnetic alloy, and the
column is arranged on a 4-inch borosilicate silicon sheet with adhesive. The column is
divided into a T column and a U column. On the T column, the solenoid is directly wound
on the magnetic core by the lead-bonding machine, and then combined with the U-shaped
magnetic core to form a closed magnetic circuit. The wiring bonding process is fast, and
up to 40 coils can be made in 10 s. The manufactured device generates an inductance
of 2.95 pH/mm? and 133 nJ/mm? in energy per unit volume at a frequency of 1 MHz.
Coupling coefficients of up to 98% and power efficiencies of 64-76% for different turn ratios
have been measured.

Hao et al. designed transformers with magnetic thin films for on-chip power conver-
sion and isolation [13]. The transformer is composed of three metal layers separated by
insulators, including the bottom copper layer, the top copper layer, and the middle core
layer. A cobalt alloy thin film material with high permeability is used as the magnetic core,
the coil is wound on the magnetic core, and the coil axis and core are parallel to the silicon
substrate. It is manufactured by using standard CMOS (Complementary Metal Oxide
Semiconductor) manufacturing equipment and processes. By using a high-permeability,
magnetic material as the solenoid core, the inductance of the device is greatly improved,
with an inductance density of up to 108 nH/mm?. The transformer’s construction has a total
thickness of less than 30 pm and a volume inductance density of 3.6 uH/mm?3. By using the
lamination core, the loss is controlled, and the peak quality factor (Q) at 40 MHz is 16.

The significant advantage of the solenoidal is that the spatial structure is regular, the
magnetic field formed is evenly distributed in space, and the electromagnetic conversion
loss is low when the same materials are used. Moreover, magnetic conductive materials
can be placed in the micro-channel, which is surrounded by metal wires, to further reduce
losses and constrain the magnetic field, as well as to improve the capacity and the signal’s
sensitivity. The closed flux chain is formed by the closed magnetic core; thus, the magnetic
leakage can be well prevented. The solenoid coil can also achieve a higher inductance per
unit area, and it is more convenient to increase the inductance value by increasing the coil’s
cross-sectional area.
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2.3. Planar Micro Metal Coil

The biggest advantage of planar micro coils over solenoid-type micro coils is that
mass production is cheaper and more efficient when the required size is smaller. The
plane-type micro coil is different from the solenoid-type micro coil in structure and has
a planar two-dimensional structure. Planar micro coils were first used in MRI (Magnetic
Resonance Imaging) as surface coils [62]. The structure of the planar micro coil usually
includes the upper and lower magnetic films, a metal wire coil layer in the middle, and
an insulating layer used to isolate the magnetic core material and the wire.

The main structural parameters include the outer diameter of the micro coil, winding
number, line width, coil spacing, and thickness. When multiple layers of coils are stacked,
the number of layers also needs to be considered. Wu et al. embedded two interlaced
thick copper coils in the bottom layer of silicon substrate, and prepared transformer coils
with a power IC process combined with MEMS electroplating, photolithography, and
deposition. Through-holes and coil grooves are etched on the surface of silicon wafers
by photolithography, and low-temperature oxide deposition is followed by electroplating
copper filling [16]. Additionally, a new kind of silicon-embedded coreless transformer
(SECT) for isolated DC-DC converter applications is presented and demonstrated. By
embedding two staggered, thick copper coils in the bottom layer of the Si substrate, the
designed 2 mm? SECT can achieve a maximum transformer efficiency of 85% at 50 MHz.
Compared to previously reported silicon-based coreless power transformers, the lower
operating frequency of SECT allows for about a 50% reduction in power losses in the power
MOSEFETs and Schottky diodes, resulting in a 38% reduction in converter losses.

Wang et al. designed a silicon-integrated micro-transformer for an isolated bias
power supply [63] and carried out fabrication and characteristic verification. The racetrack-
shaped micro-transformers are designed and manufactured using an advanced double-
layer metal (DLM) micromachining process. The inductance density of the DLM device
exceeds 80 nH/mm? and the efficiency is about 78.2% at 20 MHz with a 0.5 W output.
The inductance drop is less than 20%, the bias current is 0.35 A, and the DC breakdown
voltage can reach 6 kV. The racetrack-type micro-transformer is designed and manufactured
by a double-layer metal (DLM) micromachining process. The bottom magnetic core is
electroplated on a natural oxide insulating silicon wafer to form a pattern, and two layers
of copper windings are deposited on the BCB and the SU-8, with the SU-8 as the middle
insulating layer. From bottom to top, there are the bottom core, the first insulating layer,
the first copper coil, the second insulating layer, the second copper coil, the third insulating
layer, and the top core.

Silicon-based substrates have the advantage of forming metals directly, compared
with flexible substrates. By using the planar coil, we can integrate the conductor on the
plane, which improves the utilization rate of axial space and increases the cross-sectional
area of the magnetic core. The manufacturing process is simpler, and it is more widely used
when the demand for miniaturization is higher [64]. Moreover, a higher power density can
be achieved [65].

When the number of turns of the metal coil needs to be increased, and when the
required number of turns exceeds a certain level, the plane area occupied by the planar
coil will increase rapidly, which is not conducive to the reduction in the system’s size and
application in a narrow space.

2.4. Integrated Micro Coil with Flexible Substrates

Micro coils based on flexible substrates have the characteristics of bendability, bio-
compatibility, being lightweight, and having a low base cost. Due to the poor flexibility
and ductility of the rigid base, the electronic components used in the conditions that need
to be deformed cannot be on the rigid base, and they must be put on flexible substrates.
Flexible electronics have broad application prospects in many fields such as healthcare,
environmental monitoring, display and human—computer interaction, energy conversion,
management and storage, communication, and wireless network technologies [25].
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Yang et al. [66,67] adopted different MEMS processing techniques for different core
materials in their research, including an electroplated nickel-iron alloy iron core and
a pasted cobalt-based amorphous strip iron core. The preparation of copper coils is achieved
via processes such as oxidation, photolithography, sputtering, electroplating, and etching.
After the processing on the hard material is completed, the processing of the flexible
substrate coil device is completed by peeling, planarizing, and pasting on the flexible
substrate. The flexible base fluxgate adopts a parallel excitation method, and the primary
and secondary coils are alternately wound with each other. The coil line width is 180 um,
the gap is 120 pum, the total number of turns of the coil is 100, the turn ratio of the excitation
coil and the induction coil is 1:1, and the thickness of the copper wire is 4um. The coil’s
spirally wound iron core is a long strip iron core with a length of 30 mm and a width of
3 mm. The thickness of the electroplated nickel-iron alloy iron core is 4 um, the thickness
of the pasted drill-based amorphous strip iron core is about 5 pm, and the pad size is
1350 pm x 1350 pm.

The flexible substrate miniature metal coil makes the device better for miniaturization
and integration, and due to the large degree of deformation, the application range is wider
than that of the rigid substrate. Moreover, the coil stacking is more convenient, which is
convenient for improving the power density of the device. Since some parts of the metal
coil need to be processed in a high-temperature environment, processing directly on the
flexible film will cause damage to it. It needs to be prepared on a rigid substrate and then
transferred to the flexible film, which increases the complexity of the processing technology.
Moreover, since only soft magnetic material can be used as the iron core on the flexible
substrate, the electromagnetic properties are weaker than traditional materials, and further
research on the required soft magnetic material is required.

3. Main Processing Method
3.1. Macro Production Mode
3.1.1. Processing on PCB

The planar micro coil based on the printed circuit board (PCB) process is advanta-
geous in terms of having a low manufacturing cost, short cycle time, and the ability for
mass production.

Wei P.W. et al. [68] designed a PCB-based planar micro coil for portable NMR (Nuclear
Magnetic Resonance) detection. The PCB plane micro coil is made on the double-sided PCB
using a photolithography and etching process, the micro coil is obtained after the copper
wire is deposited by exposure, development, and electroplating, and the two sides of the
PCB are electrically connected through the PCB through-holes. The top board includes the
left and right pads, the spiral micro coil and the leads. The leads are used for the connection
between the left pad and the spiral micro coil. There are two through-holes in the middle
of the PCB board, and the innermost end of the spiral coil and the pad on the right side of
the top board are connected to the bottom board with wires through the two through-holes.
Wei P.W. et al. connected the two through holes with leads on the bottom plate, so as to
realize the connection between the spiral coil and the pad. In order to avoid the problems
of the thin glass’ intermediate layer being easily broken and the flat micro coil being easily
oxidized, it is necessary to improve the structural design and adjust the subsequent process’
production plan.

Although the current PCB planar micro coils are relatively inexpensive to manufacture,
they have shortcomings, such as numerous steps in the process, low manufacturing resolu-
tion, and uneven RF (Radio Frequency) fields. It was found that the parasitic capacitance
caused too much influence, due to multiple through-holes, to make a PCB three-dimensional
coil in the study. In order to obtain a high signal-to-noise ratio (SNR), PCB planar micro
coils need to be properly designed. The width of the wires and the distance between wires
should be as small as possible. Due to the limited minimum resolution of PCB technology,
the wire’s width and spacing are both 152.4 um, the coil’s thickness is 35 um, and the
number of turns is six. Tang et al. [56] designed an isolated switching power converter coil
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for a coreless PCB transformer. The transformer coils are micro two-spiral windings, which
are printed directly on both sides of a double-sided PCB. The PCB laminate is made of FR4
material with a high breakdown voltage.

Previous micro-transformers typically used ferrite cores or materials to provide
a closed magnetic circuit; however, the rated current and operating frequency are lim-
ited by the ferrite material due to magnetic saturation and eddy current losses. By printing
the windings of the planar transformer on both sides of a double-sided printed circuit board
(PCB), manual winding costs are eliminated, and the manufacturing process is facilitated.
As the transformer windings are etched on the PCB surface, encapsulation processes and
materials such as epoxy can be excluded. In addition to the device package, the magnetic
core is eliminated, so the height of the device can be greatly reduced.

Coreless PCB transformers eliminate the application challenges of core-related trans-
formers in low-power scenarios. The diameter of the coreless PCB transformer is about
0.46 cm, the power output of the converter is about 0.5 W, and the typical transformer
efficiency is 63%. Its excellent high-frequency capability, high reliability, and low-profile
construction make coreless PCB transformers a suitable choice for switching converters
and microcircuits in the megahertz range.

3.1.2. Wire-Wound Coils
(1) Hand winding

Based on the capillary’s characteristic of not only being able to store samples but also
being able to serve as a coil bobbin, Peck et al. [69] made 28 solenoid micro coils with
diameters of 50 um to 1.8 mm by manually winding wires on the capillary. The experiment
for detecting the electrical parameters of coils and the NMR experiment both show that the
fabrication method is feasible, and the experiment also verifies that reducing the diameter
of the solenoid micro coil results in an improvement in the detection sensitivity. In the same
research group, Olson et al. improved the method of fixing the solenoid micro coil and
replaced the epoxy resin with cyanoacrylate adhesive. In the experiment, the cyanoacrylate
adhesive was able to penetrate into the gap between the capillary and the wire more easily.
At the same time, the FC—43 solution was used to immerse the coil to reduce the magnetic
susceptibility mismatch between the coil and the sample. The experimental results showed
that the detection sensitivity was improved by one to two orders of magnitude. The
advantage of the manual winding method is that the method is simple and suitable for
manual operation; the disadvantage is that it is not easy to manufacture in batches.

(2) Wire Bonding

Based on the MEMS process, Kratt et al. [70,71] used wire bonding technology to
wrap the solenoid coil wire on SU-8. First, on a silicon or glass substrate, they sprayed
a layer of chrome/gold (50/500 nm) and an AZ 1518 photoresist with a UV (Ultraviolet)
pattern, and wet etched the chrome/gold layer to reveal the metal that will facilitate the
connection of the wire-tail’s pad. Next, SU-8 pillars were fabricated on a 4-inch wafer by
photolithography. Different from the traditional experience of spin-coating photoresist,
the research team of the author’s research group first calculated the SU-8 based on the
thickness of the photolithography target. A spin-coating volume of 8 was required for the
photoresist. Finally, the wire (gold wire) of the solenoid micro coil was wound in four steps:
the first step was wire bonding; then, the metal pad and the gold wire ball end were treated
with plasma; next, the ball end was ultrasonically welded; and then, the wire was helically
wound. Finally, the end of the wire was ultrasonically re-soldered. The wire-bonding
winding method is characterized by being a novel method and having the potential for
mass production. This method’s disadvantages include the fact that the coil fabrication is
subject to a lithography process, as well as the mechanical strength of the pillars. Table 1
shows a summary of the examples of macro production mode.
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Table 1. A summary of some examples of typical processing methods.

Coil Type Ref. Size Coil Materials Applications
Wei et al. [68] 5 mm copper NMR probe
Processing on PCB
Tang et al. [56] 4.6 mm copper Isolated Switching Power Converters
Hand winding Peck et al. [69] 50 um-1.8 mm copper NMR detection in the laboratory
Wire bonding Kratt et al. [70] 300 um insulated bondable gold wire Experiment

3.2. MEMS Processing Technology

It is difficult to fabricate miniaturized and high-performance multilayer micro coils
on planar substrates with conventional microelectronic technology. In recent years, the
rapid development of micro-electro-mechanical systems (MEMS) technology makes it
the most advanced technology in the development of miniaturized multilayer structure
micro-inductors and RF MEMS devices in the world [72]. This technology is characterized
by its miniaturization, diversity, and compatibility with microelectronic technology, and its
processing size is generally between 1-100 um. Products based on MEMS technology have
the advantages of small size, easy integration, high sensitivity, low power consumption, high
reliability, and being lightweight. The micro coil can simply be divided into a single-layer
planar coil, solenoid coil, and multi-layer planar coil from the structure. The MEMS
processing technology of these three types of coils is briefly introduced below.

