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Preface

MEMS as a part of various applications ranging from smartphones to automobiles has be-
come an integral part of our everyday life. MEMS is building synergy between previously
unrelated fields such as biology, microelectronics, optics and communications, to improve
the quality of human life and open up new applications previously unimagined. Many new
MEMS applications will emerge beyond what they are currently identified as or known for.
The sensors in MEMS gather information from the surroundings, which are then processed
by the electronics for decision-making to control the environment. MEMS offers opportuni-
ties to miniaturize devices, integrate them with electronics and realize cost savings through
batch fabrication. MEMS technology has enhanced many important applications in domains
such as automotive, consumer electronics, industrial automation, military applications, bio-
technology and communication, and it holds great promise for continued contributions in
the future.

This book focuses on understanding the design, development and applications in which the
MEMS sensors can be used. The book is divided into four sections. The first section focuses
on the design and development techniques for MEMS gyroscope and electret electrostatic
harvesting for MEMS. The second and third sections focus on BioMEMS and RF MEMS sen-
sors and the fourth section focuses on new areas of applications for MEMS sensors.

Section I: MEMS Design and Implementation
Chapter 1. Dual-Mass MEMS Gyroscope Structure Design and Electrostatic Compensation

In this chapter, the structure design and electrostatic compensation technology for dual-
mass MEMS gyroscope are introduced. First, a classical dual-mass MEMS gyroscope struc-
ture is proposed; it works as a tuning fork (drive antiphase mode) and the structure
dynamical model and the monitoring system are presented. Second, the imperfection ele-
ments during the structure manufacture process are analyzed and the quadrature error cou-
pling stiffness model for dual-mass structure is proposed. After that, the quadrature error
correction system based on coupling stiffness electrostatic compensation method is designed
and evaluated. Third, the dual-mass structure sensing mode modal is proposed and the
force rebalancing comb stimulation method is utilized to achieve sensing mode transform
function precisely.

Chapter 2.Integrated Power Supply for MEMS Sensor

In this chapter, the electret electrostatic harvesting structure is presented and analyzed to
conclude that electret electrostatic harvesting structure is a kind of ideal energy harvesting
method using ambient vibration and can be easily integrated with the MEMS system be-
cause of its compatibility with MEMS technology.
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Section II: BioMEMS
Chapter 3. Enzyme Biosensors for Point-of-Care Testing

This chapter outlines the recent advances of biosensors. Biosensors are classified based on
immobilization method of biorecognition layers and fabrication of amperometric biosensors,
as well as the applications on POCT. A summary of glucose biosensor development and in-
tegrated setups is also included. The latest applications of enzyme biosensors in diagnostic
applications focusing on POCT of biomarkers in real samples were described.

Chapter 4. Micropatterning in BioMEMS for the Separation of Cells/Bioparticles

This chapter reviews the techniques, which have been substantiated and proven helpful for
the separation of particles depending on mass and size with some constraints of high-
throughput. The first part of the chapter focuses on the designing of the pattern for issues of
the network like clogging and theoretical experiments by both hydrodynamic and other pas-
sive methods for sorting/separation. The second part of the chapter focuses on the simula-
tions for the separation of smaller and larger bioparticles depending on mass and size,
samples of the blood, and other Kiebsiella-infected fluidic samples for the experiment.

Section III: RF-MEMS

Chapter 5. Study and Design of Reconfigurable Wireless and Radiofrequency Components Based on
RFE-MEMS for Low-Power Applications

This chapter focuses on the study and design of reconfigurable components based on RE-
MEMS for different applications. This chapter is subdivided into three parts. In the first part,
the chapter highlights the attractive properties of the RE-MEMS structures and then uses
these properties for design and modeling of RE-MEMS switches. The second part is about
the design and the simulation study of nonradiating reconfigurable components: phase
shifter and resonator. The last aspect includes the study and the evaluation of different ar-
chitectures to realize frequency reconfigurable antenna for the radar applications.

Chapter 6. RF-MEMS Switches Designed for High-Performance Uniplanar Microwave and mm-
Wave Circuits

In this chapter, electrostatically actuated RF-MEMS switch configurations that can be easily
integrated in uniplanar circuits are presented. The design procedure and fabrication process
of RF-MEMS switch topologies able to control the propagating modes of multimodal unipla-
nar structures (those based on a combination of coplanar waveguide [CPW], coplanar stri-
pline [CPS], and slotline) are described in detail.

Section IV: Novel Applications of MEMS Sensors
Chapter 7. MEMS Devices for Miniaturized Gas Chromatography

This chapter focuses on the recent development in the field of miniaturized gas chromatog-
raphy and its component up to the present in various fields of analyses.

Chapter 8. Milliwatt-Level Electromagnetic Induction-Type MEMS Air Turbine Generator

In this chapter, an electromagnetic induction-type MEMS air turbine generator that com-
bined with the MEMS technology and the multilayer ceramic technology is proposed. Three
types of MEMS air turbine generator that included the different bearing systems, shape of
the rotor and shape of the magnetic circuits are discussed to achieve the high-output power.
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The fabricated MEMS air turbine and the multilayer ceramic magnetic circuit were com-
bined and the miniature electromagnetic induction-type generator was achieved.

Chapter 9. MEMS Technologies Enabling the Future Wafer Test Systems

This chapter explores the application of MEMS-based technologies on manufacturing of ad-
vanced probe cards for probing dies with various new pad or bump structures.
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Chapter 1

Dual-Mass MEMS Gyroscope Structure, Design, and
Electrostatic Compensation

Huiliang Cao and Jianhua Li

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.74364

Abstract

Dual-mass MEMS gyroscope is one of the most popular inertial sensors. In this chapter,
the structure design and electrostatic compensation technology for dual-mass MEMS
gyroscope is introduced. Firstly, a classical dual-mass MEMS gyroscope structure is pro-
posed, how it works as a tuning fork (drive anti-phase mode), and the structure dynam-
ical model together with the monitoring system are presented. Secondly, the imperfect
elements during the structure manufacture process are analyzed, and the quadrature error
coupling stiffness model for dual-mass structure is proposed. After that, the quadrature
error correction system based on coupling stiffness electrostatic compensation method is
designed and evaluated. Thirdly, the dual-mass structure sensing mode modal is pro-
posed, and the force rebalancing combs stimulation method is utilized to achieve sensing
mode transform function precisely. The bandwidth of sensing open loop is calculated
and experimentally proved as 0.54 times with the resonant frequency difference between
sensing and drive modes. Then, proportional-integral-phase-leading controller is prese-
nted in sensing close loop to expand the