3.2.1. Three Types of Micro Metal Coils Based on MEMS Technology
(1) Single-layer planar coil

With the rapid development of thin-film technology and microelectronics technology,
magnetic thin film inductance devices are also developing toward miniaturization and
integration. The most representative magnetic thin film inductance devices were proposed
by Soohoo [73] in 1979 and developed in 1984 by Kawabe et al. [74]. They studied various
planar micro-inductors, including single-turn, winding-type, spiral-type, zigzag-type,
micro-inductors, and so on. Afterwards, the research on magnetic thin film micro-inductors
began to advance very rapidly. Compared with other types of inductors, planar spiral
inductors are simple to manufacture, they have good compatibility with the IC process, and
they also have a low production cost. Planar spiral inductors also have the advantages of
a wide frequency range and high performance at a high frequency; however, they also have
small inductance at a low frequency, which is usually several NH, and they also experience
resistance loss, eddy current loss, parasitic capacitor loss, and other defects. As there is no
magnetic core-binding magnetic circuit, serious magnetic leakage can occur, which will
interfere with the vertically integrated device [45].

To solve the magnetic flux leakage problem of planar spiral inductors, monolayer film
is introduced in the hollow planar spiral inductors and magnetic core, and is distributed
in the planar coil of the upper or lower section. Alternatively, two layers of magnetic
core are used, and the spiral coil is placed between the two magnetic films and separated
by insulating material between the coil and the magnetic thin films. The use of soft
magnetic materials with high permeability at high frequencies will significantly improve
the inductance and quality factor of planar spiral inductors. For example, Yamaguchi
etal. [46] from Japan reported in 2000 that RF-integrated magnetic thin film micro-inductors
were sputtered on the spiral coils. A layer of resistive oxide magnetic film is added at
the bottom of each layer to form a sandwich structure (Figure 3). Its DC resistance is
6.8 (). Compared with the single-layer magnetic film structure, it is more conducive to
anti-magnetic leakage, and the inductance performance is improved at 2 GHz (L = 7.9 nH,
Q =12.7). Compared with the same type of inductance with an air core, the performance
is improved by 19% and 23%, respectively. The inductance is 7.7 nH at 1 GHz and the
quality factor is 7, which is a key step towards the application of RE-MEMS for magnetic
thin film micro-inductors. Peng S [75] also used a similar sandwich structure to build
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a micro-inductor on a silicon substrate. The micro-inductor has a single layer of copper
winding sandwiched between two layers of electroplated NiFe core (Figure 4). It has
a footprint area of 2.9 mm?, an inductance of 204 nH at 21.7 MHz, a DC resistance of
470 m(), and a peak quality factor of 9.23 at 9.2 MHz.

Magnetic film

Underlayer
Magnetic film
SiO,

Spiral coil
Underlayer
Magnetic film

SiO,

Figure 3. Schematic diagram of a sandwich inductor with a magnetic thin film.

Figure 4. Sandwich structure with electroplated NiFe as the magnetic core.

In the late 1980s, portable electronic products including mobile communication prod-
ucts such as mobile phones, notebook computers, and computer microprocessors created
higher requirements for miniaturized DC-DC converters composed of magnetic thin film
micro-inductors and transformers. There were also higher requirements for frequency
and power conversion efficiency for switching the power supply; therefore, increasing
the switching frequency and reducing loss have become inevitable trends. The operating
frequency of the magnetic thin-film micro inductor is increased from 1 KHz-1 MHz to
1-10 MHz, the inductance is greater than 1 pH, the quality factor is greater than 1, and the
conversion efficiency is greater than 95%.
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To improve the quality factor and self-resonant frequency of the inductor, researchers
have conducted a lot of research. In 1999, K. Kamogawa et al. developed a MEMS planar
helical inductor [76]. The inductance structure was developed on a 10-pm polyimide thick
film insulation layer, a 0.7-pm-thick grounding aluminum layer was buried between the
polyimide layer and the substrate 45.77, and the self-resonant frequency was 29.3 GHz.
The maximum Q value was 45.77. In Switzerland in 2014, Jacopo Olivo et al. [77] created
an inductor coil that can be used in implantable biosensors (Figure 5). The inductor is
14.88 mm X 2 mm in size and is backed by 525 um of silicon with a 1-um silicon dioxide
layer. The inductance coil is made of copper material with a thickness of about 60 um. As
the thickness of the inductance coil is increased, the quality factor of inductance will be
improved. The self-resonant frequency is located at 31.3 MHz. At 5 MHz, the inductance
value is 0.46 uH, and the Q factor is 13.65.

Figure 5. The inductors, with a size of 14.88 x 2 mm?, are simulated onto a substrate of 525 um of
silicon +1 um of silicon dioxide.

(2) Multi-layer planar coil

With the progress of technology and the reduction in the device’s feature size, the
area consumption caused by planar inductors has become increasingly obvious. A great
deal of research has been carried out on the fabrication of miniaturized on-chip inductors
with a high-quality factor and a high resonant frequency. Lakdawala et al. [78] studied
the suspension inductance realized by the reactive ion etching (RIE) process; however,
this method does not reduce the occupied area of the inductor. Yoon et al. [49] fabricated
a three-dimensional solenoid inductor and a suspended plane inductor using the multiple
exposure single development (MESD) method on silicon and glass substrates using thick
gel lithography and copper electroplating. Chen et al. [79] also achieved a similar structure
with SU_8 glue. This method can effectively improve the Q value of inductance and
can reduce the inductance area. Three-dimensional coils, especially stacked multilayer
inductors, are another option that can utilize vertical space to save on area and improve
performance [80-82]. For example, in [81], the inductor can achieve an L of 60 nH and a Q
of 17.5 at 70 MHz by using a 3D torus design. According to [82], for a multi-layer stacked
structure, increasing the number of layers can significantly improve Q and L. Figure 6
shows the preparation process of a double-layer coil.
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Figure 6. Double coil preparation process.

In 2014, Sun et al. produced a high-performance folded multilayer stacked 3D magneto-
inductance coil using the MEMS process [51]. The coil has six layers of Cu material, a soft
NigoFeyp magnetic core as the coil center, and soft parylene insulating material as the
substrate, and can be used for wireless power transmission. This coil uses a novel folding
and welding method, which successfully solves the complexity of the key manufacturing
process of multilayer inductors and enables multilayer coils to assemble and fold the area
of a six-layer inductor coil simply, quickly and at a low cost. When the inductance density
is 100 nil/RAM?2 at a 4.1 MHz operating frequency, the inductance value increases from
0.4279 uH to 12.79 pH with the increase in the layers from L to 6, with an increase of
30 times, and the Q value increases from 7.48 to 10.68, with an increase of 43%.

(3) Solenoid Coil

The majority of the first MEMS research was on the study and applications of inductors
with the planar coil type because this process is relatively simple; however, even with
the constant improvement in terms of technological progress and requests for the planar
coil type, there are still many deficiencies. In many cases, it cannot even be used, and the
MEMS-type solenoid inductors with small chip areas experience small eddy current loss,
and magnetic flux can occur. It is attracting more attention because it increases efficiency
by focusing on areas where the driving force is needed.

Dragan et al. [48] fabricated micro-inductors using soft magnetic CZT (Co-Zr-Ta)
material as the core material. Its DC resistance is 320 m(), and its inductance values are
100 nH at 15 MHz and 97 nH at 30 MHz. The peak Q factor of about 15 occurs at a frequency
of 30 MHz. Y]J. Kim et al. [49] proposed an inductor with a hollow ring-type geometry
that introduces the air gap between the substrate and the conductor (Figure 7), which
reduces stray capacitance, achieving a high Q value as a result. In addition, they studied
the various effects of geometric factors. Various inductors with the inductance varying
from 1 to 20 nH, and a maximum Q factor from 7 to 60, have been fabricated and measured.
Lei Gu et al. [83] etched the silicon substrate into a sunken cavity, embedded the solenoid
inductance in the cavity, and suspended it in the cavity, as shown in Figure 8. The loss of
substrate is effectively reduced, the mechanical strength is very high, and the influence of
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environmental vibration is very small. Its DC resistance is 1.27 (), and at 5.35 GHz, the
maximum value of inductance is up to 45 nH. Similar structures have been reported in the
literature [50]. Table 2 summarizes the different structures of metal coils based on MEMS
machining technology.

Figure 7. A schematic of an integrated solenoid-type inductor with an air gap.

Figure 8. Structure of concave-suspended solenoid inductors.
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3.2.2. Materials and Processing Technology

From the point of view of MEMS processing technology, the substrate material will
be different according to the use of the micro coil, and due to some special application
scenarios, such as the requirements of the aerospace environment, insulation performance
is also impacted. The following three parts will introduce the base material, insulation
material, and coil deposition process.

(1) Substrate material

MEMS process coils can be fabricated on rigid substrates depending on the application.
For example, the material properties of silicon are very suitable for the substrate material,
which will be crucial for the rapid development of silicon micromachining technology in the
future. Glass materials have high light transmission, high hardness, corrosion resistance,
excellent biocompatibility, and other material properties, and are often processed into
micro-reactors, micro-pumps, micro-accelerators and other devices in MEMS [37]. Ceramic
materials, especially engineering ceramic materials, have high strength, corrosion resistance,
high temperature stability, and excellent mechanical properties, and are often used to
process microturbines, micro tools, and micro substrate materials [38]. The application
of insulating hard and brittle materials, such as glass and ceramics, has shown a good
momentum of development, and new sensors made of hard and brittle insulating materials,
such as MEMS and CMOS, are increasing in demand in the Internet of Things, smartphones,
and other industries. For example, sapphire glass is selected as the raw material for
the fingerprint identification sensor, camera, and even display panel of Apple mobile
phones. This material has extremely high hardness and good dielectric properties, showing
strong performance [39].

Although these rigid substrates have a variety of applications, the study of flexible
substrates is particularly important for some non-planar and flexible surface measurements,
such as the measurement of tubular magnetic field distribution, wearable sensors for the
measurement of human or biological surface magnetic fields, and magnetic field sensors for
stress measurement. At present, the organic polymer materials used for flexible substrates
are Pl(polyimide), PDMS(Polydimethylsiloxane), parylene, polyethylene terephthalate
(PET), silicone resin, and so on. Compared with traditional Si-based hard substrate materi-
als, organic flexible substrate materials, in addition to being flexible and bending, also have
good mechanical properties, dielectric properties, good physical and chemical stability, and
so on. At the same time, these materials also have a good drawing ability and flatness,
making them widely used in the manufacture of MEMS sensors. Table 3 summarizes the
applications of different substrate materials.

Table 3. Summary of coil applications with different substrate materials.

Substrate . . C .
Type of Substrate References Materials Coil Materials Advantages Applications
High light transmittance,
Jiang Q, et al. [27] Glass Cu high hardness, ME sensor
corrosion resistance
rigid Excellent piezoresistive
properties, easily
Wang N, et al. [63] Si Cu oxidized to form a layer Micro-transformers
of silica on the surface
(insulating layer)
qucgmpatlblllw Wireless power
. flexibility, chemical L
Xuming Sun, et al. [51] Parylene substrate Cu . d optical transmission
flexible inertness and optica applications
ext transparency
. Kapton Physicochemical Non-destructive testing
Woytasik M, etal. [84] and Peek Cu stability, flexibility (NDT) techniques
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(2) Insulation materials

When multi-layer coils are involved in the preparation of coils, an insulating layer
is needed to separate the two coils. Common insulating materials are SiO,, polyimide,
AL,0O3, BN, MgO, and so on. Polyimide can be used as a dielectric layer insulation material
between the conductor of the inductance coil and between the conductor and magnetic
core. Under the condition that the dielectric constant is similar to SiO,, it can realize
a thicker insulation layer than the PECVD (Plasma-Enhanced Chemical Vapor Deposition)
SiO; layer (thickness is generally less than 1 pm), which can reduce various capacitance
values in the device to improve the purpose of the inductance’s Q value. Al,O3 has a high
dielectric constant (about 8.1), very low metal ion permeability, strong radiation resistance,
good chemical stability, high thermal conductivity, and other characteristics. Moreover, its
insulation is very good, and its resistivity is 3 x 1015 (2-m. The resistance of most insulating
materials decreases exponentially with an increasing temperature at high temperatures. In
this case, it is not advisable to increase the resistance simply by increasing the thickness of
the insulation layer, not only because the deposition rate of the insulation layer is slow, but
also because the increase in the thickness of the insulation layer also indicates an increase
in the residual stress, which will lead to the insulation layer falling off.

Researchers have also performed a lot of research on the temperature resistance of the
insulating layer. Hiroshi Nakai et al. [85] showed that the insulation layer prepared under
the conditions of an ion beam sputtering angle of 40-45, ion beam energy of 10 keV, and
substrate temperature of 800 °C has the best insulation performance at the high temperature
of 800 °C. The insulation resistance of the 6.5 pm alumina layer at 820 °C is greater than
10 MQ). The Department of Chemical Process Metrology in the United States [86] focused
on the influence of transition layer materials and gas composition in the process of thermal
oxidation on the microstructure, composition, and insulation of the thermal oxide layer. The
insulation resistance of the thermal oxidation layer and the sputtering alumina composite
insulation layer on the NiCoCrAlY transition layer is greater than 1 M) at 1300 K, and that
of the thermal oxidation layer and the sputtering alumina composite insulation layer on
the FeCrAlY transition layer is about 100 K at 1300 K. Thus, it can be seen that selecting
NiCoCrAlY as a transition layer is more conducive to high-temperature insulation.

Wrbanek et al. [87] from the Glenn Research Center of NASA began to study composite
insulation layers in 2002. Compared with the traditional single-layer insulation layer, the
application of the composite insulation layer is more conducive to eliminating pinholes
running through the insulation layer in the vertical direction. In this study, aluminum oxide
and stainless steel were used as test substrates, and different insulation layer combinations
and deposition processes were used. It was found that the composite insulation layer of
1 pm CrC and 4 pm Al,O3 deposited by the electron beam on the stainless-steel substrate
cleaned with H,SO4/H;0O; can obtain good high-temperature insulation: the resistance is
84 MQ) at 690 °C and 20 MQ) at 750 °C. The composite insulating layer of 1 um ZrO;, /Y703
and 4 pmAIl,O3 deposited by the electron beam on the alumina matrix, polished and cleaned
with silica, can also obtain good high-temperature insulation: 50 MQ at 690 °C, 17 M() at
750 °C, and 1.8 MQ) at 900 °C. Table 4 summarizes the high temperature characteristics of
different insulating materials.

(8) Coil deposition process

There are generally two methods for coil deposition: PVD (physical vapor deposi-
tion) and chemical vapor deposition (CVD). The PVD technologies include evaporation
deposition and sputtering deposition. The principle of sputtering coating is that electrons
collide with argon atoms in the process of accelerating to the substrate under the action of
the electric field, ionizing a large number of argon ions and electrons, and the electrons fly
to the substrate. Vacuum evaporation is the vacuum chamber with a substrate pumped
into a vacuum, and then the evaporation of the plating material is heated, so that its atoms
or molecules from the surface of the gasification escape, the vapor flow forms, there is
incident on the substrate’s surface, and the condensation forms a solid film technology.
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The vacuum evaporation method is advantageous because its equipment is simple, it can
save on raw metal materials, has uniform surface adhesion, has a short production cycle, is
environmentally friendly, and has the potential for large-scale production, among other ad-
vantages; however, given its disadvantages, such as having a higher reaction temperature,
its precision control is unfavorable for the thin film deposition process. Compared with
the magnetron sputtering process, the electroplating process has the advantages of a fast
deposition rate, strong covering ability, strong leveling ability, and equipment economy, but
it also has disadvantages such as the difficulty of controlling the composition of the coating
and poor process stability. Compared with the magnetron sputtering process, the electro-
plating process has the advantages of a fast deposition rate, strong covering ability, strong
leveling ability, and equipment economy, but it also has disadvantages such as the difficulty
of controlling the composition of the coating and poor process stability. Vereecken et al.
have successively studied the interaction mechanism between accelerators and chloride
ions [52-55], and Pierre and Gabrielli of Marie Curie University studied the mechanism of
copper plating [88]. Chemical vapor deposition (CVD) is a thin film deposition technique
in which reactants (usually gases) are formed into solid products in a reaction chamber and
deposited on the surface of a wafer by chemical reaction. As the reactant molecules in CVD
can adsorb or diffuse on the surface of the substrate many times before decomposition and
chemical reaction to form a film, which allows the reactant molecules to reach anywhere on
the surface of the substrate, CVD can provide better step coverage than the physical CVD.
The following two tables show the comparison of different coil deposition processes and
copper films prepared by different deposition processes. Tables 5 and 6 compares different
coil deposition methods.

Table 4. High-temperature characteristics of different insulating materials for metal coils.

Reference

Insulating Layer Temperature (°C) Insulation Resistance (M)

Nakai H, et al. [85]

6.5 um alumina 820 >10

Thermal oxide layer + sputtering alumina on the

- o 1027 >1
J.Y. Park, et al. [86] NiCoCrAlY transition layer

Thermal oxide layer + the sputtering alumina composite 1027 501

insulation layer on the FeCrAlY transition layer ’

. . 690 84

Composited with 1 pm CrC and 4 pm Al,O3

750 20

John D, et al. [87] 690 50
Composited with 1 um ZrO,/Y,03 and 4 um Al,O3 750 17

900 1.8

Table 5. Features of different processes for metal deposition.

Equipment

Process Deposition Rate Sedimentary Area Cost of Equipment Complexity Difficulty Level
Electroplate Quick Large Low Low Simple
Sputtering . . . .
deposition Medium Large High High Medium

Vacuum Slow larger High Medium Medium
evaporation
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Table 6. Comparison of copper film growth in various methods.

Methods CVD PVD Electroplating
Electroless Electrolytic
Impurities CoO Ar Seed layer -
Deposition rate (nm/min) ~100 >100 <100 ~200
Process temperature (°C) ~250 RT 50~60 RT
Step coverage Good Fair Good Good
Via fill capability Good Poor Fair—poor Fair—poor
Environmental(waste) Good Good Poor Poor

3.3. Printing Process

The printing of electrons is carried out to transform specific functional materials into
liquid ink (ink, paste). According to the design requirements for electronic devices and the
products” performance, the film, which is large in scale and flexible, has the same volume
as the electronic components (in whole or in part due to the printing or coating technology),
and the system is characterized by a by-product production process. In terms of the
manufacturing process, the electron-printing process is a part of additive manufacturing
technology. Compared with the traditional integrated circuit process, it does not need
complex processes, can reduce the loss of raw materials, and is conducive to environmental
protection. The prepared products have the following characteristics: being large in area,
lightweight, flexible, and bendy.

3.3.1. Micro-Contact Printing Process

Soft etching technology is based on elastic seals with a micro/nanostructure to pre-
pare high-resolution patterns, combining the advantages of nanomaterial technology, fine
processing technology, contact printing technology, interface science, and many other tech-
nologies, and has attracted wide attention in the field of materials science. This technology
was proposed by the American scientist, Whitesides [89], in the late 1990s, and mainly
combines top-down lithography technology and bottom-up self-assembly technology. Mi-
crocontact printing is the most widely used soft etching patterning technology, and has
attracted much attention due to its fine size (micro/nano) and simple patterning process.
The elastic seal material used is polydimethylsiloxane, which can be printed on rough
surfaces or other surfaces, and the highest resolution is below 100 nm.

Micro-contact printing is a type of contact printing, and mainly includes elastic seal
preparation, contact printing, pattern formation, and other processes. The details are as
follows: polydimethylsiloxane (PDMS) is first cast on the silicon template with a microstruc-
ture, and then cured and exfoliated to obtain the replica PDMS elastomeric stamp. The
“ink” (usually mercaptan alkanethiols) is then dipped and transferred to an Au-coated
substrate by contact to obtain a self-assembled monolayer, which can be used as a template
or the layer that cannot be easily etched to further prepare high-precision nanostructure
patterns. A flowchart is shown in Figure 9 [90].

Printed substrate materials are not limited to gold; other metals are also successfully
used as substrates to achieve pattern replication, such as Ag [91], Cu [92], and Pd [93]. The
low cost and simplicity of the technology have inspired interest in creating smaller patterns
with higher edge resolution and a broader versatility of the technology.

The seal deformation during the removal of the seal from the template, and the contact
with the substrate, limits the resolution of the pattern. The PDMS crosslinking process
usually leaves some fragments, which have a low molecular weight, uncured, which may
pollute the substrate during contact, and thereby reduce the printing quality. When ink
molecules contain polarity, the transfer of these impurities enhances the expansion of
impressions in almost all organic solvents, thereby changing the size and shape of the pro-
trusions. In order to improve the stability of the seal and the applicability of the printing pro-
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cess, some new seals were invented. Schmid et al. [94] developed a hard PDMS (h-PDMS)
that is more suitable for submicron graphics transmission. There are other new seal materi-
als to achieve better mechanical properties. For example, poly(styrene-b-butadiene-styrene)
and poly(styrene-b—(ethylene—co-butadiene)-b-styrene) [95] have a high modulus and tough-
ness compared with traditional PDMS. Compared with PDMS stamps, poly(ether ester) [96]
was used as a stamp material to accurately map proteins on the surface with a lower ink
concentration and time. Lee et al. [97] developed a UV-curable impression material based
on a functional prepolymer, which has acrylate groups for crosslinking and different
monomer modifiers, and was successfully used to print sub-100 nm hexathiol patterns on
gold. The mechanical properties of poly (polyurethane acrylate) impression can be adjusted
by changing the modulator.

Photolithography Microcontact

printing
PDMS
= Silicon
peel off +
PDMS
inking *
PDMS
drying *
Silicon
FDMS
hv '
- conformal +
EERERRERRNE contact
: PDMS
Silicon
Silicon
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' | wet +
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Figure 9. Flow chart of micro-contact printing.

Microcontact printing can be patterned at micron and sub-micron scales of various
materials, and can achieve small molecules, polymers, and the transfer printing of other
materials. It is widely used in biology, materials, and microelectronics. In the field of
microelectronics, Xu [98] et al. achieved a flexible transparent conductive electrode with
a large aspect ratio and a high-resolution metal mesh transparent electrode with high
efficiency and low cost using micro-contact nano-imprint printing. That is, the researchers
used an electric field-driven direct writing technology for molten deposition and a liquid
bridge micro-transfer printing composite process. It has obvious advantages in terms of its
low cost and potential for mass manufacturing, and provides a new solution with prospects
for industrial applications in transparent electrode manufacturing. Figure 10 depicts the
flow chart of the process.

125



Micromachines 2022, 13, 872

I PDMS

| \\
E‘ | PR  Demoulding _ \ :

I

|

Thermoplastic
Material (PCL)

Cooduceive

- Sihver Wire
g PDMS Silver Wire ‘
Ink iRt A
sl iver Ink : )%: Liquid Bridge Medium e

Liquid Bridge Demoulding and
Transfer S"bm"’e Post-processing

— = \/ T
//\ \ le /

Figure 10. The schematic diagram for the fabrication of the TCE.

Figure 10 shows the first process of fabricating the PCL (Polycaprolactone) master
mold using the electric-field-driven fusion direct printing technique. Secondly, vacuum
casting, or scraping the liquid PDMS on the surface of the PCL master mold and curing
it, occurred. Thirdly, peeling off the cured PDMS working soft mold from the PCL master
mold occurred. Next, filling and preliminarily curing the nano-silver ink into the grooves
of the microstructure of the PDMS soft mold occurred, followed by transferring the silver
wire to the target substrate using the liquid bridge transfer process. Finally, peeling off
the PDMS soft mold and sintering the transferred silver wire to form the TCE occurred
(Transparent Conducting Electrodes).

3.3.2. Transfer Printing Process

The term ‘flexible electronics’ refers to the micro/nano electronic devices made on
a flexible substrate. Flexible electronics are flexible, malleable, and biocompatible, and
have been widely used in medical diagnosis, information detection, energy collection, and
other fields. They have become the frontier of international research. In photolithography,
soft etching, nano printing, and other processes, there are high-temperature, physical or
chemical corrosion processes, but in this environment, the performance of flexible polymer
substrates will be significantly reduced. In order to solve the above problems, transfer
printing technology is used in the production of extensible, flexible electronics. Transfer
printing technology is compatible with the semiconductor and nano manufacturing process
and can highly adapt to various planar and non-planar structures. The basic principle of
transfer printing is to use the difference between the two substrates and functional devices
so that functional devices transfer from one substrate to another substrate, which can solve
the problem of inorganic conductive materials not being able to directly grow and process
on a flexible substrate. The existing transfer printing methods mainly include the rate-based
transfer printing method [99,100], the micro-structure-based transfer printing method [101],
the tape-based transfer printing method [102,103], and the sacrificial layer transfer printing
method [104,105], according to their published time arrangement. Table 7 is the commonly
used transfer printing method.
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Table 7. Commonly used transfer printing methods.

Methods Transfer of Material Stamp Acceptor Substrate Sizes (um)
Si PDMS GaAs, InP 0.3
Cu PDMS PDMS 100
Rate-based transfer printing method PZT PDMS PDMS 300
Ag/MgF2 PDMS PDMS 0.225
GaAg PDMS PI -
Si PDMS Quartz 100
Micro-structure-based transfer InGaAs PDMS PI, PET, Si 50
printing method Au, Ag, Cu Hydrogels PET, PVC 20
Si PDMS Glass 15
LiCoO; /LigTi5sO1n Tape Ecoflex 1580
Si Tape PI 250
Tape-based transfer printing method AulPs Tape Al 10
Au/PI Tape PDMS -
MOS device PDMS PDMS -
Sacrificial layer transfer printing method o —Si PDMS PET -
SWNT PU PI -

Zhigang Wu's research group [106] proposed the “one-step transfer printing method”
for the manufacture of flexible stretchable electronics by using the rate-based transfer
printing method. Graphics of different widths were made on the donor substrate, then
the copper structure was transferred using pre-stretched PDMS, resulting in a structure
that could still be used when it is stretched by 300%. Kim’s research group [101] designed
a PDMS seal into a micro pin-like structure. By applying different pressures on donor
and recipient substrates to control the transfer printing process, the silicon structure was
transferred to the quartz surface, and the researchers studied the mechanism via which this
structure regulates transfer printing with different pressures. The transistor is fabricated
and tested by this transfer printing method. Ko’s group [107], from the Ulsan National
Science and Technology Institute, studied the process of the absorption and release of
octopus tentacles, and found that changes in humidity can regulate the change in viscosity.
From this, the researchers were inspired, and developed the PDMS surface using the stamp
of the micro-hole array.

The tape transfer printing method [103] uses tape as a seal for transfer printing. Many
tapes have special properties, such as water-soluble tape that can dissolve in water and
heat-release tape which loses viscosity after heating. Lin Yuan's research group [108] from
the University of Electronic Science and Technology of China used the heat-release tape
as the seal. When the temperature of the tape was lower than the release temperature,
the functional structure with gold and PI could be transferred to the stamp. Then, the
tape with a functional structure was placed on the PDMS recipient substrate for heating,
and the tape lost viscosity and fell off. Xu’s team at the University of Illinois [100] used
water-soluble tape to transfer the active material of a lithium-ion battery, printed it on
a recipient substrate with electrodes, and finally, dissolved the tape with water to produce
a flexible and stretchable lithium-ion battery array. Figure 9 shows the tape transfer method.

With the development of micro/nano processing technology, the scope of application
is becoming increasingly extensive, and the size of transfer printing graphics is developing
towards miniaturization and high integration.
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In terms of miniaturization, as can be seen from Table 7, the resolution of the functional
structure transferred by most transfer printing methods is still only at micron or submicron
scales. Although some methods conduct transfer printing at the nanoscale, the materials
used for transfer printing are only suitable for metals. Based on this problem, Pang [109]
and others, for the first time, put forward a new kind of auxiliary nanoscale transfer printing
method with a sacrificial layer. This paper expounds on the sacrificial layer transfer process
to improve the resolution and reduce the cause of the dependent variable. This method
is applied to the manufacture of flexible electronics, flexible LED circuits, and flexible
capacitors and tests, which demonstrates the good performance and high versatility of
this method.

In terms of integration, Nishana [110] et al. discussed a dense array seal of active
elastic composite material, which adopts an expandable 4 x 4 geometric design and
a multi-way interconnection scheme to ensure a small footprint. It consists of 16 individual
seals, each with a lead zirconate titanate (PZT) actuator and a strain gauge sensor. The
drive and sensing characteristics and closed-loop feedback control were established, and
the performance of the dense array seal was verified using selective pick-and-place micro-
transfer printing experiments, which greatly improved efficiency and productivity.

Through the continuous integration of micro and nano processing technology in
transfer printing technology, the transfer printing method is more and more extensive;
however, transfer printing technology is in urgent need of a new method that can enable the
resolution of the functional structure of transfer printing to reach the nanometer level, but it
also needs to be highly integrated to improve the efficiency of transfer printing. Moreover,
the method is as simple as possible, and is not affected by the nature of the donor substrate,
the stamp, and the recipient substrate. To achieve such a breakthrough, transfer printing
technology will progress greatly.

3.3.3. Ink-Jet Printing Process

Ink-jet printing technology is a complex and diverse new technology. It applies control
system outputs, can print a single or diverse power supply circuit, and can support a variety
of design schemes and data types, with a strong compatibility mode. Based on the control
of the computer and printer, the nozzle is sprayed with a certain amount and a certain
frequency of ink on the surface of the matrix, and high-precision and high-quality pattern
information is drawn on the matrix, and the circuit design and electrode fabrication are
completed. As the nozzle aperture is generally less than or equal to 5 um, the extrusion
of micro ink droplets spread on the substrate-formed ink dot area is small, so the printing
line has good line accuracy. Ink-jet printing technology can replace the traditional printing
process by using organic materials and metal composite materials based on the aqueous
solution method. Ink-jet printing can be divided into continuous printing and on-demand
printing according to its working principle.

Traditional ink-jet printing is the most common method of coating nano-silver ink;
however, it is often necessary to adjust the preparation of high-quality nano-silver ink to
match, although this also increases the development and manufacturing costs of nano-silver
ink. The airflow jet printer and electrohydrodynamic ink-jet printer are introduced below.

Jet printing is a coating method that requires the lowest properties of nano-silver ink.
Figure 11 shows the working principle of the jet printer [111]. In Figure 12a, the nano-silver
ink is atomized first, and the ink is dispersed into liquid particles and mixed with working
gas to form aerosols. In the process of air-jet printing (Figure 12b), the size of the atomized
ink is about 1-5 pm, and these droplets are sent to the nozzle by high-speed air. The nozzle
part will produce a ring around the airflow, aerodynamically focusing on the droplets
ejected, so that the aerosol ink ejects into a stable fine line to ensure that the aerosol ink
point is controlled within less than one-tenth of the diameter of the nozzle. The thinnest
nozzle can print a line with a width of 5 um. At the same time, because the ink beam at
2-5 mm of the height of the width is the same, some of the substrates can maintain the
same thickness of the print line.
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Figure 11. Tape-assisted transfer: (a) heat-release tape transfer, (b) water-soluble tape transfer.
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Figure 12. Schematic diagram of the working principle of the jet printer: (a) atomization of ink,
(b) inkjet process.

Mahajan A et al. [112] prepared a complete nano-silver coating on a fluted substrate
using this method, with a line width and spacing of about 50 um. Electrohydrodynamic
ink-jet printing uses high-voltage, electric field-stretching ink to pull the jet from the top of
the meniscus and deposit it on the substrate to form a coating, as shown in Figure 11 [113].
The nano-silver ink was rheologically induced to form a Taylor cone under the action of
a high-pressure electric field, and then the micro—nano jet with a diameter much smaller
than the inner diameter of the jet hole was formed. The micro—nano coating was deposited
on the substrate. Compared with the traditional ink-jet printing method, the resolution of
the electro-fluid printing method is very high, at less than 1 um; an applicable ink viscosity
range of 1-10,000 CP is also possible. Electrohydrodynamic ink-jet printing has attracted
increasing attention due to its wide range of applicable ink properties and high printing
accuracy. Electrohydrodynamic ink-jet printing is used to print nano-silver ink, and the
coating with a line width of 50 nm and spacing of about 500 nm can be printed at the finest
level. Figure 13 shows the principle of electro-hydraulic power in inkjet printing.
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Figure 13. Ink-jet printing schematic diagram of the electric fluid power.

3.3.4. Introduction to Conductive Ink Printing

As the core material of printed electronic technology, conductive ink is one of the keys
to the development of printed electronic technology. At present, the main components
of conductive materials in conductive ink include carbon materials, conductive polymer
materials, nano metal materials, and many kinds of mixed conductive materials. Nano
metal materials have become a popular conductive component because of their excellent
electrical properties and are made into conductive ink. Nano metal materials, which are
commonly used as conductive components in conductive ink, include nano-gold, nano-
silver, and nano-copper. Among the various conductive inks, silver- and carbon-based inks
are preferred, whereas copper-based inks are the most profitable. Copper, however, has
problems with oxidation, making it less suitable for printing. Nanoparticle- and particle-
free alternatives are also springing up, but they cost more. Nanometer silver materials have
great research significance and application prospects because of their excellent electrical
conductivity, stable oxidation resistance, and relatively low manufacturing cost. This
article introduces several conductive ink products already sold in the market. Table 8 is
an introduction to some products.

Table 8. Conductive ink products.

Product Manufacturer Conductive Material Solid Content Viscosity Applicable Process
EI-1104 Eletroinks Ag 14 wt% 10 cps Ink-jet printing

EI-906 Eletroinks Ag/AgCl 30 wt% 16,000 cps Silk screen printing
Ink10 FUDY Ag (10 nm) 35 wt% 5-30 cps Ink-jet printing
CON-INK550 Dahua Brocade Ag (30 nm) 25-30 wt% 5-6 cps Ink-jet printing

For all the products listed above, CON-INK550 is a new electronic material for digital
print-deposited conductive circuit technology. It is compatible with Epson series nozzles
(DX5, DX7), Fuji Star series and Spectra series Konica nozzles (KM512i, KM1024i), and Ricoh
nozzles (Gen5, Gen5s, Gené6). Its advantages include its excellent electrical conductivity,
extremely smooth printing, high nano-silver content, and good hardness and adhesion.
EI-1104 and EI-906 are two products from Electroinks, a leader in particle-free conductive
metal inks and advanced materials. EI-1104 inks are formulated for ink-jet deposition and
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applications requiring high electrical conductivity. This unique ink provides stable injection
performance at room temperature and has a long shelf life. The low curing temperature
makes the EI-1100 series suitable for P, glass, and silicon nitride. The conductive material
of EI-906 is composed of silver and silver chloride, and its viscosity is very high, up to
16,000 cps, so it is suitable for screen printing.

In recent years, research on nano-metal-conductive ink for ink-jet printing has mainly
been focused on improving the solvent formula properties of conductive ink to optimize the
molding process and coating quality of spray printing coating or to optimize the electrical
and mechanical properties of the coating under different molding conditions. Liu et al. [114]
from the Harbin Institute of Technology proposed a method to prepare nano-silver ink by
compounding the nano-silver particles of different sizes. The principle that large, slow-
moving silver particles hinder small silver particles from moving toward the edge of the
droplet during the drying process of ink droplets was adopted to avoid the coffee ring
phenomenon of printing coating. The microstructure density, electrical conductivity, and
bending reliability of the silver coating were improved. Teng et al. [115] dissolved silver
neodecanoate in xylene to form silver conductive ink. The ink was transferred to the surface
of solar cells by a direct ink-jet method, and the silver conductive mesh was obtained by
a heat treatment at 350 °C. Valeton et al. [116] used the ink-jet printing method to deposit
organic silver-based ink. After UV curing and hydroquinone solution treatment, a silver
conductive layer was formed. Cai et al. [117] dissolved silver oxide in the methanol solution
of ammonium carbamate to obtain particle-free conductive ink. Using laser direct writing
technology, the organic silver compound printed on polyimide film was decomposed into
silver particles, and finally the silver film with good conductivity was obtained.

With the increasing popularity of various flexible substrates in the microelectronics
industry, conductive ink for printing electrons is developing in the direction of low cost,
high conductivity and a low-heat treatment temperature. Particle-free conductive ink has
become the focus of future development.

3.4. Other Processing Methods
3.4.1. Liquid Metals

The key advantage of using liquid metal technology is that it allows flexible, complex
3D electrical conductors to be fabricated within microchannels with very few fabrica-
tion steps, compared with using conventional machining methods to fabricate 3D micro
coils [118]. The liquid metal structure has the ability to deform mechanically and can be
applied to many devices that require high precision, high complexity, and high mechanical
strength, such as tunable fluid antennas and pressure sensors [119]. The method of fabricat-
ing a multi-layer integrated micro coil using liquid metal is shown in Figure 14. First, the
structural layer is processed by laser layering. The micro coil’s structural layer is composed
of three layers: a spiral channel, an interconnection, and a lead-out channel. All layers are
assembled together via a stacking process. An adhesive glues the location of the wire inlet
and outlet of the coil to the top of the PCB metal pad. Firm and stable contact between the
micro coil structure’s layer and the liquid metal is achieved through contact with the PCB.
Through-holes with a diameter of 1 mm are mechanically drilled in the contact plate of the
PCB. Next, liquid metal is injected from the back of the PCB, allowing the liquid metal to
flow through the first copper pad on the PCB and into the spiral channel. The liquid metal
flows through the interconnected layer, then through the lead-out channel back to another
PCB contact pad, and finally out through the outlet drilled in the PCB. The large contact
area between the liquid metal and the PCB contact pad ensures a good electrical connection
with the external equipment, and the liquid metal is cooled to form a three-dimensional
coil [120], which completes the preparation process of the liquid metal micro coil.
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Figure 14. Liquid metal preparation of miniature coils.

3.4.2. Femtosecond Laser

With the continuous improvement of the integration and complexity of microsystems,
the requirements for the preparation of three-dimensional spiral micro coils continue to
increase, and the performance of micro coils as the basic components and important func-
tional parts of microsystem chips directly affects the overall performance of microsystems.
Moreover, the preparation of high-performance micro coils has a very important practical
significance [121-123]. The use of femtosecond laser micromachining technology can be
prepared more uniformly inside the transparent medium, has good performance, and is
able to meet the actual application requirements of microsensor devices. Moreover, the
preparation of three-dimensional spiral micro coils is currently a relatively advanced tech-
nology, and is based on three-dimensional micromachining femtosecond laser technology
to prepare three-dimensional high-performance coils, which is mainly combined with the
idea of metal “micro-curing”, as proposed by Siegel et al. in 2007 [124]. The process of
preparation using femtosecond laser micromachining technology is mainly divided into
three steps. First of all, the femtosecond laser modification process is used to scan the
spiral microchannel structure inside the material. More specifically, a femtosecond laser is
used to focus on the substrate through the microscope, and laser scanning modification is
carried out through a 3D processing platform and well-written program. Then, the sample
undergoes wet etching, that is, the modified sample is placed in the corrosion liquid, with
ultrasonic oscillation at room temperature. The purpose is to make the modified part of the
sample fully react with the corrosive liquid to obtain the internal channel of the material.
After the preparation of the above two steps, the internal hollowed-out microchannel is
prepared. Finally, the metal is micro-cured, the sample is tightly bonded to the PDMS film,
the needles of the two syringes are inserted into the PDMS, and a micro-injection pump is
connected to each of the other two ends of the two entry syringes of the micro coil to heat
and melt the gallium metal and inject it into a syringe. Pushing the gallium metal syringe
inward while the other syringe inhales outward, the gallium metal fills the entire micro coil
channel. The ultrasound should then be cooled to room temperature to peel off the PDMS
film to obtain the prepared micro coils.

This method of preparing a three-dimensional spiral micro coil using femtosecond
laser modification, wet etching, and metal curing can prepare a micro coil with any mor-
phology, and during the preparation process, the parameters of the micro coil can be
precisely controlled, and the accurate processing of the three-dimensional channel can be
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realized. By writing a program to control the 3D platform to move along the designed
trajectory, it is easy to achieve the processing of any shape of 3D microchannels. Compared
with the use of the planar process after multi-layer mask preparation and layer-by-layer
mask accumulation to prepare three-dimensional structural coils, this preparation method
is complex and expensive. Moreover, by winding metal wires on the surface of the cylinder
or plating spiral conductive wires on the surface of the cylinder, the femtosecond laser wet
etching technology can prepare a micro coil that can be integrated inside the material, and
there is no such complex process of layer accumulation, while more accurately making any
shape of micro coil, which ensures the consistency and superiority of the performance of the
micro coil. In particular, it can reduce dispersion and anti-interference, and can also flexibly
increase or decrease the number of turns as needed, with a high degree of integration,
which is convenient for integration with other micro coils and even microsystems. Both
these micro coils and femtosecond laser wet etching techniques will play an important role
in microcircuit systems.

4. Challenges and Prospects

Among the various micro metal coils summarized in this paper, the manufacturing
cost of macromachining is low, but there are many processing steps. Additionally, the
manufacturing resolution is low, and the RF field is not uniform. MEMS processing
can make the coil size as small as possible, can increase the performance of the device,
and can achieve mass production to reduce the cost. Additionally, it can be integrated
with machinery, materials, manufacturing, information and automatic control, physics,
chemistry, biology, and other disciplines. It has a wide range of applications in, and lays
a good foundation for, the Internet of Things era, which is characterized by the “perception
of everything, full of wisdom” principle; however, MEMS processing technology still
faces many new problems, such as how to protect the microstructure during silicon wafer
cutting to prevent silicon dust from damaging the chip. Other issues include how to
prevent adhesion between moving parts and substrates in the process of releasing the
microstructure, as well as stress release in device packaging and the standardization of
packaging and interfaces. In addition, the reliability and reliability evaluation of packaging
performance are also discussed.

As a kind of electronic manufacturing technology, the electron printing process has
advantages that a silicon-based integrated circuit does not have, including its large area,
flexibility and low cost, and it plays a pivotal role in MEMS and the manufacturing of other
micro coils. Micro contact printing can realize the transfer printing of small molecules,
polymers and other materials, and is widely used in biology, materials, and microelectronics;
however, the resolution and transfer efficiency of the transfer function structure are low.
Liquid metal processing makes the metal coil have a good mechanical deformation ability,
which is suitable for devices requiring high precision, high complexity and high mechanical
strength processing. Femtosecond laser micromachining technology is more practical in
preparing 3D spiral micro coils with better performance. Table 9 shows the performance
and practical applications of coils prepared based on different processes.

In engineering practice, higher requirements are put forward for the development
of micro metal coils, and there are some technical difficulties in the preparation process.
In order to promote the further development of the Internet of Things’ (IoTs) industry,
there are still some challenges in preparing high-performance, low-cost, mass-produced
miniature metal coils, and the following future trends are worth paying attention to:

(1) The area of single-layer planar metal coils inevitably increases with the increase
in coil turns, but the preparation process of multi-layer coils is more complicated
than that of single-layer coils. In addition, due to the superposition of insulating
layers, it is difficult to achieve surface planarization, which will greatly affect the
photolithography effect. The effect is not improved significantly due to the limited
number of accumulated layers; therefore, it is necessary to study a new type of
multilayer coil with a simple and reliable preparation process and high-quality factor.
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Rigid substrates cannot be applied to the measurement of some non-planar sur-
faces and flexible surfaces. In flexible substrate processing, some links need a high-
temperature environment, which will cause damage to the flexible film, in order to
improve the magnetic properties. Thus, there is a need to develop more suitable
methods for the combination of the materials and the substrate.

The coil size is small, the degree of integration is high, and the working temperature
is increased accordingly. For the vast majority of insulating materials, their resistance
will decrease exponentially with the increase in the temperature at high temperatures,
and the insulation performance will decrease greatly; therefore, it is necessary to study
the preparation of the insulating layer of composite insulating materials with higher
temperature resistance and stability.

For the electronic printing process, the resolution of the functional structure trans-
ferred by most transfer printing methods is still only at a micron or sub-micron scale,
so it is necessary to study a new transfer printing technology, which can improve the

resolution of the functional structure of transfer printing and transfer efficiency.

Table 9. The performance and practical applications of coils prepared based on different processes.

Processing Technology

Device

Advantage

Application

Macro
processing method

Detection probe

Low cost, not easily oxidized

Detection equipment such as NMR
machines

Manual winding
coil on capillary

The method is simple and
suitable for manual operation

Detection of coil preparation
parameters under
laboratory conditions

Experimental detection coil

Novel methods with the potential
for mass production

Integrated micro-inductor

WPT system

Wireless transmission,
high Q value
and high inductance increase
the transmission distance

Power supply for devices such as
cochlear implants in biomedical
fields

and energy
Small footprint, high coupling,
high-voltage
MEMS . .. gain and low DCR, suitable for Automotive electronics, industrial
.. Isolation miniature transformer . .
Machining Method signal electronics, etc.
conversion in the frequency range
of tens of MHz
Wearable equipment,
Three-axis magnetic sensor Surface sensor detection nondestructive
testing (NDT)
. Large functional density and Health and Use .Momtorln.g System
Energy harvesting . : for Defense Military Helicopters
small size of the devices
(HUMS)
. High density, microwire width Nondestructive electromagnetic
Array electromagnetic Sensor . - e
Printi detection coil testing field
rinting
technology Transparent conductive grid Large zlispect ratio, hlgh rf:solutlon, Touch screen, organic solar cell,
arge area fabrication transparent display
Tuned fluid antenna, pressure
Liquid Multilayer integrated Good mechanical Ss:s;)cz:ﬁzz%lyh}ilaflve:;.gs?(?r? (}):ihir
metals NMR microcoil deformation ability &1 P e

complexity, high mechanical
strength processing

Femtosecond laser

3D spiral microcoil

More uniform, good performance,
able to meet the practical
application requirements

Micromechanical systems,
microelectronic devices, micro
sensors and other fields of
micro-system integration
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Abbreviations

MEMS  Micro-Electro-Mechanical System

RF Radio Frequency

PI Polyimide

PDMS  Polydimethylsiloxane

PVD Physical Vapor Deposition

CVD Chemical Vapor Deposition

CMOS Complementary Metal Oxide Semiconductor
SECT  Silicon-Embedded Coreless Transformer
DLM Double-Layer Metal

PCB Printed Circuit Board

NMR  Nuclear Magnetic Resonance

uv Ultraviolet

PCL Polycaprolactone
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Abstract: In this work, we present a fabrication process for microneedle sensors made of polylactic
acid (PLA), which can be utilized for the electrochemical detection of various biomarkers in interstitial
fluid. Microneedles were fabricated by the thermal compression molding of PLA into a laser
machined polytetrafluoroethylene (PTFE) mold. Sensor fabrication was completed by forming
working, counter, and reference electrodes on each sensor surface by Au sputtering through a stencil
mask, followed by laser dicing to separate individual sensors from the substrate. The devised series
of processes was designed to be suitable for mass production, where multiple microneedle sensors
can be produced at once on a 4-inch wafer. The operational stability of the fabricated sensors was
confirmed by linear sweep voltammetry and cyclic voltammetry at the range of working potentials
of various biochemical molecules in interstitial fluid.

Keywords: microneedle; laser machining; polylactic acid; electrochemical detection; biomolecules

1. Introduction

The desire to lead a healthy life and increased life expectancy are gradually changing
the medical service paradigm from ‘diagnosis and treatment’ to prevention and manage-
ment [1-3]. To take advantage of this trend, user-customized healthcare technologies that
aid lifestyle management, such as the management of food intakes, weight, and body shape,
have received much attention [4,5]. To realize such healthcare technologies, sensors are
required that are capable of accurately monitoring user biometric variables, conveniently
yet inexpensively. Several multifunctional sensors have been shown to extract different
types of biometric information from trace amounts of blood components [6-8] and to detect
vital sign signals generated by organs, such as electromyographic and electrocardiographic
signals [9,10]. Of the various sensors developed, microneedle-based sensors have been
used in wearable healthcare devices owing to their advantages of minimal invasiveness
and user-friendliness.

Microneedle technology was initially introduced as a new drug delivery method for
drugs, vaccines, and cosmetics to overcome the physical and chemical limitations posed by
the stratum corneum [11-13]. By mounting a three-electrode system consisting of working,
counter, and reference electrodes, microneedles have evolved into a sensor technology to
monitor the levels of biometrically valuable biochemicals in biofluids using electrochemical
detection methods [14,15], such as cyclic voltammetry and chronoamperometry. Unlike
subcutaneous vein detection using hypodermic needles, the microneedle sensor penetrates
the skin minimally and controllably to a depth of several hundred micrometers, which
provides a patient-compliant and painless way of obtaining biometric data from interstitial
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fluid. The ability of the sensor to continuously acquire biometric information in real time is
also considered important for its practical implementation. The detection of various ana-
lytes, such as glucose [16], L-dopa [3], alcohol [2], and uric acid [17,18], in interstitial fluid
under human skin using microneedle sensors has actually been previously demonstrated.

To reduce skin inflammation, as well as to eliminate electrical background noise in elec-
trochemical sensing, a polymeric material, having biocompatibility and biodegradability, is
used as a material for microneedles. Representative materials include PLA [19,20], polyurethane
(PU) [21], poly(ethylene glycol) (PEG) [22], polystyrene (PS) [23], and poly(methyl methacrylate)
(PMMA) [24,25]. For the manufacturing of microneedles, they could be produced directly
from the polymeric materials using methods of melt-drawing [26], droplet air blowing [27],
and 3D printing [28]. Meanwhile, polymer casting processes, such as high-temperature
embossing [29,30], injection molding [31], and solution casting [32,33], have been widely
used to fabricate large numbers of microneedles uniformly and productively. As for a
mold material of polymer castings, a silicone-based elastic polymer, such as polydimethyl-
siloxane, was typically used [29,32,34,35], which facilitates the molding and detachment
of high-aspect-ratio polymer microneedles from the mold owing to its low surface energy.
However, the elastic mold has a disadvantage in that it is easily deformed by the tempera-
ture and pressure applied to the polymer casting, which causes difficulties in reproducing
the shape of the microneedle. In particular, in manufacturing a microneedle sensor that
has to go through several subsequent processes, such as metal deposition and coating of a
sensing material, the mold deformation is a significant cause of lowering production yield.

In this work, we present a fabrication procedure suitable for the mass production of
microneedle sensors, which can be utilized for the electrochemical detection of various
biomarkers in biofluids. Microneedle sensors were fabricated by thermal compression
molding of PLA into a laser-machined PTFE mold. Working, counter, and reference
electrodes were formed on sensor surfaces by Au sputtering through a stencil mask. The
operational stabilities of the fabricated sensor were confirmed by linear sweep voltammetry
(LSV) and cyclic voltammetry (CV) using a range of working potentials targeting various
biochemical molecules in interstitial fluid.

2. Materials and Methods
2.1. Materials

A roll of 1.75 mm diameter PLA filament was purchased from Sondori, South Korea,
and cut into lengths of <1 cm with scissors for thermocompression molding. A sheet of
PTFE (3 mm thick) was purchased from Mirae International Trading, Gunpo, South Korea.
The release agent (Easy-Lease™) was used to enable PLA microneedles to be detached from
PTFE molds after thermocompression molding and was purchased from Easy Composites
Ltd., Longton, UK. Adhesive film (Tegaderm™ transparent film dressing), which was
used to attach the microneedle sensor to skin, was purchased from 3M, South Korea, and
phosphate buffered saline (PBS 1X) was from Lonza, Switzerland.

2.2. Measurements and Instrumental

A computer-aided engraving machine equipped with a CO, laser (KL-900L, Woosung
E&I Co., Pyeongtaek, South Korea) was used to fabricate PTFE molds. This machine
can process an area of 1200 x 900 mm? with a scan resolution of 2500 dots per inch
(DPI) and a positional accuracy of 10 um, and has a laser power of up to 100 W. To
process PTFE, the engraving depth was controlled by adjusting laser movement during
irradiation at a fixed duty cycle of 50%. The working distance between the laser beam
source and the PTFE was fixed at 1 cm. Scanning electron microscopy (CX-200TM, COXEM,
Daejeon, South Korea) was used at an acceleration voltage of 10-15 KeV to observe the
morphologies of the microneedles produced. Electrodes were formed by sputtering Au
on sensors through a stainless steel (SUS) stencil mask using a metal sputtering unit
(Q300T D Plus, Quorum, Laughton, UK) at a current of 100 mA for 420 s. Linear sweep
voltammetry (LSV) and cyclic voltammetry (CV) measurements were performed using
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a computer-controlled voltage meter (CS310, Corrtest Instruments, Wuhan, China) with
a potential resolution of 10 V. Operation stabilities of sensors were assessed using LSV
and CV measurements, which were performed in a PBS solution at a scan rate of 5 mV /s
over the potential sweep range of —1.0 to +1.0 V and +0.1 to +0.6 V, respectively, versus an
Ag/AgCl reference electrode.

3. Results and Discussion
Laser Machining of the PTFE Mold

A conceptual diagram of the electrochemical detection of biomolecules in interstitial
fluid using the microneedle sensor is provided in Figure 1, which shows microneedles
penetrating the epidermis and accessing interstitial fluid. This fluid is representative of
the fluid between cells and blood vessels and accounts for 70% of dermis by volume [36].
The composition of interstitial fluid is similar to that of blood plasma [37,38], except for
high molecular weight proteins, because equilibrium between plasma and interstitial
fluid is achieved by capillary walls, which allow biomolecules with molecular weights of
<10,000 Da to pass freely.

Microneedle sensor

Electro } Stratum corneum (10~15 um)
chemical — Epidermis (100~150 um)
analyzer WE CE RE 3
S [
<'. ~ dermis (1~2 mm)
© :analyte
i @ : oxidized/reduced form

Figure 1. Illustration of the electrochemical detection of biomarkers in dermal interstitial fluid.

The microneedle sensors were designed to diagnose and monitor health by access-
ing interstitial fluid under the epidermis in a minimally invasive manner. To meet this
design objective, a method of manufacturing biocompatible microneedles several hundred
micrometers or more long with a high aspect ratio and mechanically robust enough to
withstand forces during skin insertion was required.

To ensure the manufacturing process allowed straightforward control of micronee-
dle length, we produced sensors by the thermal compression molding of PLA into laser-
engraved PTFE molds. We selected PLA for this purpose having considered other candidate
biocompatible materials used to produce microneedles, such as polyurethane, polyethylene,
polystyrene, and poly(methyl methacrylate), because PLA is an FDA-approved generally
recognized as safe (GRAS) polymer with excellent mechanical properties and electrochemi-
cal stability. The PTFE mold engraving depth, which determined the needle length after
PLA molding, was adjusted by modulating the laser scan speed; other laser process parame-
ters, such as power, duty cycle, and working distance, were fixed. A detailed description of
the conditions used for laser engraving is provided in the Measurements and Instrumental
section above.

A schematic of the laser engraving of PTFE molds is provided in Figure 2a. A PTFE
film was engraved with a negative of microneedle shapes using a CO, laser. The small
amount of debris generated during laser processing was removed by washing molds with
acetone in an ultrasonic bath and drying at room temperature. To evaluate engraving
depths, we measured the lengths of microneedles produced using molds that had been
engraved using different laser scan speeds.
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Figure 2. (a) Fabrication process used to produce PTFE molds by laser engraving. (b) SEM images of the PLA microneedles

produced using molds laser machined at different scan speeds. (c) Lengths and diameters of fabricated microneedles.

Scanning electron microscopy (SEM) images of PLA microneedles fabricated at dif-
ferent laser scan speeds are shown in Figure 2b. The engraving depth increased as scan
speed decreased, which was attributed to the time the laser beam impacted the PTFE
surface. Microneedle lengths and diameters (defined as diameters at microneedle bases,
as shown in the inset of Figure 2b) were determined by SEM. Figure 2c shows the results
of measuring the average length and diameter of 10 or more microneedle specimens. As
shown in the figure, microneedle lengths were adjustable from 390 to 1600 um using scan
speeds of 90 and 10 mm/s, respectively, at which needle diameters increased slightly from
232 to 255 pum, respectively, that is, they were smaller than the outer diameter of a 31-gauge
syringe needle (261 um). Given a depth from the stratum corneum to dermis of <200 pm
(Figure 1) and the insertion depth to minimize the pain caused by needle insertion [39], we
chose to use a needle length of 600 pum, which corresponded to a scan speed of 40 mm/s.

The microneedle sensor manufacturing procedure, which is schematically provided
in Figure 3, was designed to be suitable for the mass production of multiple microneedle
sensors on a 4-inch wafer. Initially, the laser-processed PTFE mold was coated with a mold
release agent to facilitate the detachment of PLA microneedles (Figure 3a) and then dried
under ambient conditions. PLA filaments were cut into <1 cm lengths and placed on the
PTFE mold (Figure 3b), and then heat-treated in a vacuum oven for 30 min at 200 °C, which
is slightly higher than the melting point of PLA (~180 °C). Thus, the heat treatment melts the
PLA, which then fills the mold under vacuum conditions (Figure 3c). Thermal compression
molding was then performed using a press at 220 °C and 1.0 MPa for 5 min to control
the thickness of the microneedle sensor substrate and ensure the accuracy of the molding
procedure (Figure 3d). To ensure a uniform temperature distribution during thermal
compression, the specimen was sandwiched between two stainless steel (SUS) plates. A
copper tape spacer was attached around the edges of the bottom SUS plate to produce
sensors with a substrate thickness of ~200 pm. After thermal compression, the substrate
with PLA microneedles was detached from the PTFE mold (Figure 3e). Subsequently,
the microneedle electrodes on each sensor were separated into working, counter, and
reference electrode regions by sputtering the PLA microneedle substrate with a 200 nm
thick Au film through a SUS stencil mask (Figure 3f). The multiple microneedle sensors
fabricated on a 4-inch diameter wafer were then separated into individual sensors by laser
dicing (Figure 3g). An adhesive film was then attached to the back of each sensor to allow
application to skin, and finally, a flexible flat cable (FFC) was connected to complete the
sensor fabrication (Figure 3h,i).
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Figure 3. The procedure used to fabricate microneedle sensors. (a) Coating of releasing agent. (b) Loading of PLA pieces.
(c) PLA melting. (d) Thermal compression. (e¢) Demolding microneedle array. (f) Electrode formation. (g) Laser dicing into
individual sensors. (h) Attaching an adhesive tape. (i) Wiring the sensors with FFC.

Figure 4a shows an optical image of the fabricated microneedle sensors on a 4-inch
walfer after the deposition of Au electrodes using the SUS stencil mask (Figure 4b). An
optical image of a microneedle sensor separated from the substrate by laser dicing is shown
in Figure 4c. The figure also shows the electrode area divided into working, counter,
and reference electrodes. SEM confirmed that an array of microneedles on the sensor
was successfully fabricated (Figure 4d). Figure 4e,f show top and side view images of
a microneedle sensor equipped with an adhesive film for skin attachment and an FCC
connection, respectively.

D O0OO00o

Figure 4. Optical images of (a) microneedle sensors fabricated on a 4-inch wafer size after the formation of Au electrodes,
(b) the SUS stencil mask used for the Au sputtering process, and (c) the microneedle sensor separated from the substrate by
laser dicing. (d) SEM image of an array of microneedles on the sensor. Optical images of (e) top and (f) side views of the
microneedle sensor equipped with an adhesive film and the FCC connection.

To successfully achieve electrochemical detection of biomarkers in biofluids, the
PLA microneedle sensor preferentially requires stable operation in a buffer solution for
supporting biochemical molecules. To validate the operational stability of the microneedle
sensor, we checked for the presence of any redox peaks possibly caused by salts in the buffer
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solution by linear sweep voltammetry (LSV) and cyclic voltammetry (CV), as shown in the
experimental setup in Figure 5a. A solution of phosphate buffered saline (PBS 1X, pH 7.4),
which is an isotonic solution commonly used in biological research studies, was used for
the tests. The scan rate was fixed at 5 mV /s and a commercial Ag/AgCl reference electrode
was used. Considering the range of working potentials of various biochemical molecules
(Figure 5b) [2,3,16,40,41], measurements were performed over the potential range of —1.0
to +1.0 V and +0.1 to +0.6 V, respectively, versus the Ag/AgCl reference electrode.

(a) (b) . Working
Analytes Sensor materials potential [V] Ref.
£ > ) oo o glucose glucose-oxidase +0.45 [16]
ﬂ uricacid  uricase +0.4 [40]
I — Reference cholesterol cholesteroloxidase  +0.5 [41]
L-dopa tyrosinase +0.3 [3]
L Counter alcohol alcohol oxidase +0.6 [2]
- Working
(©) 40 (d) 05
—~ R —~ 041
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Figure 5. (a) Experimental setup used for LSV and CV measurements. (b) Working potentials of the
redox reactions of several analytes. Current responses from the microneedle sensor in PBS solution
during (c¢) LSV and (d) CV measurements in PBS.

Figure 5¢ shows LSV current responses observed, which indicated the absence of redox
reactions in the potential range between 0.1 V and 0.6 V (indicated by the blue region in
the figure), which covered all working potentials of the analytes shown in Figure 5b. A CV
curve is shown in Figure 5d, and no current peak was detected at the working potentials
of the redox reactions of analytes. These results indicate that the PLA microneedle sensor
presented here operated stably for the detection of biochemicals.

4. Conclusions

We fabricated PLA microneedle sensors by thermocompression molding of PLA into
a PTFE mold engraved by CO; laser machining. Microneedle geometry was controlled by
modulating the laser scan speed. Microneedle lengths of 390 to 1600 um were achieved
by reducing scan speeds from 90 to 10 mm /s, respectively, while microneedle diameters
increased slightly from 232 to 255 um. Sensor fabrication was completed by forming
working, counter, and reference electrodes on the sensor, which was accomplished by Au
sputtering through an SUS stencil mask. The presented fabrication process was found to
be highly effective at producing microneedles with high aspect ratios and various lengths
reproducibly. Furthermore, the entire process was designed to be suitable for the mass
production of multiple microneedle sensors on 4-inch wafers. Finally, the operation stability
of the fabricated microneedle sensors was confirmed using LSV and CV measurements
performed at the working potentials of various biochemical molecules in interstitial fluid.
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We believed that the PLA microneedle sensors presented here are capable of providing an
effective sensing platform for the detection of biochemicals of interest.
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Abstract: A novel method for transfer of tactile sensors using stiction effect temporary handling
(SETH) is presented to simplify the microelectromechanical-system (MEMS)/CMOS integration
process, improve the process reliability and electrical performance, and reduce material constriction.
The structure of the tactile sensor and the reroute substrate were first manufactured separately.
Following the release process, the stiction-contact structures, which are designed to protect the
low-stress silicon nitride diaphragm of the tactile sensor and prevent the low-stress silicon nitride
diaphragm from moving during the subsequent bonding process, are temporarily bonded to the
substrate owing to the stiction effect. After the released tactile sensor is bonded to the reroute substrate
by Au-Si eutectic flip-chip bonding, a pulling force perpendicular to the bonded die is applied to
break away the temporary supported beam of the tactile sensor, and the tactile sensor is then
successfully transferred to the reroute substrate. The size of the transferred tactile sensor is as small as
180 pm x 180 pm x 1.2 pm, and the force area of the tactile sensor is only 120 pm x 120 pm x 1.2 pm.
The maximum misalignment of the flip-chip bonding process is approximately 1.5 pum. The tactile
sensors are tested from 0 to 17.1 kPa when the power supply is 5 V, resulting in a sensitivity of
0.22 mV/V/kPa, 0.26 mV/V/kPa, 0.27 mV/V/kPa and 0.27 mV/V /kPa, separately. The stress
caused by the Au-Si eutectic flip-chip bonding ranges from —5.83 to +5.54 kPa. The temporary
bonding strength caused by stiction is calculated to be larger than 7.06 kPa and less than 22.31 kPa.
The shear strength of the bonded test structure is approximately 30.74 MPa and the yield of the
transferred tactile sensors is as high as 90%.

Keywords: stiction effect; temporary handling; SETH; CMOS; MEMS; tactile sensor; stiction-contact;
Au-Si eutectic; flip-chip

1. Introduction

Numerous efforts have been made to integrate microelectromechanical systems
(MEMS) and complementary metal-oxide-semiconductor (CMOS) devices [1-9]. There
are two approaches for integrating MEMS sensors and actuators with CMOS devices.
The first is monolithic integration, where the MEMS and CMOS devices are fabricated
on the same silicon substrate using a dedicated fabrication process [10]. The second ap-
proach is hybrid integration, in which the MEMS and CMOS devices are assembled using
chip-interconnection methods (i.e., tape automated bond (TAB), wire bond, and flip-chip
bond) [11-16].

Monolithic integration has been widely studied owing to its advantages of lower
electronic parasitics, reduced chip pinout, and smaller size. There are three methods for
monolithic integration: pre-CMOS, intra-CMOS, and post-CMOS [17-20]. The classification
of the three approaches is based on the sequence of fabrication of the MEMS and CMOS
devices. In the pre-CMOS and intra-CMOS approaches, contamination issues should be
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considered after the wafer has undergone some proprietary MEMS processes [6]. Thus,
dedicated fabrication is required for the pre-CMOS and intra-CMOS. Moreover, the thermal
budget should be considered in the intra-CMOS approach because of the high-temperature
front-end-of-line processes [10]. In the post-CMOS approach, materials and processes used
for the fabrication of MEMS devices must be carefully considered to avoid damage to the
completed CMOS device during MEMS fabrication processes [21].

Hybrid integration, which enables the MEMS and CMOS devices to be fabricated
independently, is currently the most common approach for MEMS and CMOS integra-
tion because of its shorter development time, lower cost, flexible material selection, and
simpler fabrication process [22]. In hybrid integration technologies, flip-chip bond pro-
vides the highest packaging density, better reliability, and better electrical and thermal
performance. However, with the development of advanced packaging technologies (i.e.,
three-dimensional packaging technology) and advanced microsystems (i.e., radio frequency
devices), the average wire length of the flip-chip bond becomes significant, which can cause
higher electrical parasitics between the MEMS and CMOS devices [23].

A modified flip-chip method for the transfer of released microstructures has been
proposed by Singh et al. [13]. In this modified method, two types of MEMS structure are
fabricated and released, followed by the fabrication of a target die, which is patterned
with metal bumps. Then, the released MEMS structures and the target die are bonded by
cold welding the indium solder to the copper. Finally, the bonded structure is carefully
separated to break the tethers of the MEMS structures, thereby transferring the MEMS
structures onto the target die. This modified method enables the MEMS and CMOS devices
to be fabricated separately, simplifying the fabrication process and providing flexibility
in the selection of the MEMS/CMOS process and substrate. Moreover, the signal path
can be shortened, which improves the electronic performance of the integrated device.
However, the released MEMS microstructures, only supported by polysilicon tethers, are
at risk of being damaged by shear forces during the bonding and transferring processes.
Moreover, the displacement of MEMS structures caused by shear force decreases the
alignment precision of the flip-chip bonding.

In this study, a novel method for transfer of tactile sensors using stiction effect [24]
temporary handling (SETH) is presented to simplify the MEMS/CMOS integration process,
improve the process reliability and electrical performance, and reduce material constriction.
The tactile sensor and reroute substrate are first manufactured separately. Then, the tactile
sensor is released and placed into deionized (DI) water for 24 h to bond the stiction-contact
structures temporarily to the substrate through the stiction effect, thereby avoiding the
damage and movement of the diaphragm of the tactile sensor during subsequent flip-
chip bonding. Next, the released tactile sensor is bonded to the reroute substrate by
Au-5i eutectic flip-chip bonding. Finally, a pulling force perpendicular to the bonded
die is applied to break away the temporary supported beam of the tactile sensor, and
the tactile sensor is then transferred to the reroute substrate. The size of the transferred
tactile sensor is as small as 180 um x 180 um x 1.2 um, and the force area of the tactile
sensor is only 120 pm x 120 pm x 1.2 um. The maximum misalignment of the flip-chip
bonding process is approximately 1.5 pm. The stress caused by the Au-Si eutectic flip-chip
bonding is from —5.83 to +5.54 kPa. The tactile sensors are tested from 0 to 17.1 kPa when
the power supply is 5 V, resulting in a sensitivity of 0.22 mV/V/kPa, 0.26 mV/V/kPa,
0.27 mV/V /kPa and 0.27 mV/V /kPa, separately. The shear strength of the bonded test
structure is approximately 30.74 MPa and the yield of the transferred tactile sensors is as
high as 90%.

2. Design Principle

The principle of CMOS-compatible batch transfer of tactile sensors using SETH is
shown in Figure 1. First, the tactile sensor is manufactured, and the stiction-contact struc-
tures, which are designed to protect the low-stress silicon nitride (LS-SixNy) diaphragm of
the tactile sensor, are temporarily bonded to the thermal oxide layer owing to the stiction
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effect, as shown in Figure 1a. Next, the CMOS device and metal electrode used for bonding
are fabricated, as shown in Figure 1b. Thereafter, the MEMS tactile sensor is bonded to the
CMOS device, as shown in Figure 1c. Finally, the MEMS tactile sensor is transferred to the
CMOS device by applying a pulling force perpendicular to the bonded device, as shown in
Figure 1d.

Metal Electrode Metal Electrode

L

Piezoresistor

CMOS CMOS ‘

Stiction-Contact Structures  Diaphragm (b)

Tactile Sensor

(a)

CMOS CMOS ‘

(d)
e \ e B [ Co/Pe/An [ VoS
C QT + DT
Silicon [ JLS Poly

(c)

Figure 1. Design process flow of complementary metal-oxide-semiconductor (CMOS)-compatible
batch transfer of tactile sensor using stiction effect temporary handling (SETH). (a) Tactile sensor is
manufactured, and the stiction-contact structures are temporary bonded to the substrate; (b) CMOS
device and the metal electrode used for bonding are fabricated; (c) MEMS tactile sensor is bonded
to the CMOS device; (d) microelectromechanical system (MEMS) tactile sensor is transferred to the
CMOS device by applying a pulling force perpendicular to the bonded device.

2.1. Design of Tactile Sensor

To verify the principle of CMOS-compatible batch transfer of tactile sensors using
SETH, a tactile sensor with a low-stress silicon nitride diaphragm was designed for transfer
to the reroute substrate. The process flow is similar to that shown in Figure 1. Figure 2a
shows a schematic of the designed tactile sensor, and Figure 2b shows a cross-sectional cut
of the tactile sensor along line A—A’. Figure 2c shows a schematic of the reroute substrate,
and Figure 2d shows a schematic of the transferred tactile sensor. As shown in Figure 2a,
the dimensions of the low-stress silicon nitride diaphragm are 120 pm x 120 pm X 1.2 pm,
and four p-type resistors are formed on the edge of the silicon nitride diaphragm surface,
where the component of the stress tensor in silicon nitride diaphragm is found to be
largest through simulation using COMSOL, as shown in Figure 3. The size of the designed
transferred tactile sensor is 180 pm x 180 pm X 1.2 um and the center diaphragm of
the tactile sensor is 120 pm x 120 pm X 1.2 um, the area outside the center diaphragm
is designed for Au-Si eutectic bonding, as shown in Figure 3a,c. As the diaphragm of
the tactile sensor is fabricated by LPCVD isotropic low-stress silicon nitride, the density,
Young’s modulus, and Poisson’s ratio of the low-stress silicon nitride used for COMOSL
simulation are set as 3000 kg/m?3, 360.5 GPa and 0.24 [25], separately. Figure 3b shows that
the largest stress is approximately 98.59 MPa under 35 kPa pressure, which occurs at the
edge of the silicon nitride diaphragm. Figure 3d shows that the maximum displacement
occurs at the center of the silicon nitride diaphragm, and its value is approximately 0.25 um.
The four piezo resistors are connected using heavily doped polysilicon to form a flat surface,
and a composite metal layer with a flat surface is then deposited on the heavily doped
polysilicon to a form the Wheatstone bridge and the metal electrodes designed for Au-Si
eutectic bonding, as shown in Figure 2a,b. The composite metal layer with a flat surface
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increases the bonding area of metal electrodes, thereby improving the bonding strength of
Au-Si eutectic bonding process. The sensitivity of the tactile sensor is

AV 7'[44{12
S= E - 4h2 VCC (1)
where AV and AP are the changes in the output voltage of the Wheatstone bridge and the
pressure of the silicon nitride diaphragm, respectively, 7144 is the piezoresistive coefficient
of polysilicon, a is the half side length of the silicon nitride diaphragm, and # is the
thickness of the silicon nitride diaphragm. Theoretically, the sensitivity of the tactile sensor
is 2.55 mV /kPa when the power supply is 5 V.

(a) (b)

(© (d)

Figure 2. (a) Schematic of the tactile sensor; (b) Cross-section cut along the line A-A’ in (a);
(c) Schematic of the reroute substrate; (d) Schematic of the transferred device.

2.2. Design of Stiction-Contact Structures

Previous studies have suggested that electrostatic forces, van der Waals forces, or
surface tension may be responsible for sticking or stiction [26,27], which causes the perma-
nent attachment of slender surface micromachined structures to the underlying substrate
after drying [28]. To conceptualize the scale of the stiction forces, the three causes are each
illustrated using an ideal system consisting of two smooth parallel surfaces with separation
d and shared area S.

The electrostatic force results from electrostatic charging or differences in the work
functions of the two smooth parallel surfaces, and the work function differences yield at
most 1V potentials in equilibrium [26]. Neglecting the internal space charge regions, the
electrostatic force, Fgp, is [26] )

goU
Feo = S
where ¢y and U are the relative permittivity of the air gap and the potential difference
between the two parallel surfaces, respectively.

5 2
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The van der Waals force results from the interaction between the instantaneous dipole
moment of atoms. The expression for the van der Waals force, Fypw, can be expressed

as [29]: )
Fvpw = W (3)

where A is the Hamaker constant. For the SiO,—air-SiO, case, the Hamaker constant is
5.4 x 10720 7 [30].
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Figure 3. COMSOL simulation results of tactile sensor. (a) Stress simulation of the silicon nitride
diaphragm; (b) Stress simulation result shows that the maximum stress occurs at the edge of the
silicon nitride diaphragm, and its value is 98.59 MPa; (c) Displacement simulation of the silicon
nitride diaphragm; (d) Displacement simulation result shows that the maximum displacement occurs
at the center of the silicon nitride diaphragm, and its value is 0.25 um.

The surface tension of the diminishing liquid induces an attractive capillary force
during the drying of capillary liquids trapped in the two parallel surfaces, and the capillary
force, Fcp, can be described as [26]

cos 61 + cos 6
Fep = 180 ¥ 050) @

where 7 is the surface tension (73 mIN/m for water), and ¢; and 6, are the contact angles
between the two parallel surfaces.

As Equations (2)—(4) show, when the distance between two smooth parallel surfaces
is larger than 10 nm, the electrostatic force and van der Waals force can be negligible
compared with the surface tension; thus, the total adhesion forces between two smooth
parallel surfaces can be simplified as

cos 07 + cos 6
Frotai_ar = Fer + Fvpw + Fcr = (cosby 7 2) ps ©)
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To ensure that the tactile sensor can be successfully transferred to the reroute substrate,
as shown in Figure 2d, the temporary bonding strength caused by stiction should be
less than the bonding strength of the flip-chip bonding. As Equation (5) shows, the total
adhesion forces can be decreased by reducing the shared area between two parallel surfaces.
Therefore, different areas of stiction-contact structures (from 2916 to 9000 um?) are designed
to reduce the shared area between the silicon nitride diaphragms of the tactile sensor and
substrate. A cross-sectional schematic view of the stiction-contact structures is shown
in Figure 2b. In addition, the stiction-contact structures can prevent the silicon nitride
diaphragm from moving in the subsequent bonding process because of its temporary
bonding to the substrate, thereby improving the alignment precision of flip-chip bonding.

To ensure that the deadhesion process does not damage the bonding strength of
the transferred device, the Au-Si eutectic bonding technique was employed to ensure
the bonding strength of the subsequent flip-chip bonding process, in which the bonding
strength is usually larger than 16 MPa in the laboratory [31]. Moreover, the metal electrode
area for Au-Si eutectic bonding is designed to be 12,320 um?, which is much larger than the
designed area of stiction-contact structures, so that the adhesion forces caused by stiction
can be negligible compared with the Au-5i eutectic bonding strength.

As Equations (2)—(5) show, the total adhesion forces can be decreased by increasing the
distance between two parallel surfaces. When the designed distance between the stiction-
contact structures and substrate is 200 nm, the corresponding temporary bonding strength
can be calculated as 0.73 MPa in theory. Assuming that the stiction occurs at the center of
the silicon nitride diaphragm and the temporary bonding strength caused by stiction is
10 MPa, which is much larger than 0.73 MPa, the stress and displacement of the silicon
nitride diaphragm are simulated by COMSOL (5.3, COMSOL, Inc., Burlington, Mam, USA),
as shown in Figure 4. As the stiction-contact structures of tactile sensor are fabricated by
LPCVD isotropic low-stress silicon nitride, the density, Young’s modulus, and Poisson’s
ratio of the stiction-contact structures in COMSOL simulation are set as 3000 kg/m?,
360.5 GPa and 0.24 [25], separately. The designed dimensions of the stiction-contact
structures in the center of low-stress silicon nitride diaphragm are 2 pm x 2 pym x 1.2 pm,
as shown in Figure 4a,c. As Figure 4b shows, the maximum stress distributed at the
edge of the silicon nitride diaphragm, and its value is approximately 167.71 MPa under
10 MPa pressure. Therefore, the silicon nitride diaphragm is not damaged by stiction
because the fracture strength of the low-pressure chemical vapor deposition (LPCVD)
silicon nitride (6.9 GPa at 298 K) [25] is much higher than 167.71 MPa. Figure 4d shows
that the maximum displacement occurs at the center of the silicon nitride diaphragm, and
its value is approximately 0.25 pm.

2.3. Design of Test Structures

Metal electrodes with a width of 22 um and a length of 81 um were designed to
estimate the Au-Si eutectic bonding strength of the transferred device, and the schematic
of the test structure is similar to that shown in Figure 2c. After the test structures have been
bonded by the Au-5i eutectic bonding technique, the bonding strength can be estimated by
a shear force test, as shown in Figure 5a. In addition, 20 different types of cantilever beam
with a width of 3 pm and a 20-400 um length were designed to estimate the magnitude of
the temporary bonding strength caused by stiction, as shown in Figure 5b. When the tips
of the cantilever beams are fixed on the substrate after drying, the minimum temporary
bonding strength caused by the stiction can be estimated as

2E#
Frs s = 33 d (6)

where E is the Young’s modulus of the cantilever beam material, 260.5 GPa at 298 K for

LPCVD silicon nitride [24]; t and L are the thickness and length of the cantilever beam,
respectively; and d is the distance between the cantilever beam and the substrate.
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Figure 4. COMSOL simulation results of the stress and displacement of silicon nitride diaphragm
caused by stiction effect. (a,b) Maximum stress occurs at the edge of the silicon nitride diaphragm,
and its value is approximately 167.71 MPa; (c,d) Maximum displacement occurs at the center of the
silicon nitride diaphragm, and its value is approximately 0.69 pm.
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Figure 5. (a) Schematic of Au-Si eutectic bonding strength estimated by shear force test; (b) Prototype
of 20 different types of cantilever beam designed to estimate the magnitude of the temporary bonding
strength caused by stiction.

3. Fabrication

The process flow of the tactile sensor with a silicon nitride diaphragm is depicted in
Figure 6, and the detailed fabrication process is described below.
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Figure 6. Process flow of the tactile sensor with a silicon nitride diaphragm. (a) A 450 nm-thick SiO, layer is thermally grown
to protect the substrate, followed by the deposition of 800 nm-thick sacrificial layer; (b) etching and LPCVD deposition
to determine the distance between the stiction-contact structures and the substrate; (c) etching to form the channel for
temporary supported anchors; (d) formation of the diaphragm of the tactile sensor, stiction-contact structures, and temporary
supported anchors; (e) the 200 nm-thick low-stress silicon nitride layer is deposited after the formation of the piezoresistors;
(f) a composite metal layer of Cr/Pt/Au is sputtered and patterned on the piezoresisitors after the contact windows of
the piezoresisitors are formed; (g) formation of the release channel of the polysilicon sacrificial layer; (h) the XeF, etching
technique is employed to remove the polysilicon sacrificial layer, followed by the stiction-contact structures temporarily
bonded to the substrate using the stiction effect.

(a) A SiO; layer with a thickness of 450 nm is thermally grown to protect the substrate
from being damaged by the subsequent etching and release processes. Then, a layer of
800 nm-thick low-stress polysilicon is deposited as the sacrificial layer of the tactile sensor
by the LPCVD technique, as shown in Figure 6a.

(b) The polysilicon is etched to the SiO; layer using the deep reactive ion etching
(DRIE) technique. Then, a layer of 200 nm-thick low-stress polysilicon is deposited by the
LPCVD technique, and its thickness determines the distance between the stiction-contact
structures and the substrate, as shown in Figure 6b.

(c) The 1 um-thick low-stress polysilicon is etched using the DRIE technique. The
450 nm-thick SiO; layer is subsequently etched to the silicon substrate by the reactive ion
etching (RIE) technique, as shown in Figure 6c.

(d) A low-stress silicon nitride layer with a thickness of 1 um is deposited by the
LPCVD technique to form the diaphragm of the tactile sensor, stiction-contact structures,
and temporary supported anchors of the silicon nitride diaphragm, as shown in Figure 6d.
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(e) A 300 nm-thick LPCVD low-stress polysilicon layer is deposited and heavily doped
by boron implantation, followed by the DRIE technique to form the piezoresistors of the
tactile sensor. Next, a low-stress silicon nitride layer with a thickness of 200 nm is deposited
by the LPCVD technique to protect the piezoresistors, as shown in Figure 6e.

(f) The 200 nm-thick low-stress silicon nitride layer is etched using the RIE technique to
form the contact windows of the piezoresistors. Then, a composite metal layer of Cr/Pt/Au
is sputtered and patterned on the piezoresistors, as shown in Figure 6f. The Pt layer of
Cr/Pt/Au prevents the Au-Si alloy formed by the subsequent Au-Si eutectic flip-chip
bonding process from penetrating the metal pads. The thicknesses of the Cr, Pt, and Au are
50 nm, 100 nm, and 300 nm, respectively.

(g) The release channel of the polysilicon sacrificial layer is formed by the DRIE
technique after the 1.2 um-thick low-stress silicon nitride layer is etched to the polysilicon
sacrificial layer, as shown in Figure 6g.

(h) The XeF; etching technique is employed to remove the polysilicon sacrificial layer.
The released device is then placed in DI water for 24 h and dried at room temperature for
24 h to bond the stiction-contact structures temporarily to the substrate using the stiction
effect, as shown in Figure 6h.

The process flow of the reroute substrate is shown in Figure 7, and the detailed
fabrication process is described below.

® EY 5
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Figure 7. Process flow of the reroute substrate. (a) Oxidation to form the hard mask; (b) formation
of the etching window of the KOH; (c¢) formation of the convex structure with a height of 7 um;
(d) deposition of the 1 um-thick layer of amorphous silicon («-Si) used for subsequent Au-Si eutectic
bonding; (e) formation of the composite metal Ti/ Au layer used to reroute the tactile sensor.

(@) A SiO; layer with a thickness of 200 nm is thermally grown as the hard mask in
the following KOH wet etching process, as shown in Figure 7a.

(b) The 200 nm-thick SiO; layer is etched using the RIE technique to expose the etching
window of the KOH, as shown in Figure 7b.

(c) A convex structure with a height of 7 um is formed during the KOH wet etching
process to provide a space for the tactile sensor after bonding, as shown in Figure 7c.

(d) A1 pm-thick layer of amorphous silicon («-5i) is deposited by plasma-enhanced
chemical vapor deposition (PECVD) for subsequent Au-Si eutectic bonding, as shown in
Figure 7d.

(e) Finally, a composite metal Ti/ Au layer is sputtered on the «-Si layer to reroute the
tactile sensor, in which the Ti layer is used to decompose the native oxide on the surface of
the «-5i. The thicknesses of the Ti and Au are 50 nm and 400 nm, respectively, as shown in
Figure 7e.

An optical microscope view of the fabricated tactile sensor and reroute substrate is
shown in Figure 8. The optical microscope view of the fabricated tactile sensor is shown
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in Figure 8a, and enlarged views of the temporary supported beam and the silicon ni-
tride diaphragm of the tactile sensor are shown in Figure 8b,c, respectively. An optical
microscope view of the fabricated reroute substrate is shown in Figure 8d. As Figure 8a—c
show, the temporary supported beam and the silicon nitride diaphragm are colored under
a microscope owing to the thin-film interference phenomenon, and the thin-film inter-
ference phenomenon is caused by the stiction, which temporarily bonds the temporary
supported beam and the stiction-contact structures under the silicon nitride diaphragm to
the substrate.

Figure 8. Optical microscope view of fabricated tactile sensor and rerouted substrate. (a) Optical microscope view of the
fabricated tactile sensor; (b) enlarged optical microscope view of the temporary supported beam of the fabricated tactile
sensor; (c) enlarged optical microscope view of the silicon nitride diaphragm of the tactile sensor; (d) optical microscope

view of the fabricated reroute substrate.

To analyze the stiction of the fabricated tactile sensor further, scanning electron mi-
croscopy (SEM) was employed. The SEM view of the temporary supported beam of the
fabricated tactile sensor is shown in Figure 9. Figure 9b shows an enlarged view of the
temporary supported beam shown in Figure 9a. As the Figure shows, the temporary
supported beam is temporarily bonded to the substrate owing to the stiction effect.

3.0kV 12.0mm x450 SE(M)

Figure 9. Scanning electron microscopy (SEM) view of the temporary supported beam of the
fabricated tactile sensor. (a) SEM view of the fabricated tactile sensor; (b) enlarged view of the

temporary supported beam shown in (a).

4. Results and Discussion

The fabricated tactile sensor was first bonded to the reroute substrate by Fintech
FinePlacer Lambda (Finetech GmbH & Co. KG, Berlin, Germany), and the temperature,
force, and time of the flip-chip bonding process were 380 °C, 20 N, and 300 s, respectively.
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Then, the tactile sensor was transferred to the reroute substrate by applying a pulling
force perpendicular to the bonded device, as shown in Figure 10. The tactile sensors with
the designed stiction-contact structure areas from 2916 to 9000 pm? were transferred to
the reroute substrate, and the optical microscopic view of the transferred devices with
minimum and maximum stiction-contact structure areas are shown in Figure 10a,b, re-
spectively. The metal bonding electrode deviations between the tactile sensor and the
reroute substrate were measured to estimate the precision of the transferred device after the
flip-chip bonding process, as shown in Figure 11. The metal electrode deviations of the top,
right, bottom, and left are shown in Figure 11b—e, respectively. As shown in Figure 11b-e,
the maximum measured deviation after the flip-chip bonding process is approximately
1.5 um, which is sufficient for the proposed SETH integration process.

Stiction-Contact Structures Stiction-Contact Structures

e

(a) (b)

Figure 10. Optical microscopic view of the transferred devices. (a) Transferred device with minimum
areas (2916 um?) of stiction-contact structures; (b) Transferred device with maximum areas (9000 um?)
of stiction-contact structures.

Figure 11. Microscopic view of transferred device and flip-chip bonding precision after the Au-Si
eutectic flip-chip bonding process. (a) Microscopic view of transferred device; (b—e) Deviations of the
top, right, bottom, and left metal electrode between the tactile sensor and the reroute substrate of
approximately 1.25, 1.5, 1.33, and 1.44 pum, respectively.

SEM was employed to analyze further the broken area of the temporary support beams
of the tactile sensor after the transfer process. The SEM view of the broken area of the
temporary support structures of the tactile sensor is shown in Figure 12a, and Figure 12b-d
shows an enlarged SEM view of the broken area shown in Figure 12a. As Figure 12b—e
show, the broken area was at the edge of the metal bonding electrode, and the silicon
nitride diaphragm of the tactile sensor was not damaged after the transfer process.
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Figure 12. SEM view of the broken area of the temporary support structures of the tactile sensor.
(a) SEM view of transferred device; (b—e) enlarged SEM views of the broken area shown in (a).

As Figures 11a and 12a show, the size of the transferred tactile sensor is 180 um x
180 um x 1.2 pm, and the force area of the tactile sensor is only 120 pm x 120 um x 1.2 pm.
Moreover, the force application accuracy is extremely high because the designed full-scale
force of the designed tactile sensor is only approximately 0.5 mN, and there is no suitable
instrument to measure the sensitivity of the transferred tactile sensor directly. Therefore,
different masses of the beam-shaped copper wire weights with a diameter of 85 um are
made to measure the sensitivity of the transferred tactile sensor, and the measurement
principle of the beam-shaped copper wire weight is shown in Figure 13. As Figure 13 shows,
one end of the beam-shaped copper wire weight is placed on the sensitive membrane of the
transferred tactile sensor, and the other end is placed on the test stage. The force applied to
the transferred tactile sensor is half of the mass of the beam-shaped copper wire weight.

Copper Wire Weight

Test Board

Figure 13. Schematic of the measurement principle of beam-shaped copper wire weights.

As the tip of the copper wire weight is hard and uneven, which will damage the
1.2 pm-thick silicon nitride diaphragm of the tactile sensor when the copper wire weight is
placed on the silicon nitride diaphragm, the surface of the copper wire weight is wrapped
with a layer of HT901 silicon adhesive sealant and cured for 24 h at room temperature
to make soften the tip of the copper wire weight. A layer of CRC PLASTICOTE 70 clear
protective lacquer is then coated on the surface of the cured silicon adhesive sealant and
cured for 12 h at room temperature to prevent the adhesive force of the silicon adhesive
sealant from damaging the 1.2 um-thick silicon nitride diaphragm, as shown in Figure 14.
The masses of the different beam-shaped copper wire weights are measured using a Mettler
Toledo AL104, with a readability of 0.1 mg, and the test results are shown in Table 1. The
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different masses of the manufactured beam-shaped copper wire weights are shown in
Figure 15.

() (d)
Figure 14. Tip of the copper wire weight. (a) The tip of the copper wire weight is hard and uneven;
(b) The 1.2 um-thick silicon nitride diaphragm is damaged during the test; (c) The layer of CRC
PLASTICOTE 70 clear protective lacquer coated on the surface of the cured silicon adhesive sealant
prevents the 1.2-pum-thick silicon nitride diaphragm from being damaged during the test; (d) The

1.2 pm-thick silicon nitride diaphragm is not damaged after the test.

Table 1. Different masses of the beam-shaped copper wire weights measured by Mettler
Toledo AL104.

Number Measured Mass (mg)  Pressure Applied on Transferred Device (kPa)
1 9.2 3.1
2 17.2 59
3 26.7 9.1
4 35.9 12.2
5 43.3 14.7
6 50.2 17.1

The experimental setup used for measuring the sensitivity of the tactile sensor is
shown in Figure 16. As shown in Figure 16, the input voltage of the Wheatstone bridge
formed by the four piezoresistors of the transferred tactile sensor was first set to 5 V by
Agilent E3631A (Agilent Tec., Santa Clara, CA, USA), and the corresponding output voltage
value of the Wheatstone bridge was then recorded using Agilent 34401 A when different
masses of the beam-shaped copper wire weights were placed on the force area of the
transferred tactile sensor under the microscope. The sensitivity measurement results of
the tactile sensors are shown in Figure 17. As Figure 17 shows, the power supply of the
transferred tactile sensor is 5 V, the output voltage of the Wheatstone bridge changes from
0 to 23.22 mV when the pressure applied to the transferred tactile sensors changes from 0
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to 17.1 kPa, and the sensitivity of the four transferred tactile sensors are 0.22 mV/V /kPa,
0.26 mV/V/kPa, 0.27 mV/V/kPa and 0.27 mV /V /kPa, separately.

Figure 15. Different masses of manufactured beam-shaped copper wire weights.
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Figure 16. Schematic of the actual measurement setup.
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Figure 17. Sensitivity measurement result of the transferred tactile sensors.
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Because the stress caused by the Au-5Si eutectic flip-chip bonding process will affect
the resistance of the four piezoresistors slightly, the output voltages of the Wheatstone
bridge of the transferred tactile sensor were measured by an MPI TS2000-SE four-point
probe before and after the flip-chip bonding process to estimate the stress caused by the
Au-Si eutectic flip-chip bonding process, and the test result is shown in Figure 18. As
Figure 18 shows, the output voltage difference of the Wheatstone bridge before and after
the flip-chip bonding process was obtained from —7.76 to +7.25 mV, and the corresponding
stress can be calculated from —5.83 kPa to +5.54 kPa, which indicated that the stress caused
by the Au-5i eutectic flip-chip bonding process can be acceptable [32].

AV (mV)

2k

sample

Figure 18. Output voltage difference of the Wheatstone bridge before and after the flip-chip
bonding process.

The shear strength of the Au-Si eutectic bonding was tested using a Dage Series 4000
Bondtester (Nordson TEST & INSPECTION, Aylesbury, Buckinghamshire, UK), and the
test structure is shown in Figure 4a. The area of the metal electrodes used for the Au-Si
eutectic bond was approximately 0.34 mm?. The shear strength of the bonded test structure
was approximately 30.74 MPa. To estimate the temporary bonding strength caused by
stiction, the tips of silicon nitride cantilever beams with a length larger than 80 um were
then bonded to the substrate after the designed test structures shown in Figure 4b were
placed in deionized (DI) water for 24 h and dried at room temperature for 24 h. The optical
microscopic and SEM views of the cantilever beams are shown in Figure 19a—d, respectively.
As the designed distance between the silicon nitride cantilever beams and substrate was
1 um, using Equation (6), the temporary bonding strength can be calculated to be larger
than 7.06 kPa and less than 22.31 kPa. Due to the bonding strength of the transferred tactile
sensors are much larger than the temporary bonding strength caused by stiction, the tactile
sensors can be easily transferred to the reroute substrate, and the yield of the transferred
tactile sensors is as high as 90%.
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Figure 19. Optical microscopic and SEM views of the cantilever beams after drying at room tem-
perature for 12 h. (a) Optical microscopic view of the silicon nitride cantilever beams; (b) enlarged
optical microscope view of the silicon nitride cantilever beams shows that the tips of silicon nitride
cantilever beams longer than 80 um are bonded to the substrate; (c) SEM views of the silicon nitride
cantilever beams; (d) enlarged SEM view of the silicon nitride cantilever beams shows that the tips of
silicon nitride cantilever beams longer than 80 pum are bonded to the substrate.

5. Conclusions

This paper presented a novel method for CMOS-compatible batch transfer of tactile
sensors using SETH process and Au-5i eutectic flip-chip bonding process, which allowed
the tactile sensor and the CMOS devices to be manufactured separately to simplify the
MEMS/CMOS integration process, improve the process reliability, and electrical perfor-
mance, and reduce material constriction. The tactile sensor with a low-stress silicon nitride
diaphragm was transferred to the reroute substrate successfully. The size of the transferred
tactile sensor was as small as 180 pum x 180 um x 1.2 um, and the force area of the tactile
sensor was only 120 pm x 120 pm x 1.2 um. The tactile sensor was released and placed
into deionized (DI) water for 24 h to bond the stiction-contact structures temporarily to
the substrate through the stiction effect, thereby avoiding the damage and movement of
the diaphragm of the tactile sensor during subsequent flip-chip bonding. The temporary
bonding strength was calculated to be larger than 7.06 kPa and less than 22.31 kPa. The
maximum misalignment of the flip-chip bonding process was approximately 1.5 um. The
stress caused by the Au-Si eutectic flip-chip bonding was from —5.83 to + 5.54 kPa. The
tactile sensors were tested from 0 to 17.1 kPa, resulting in a sensitivity of 0.22 mV/V /kPa,
0.26 mV/V/kPa, 0.27 mV/V /kPa and 0.27 mV /V /kPa, separately. The shear strength of
the bonded test structure was approximately 30.74 MPa and the yield of the transferred
tactile sensors is as high as 90%.
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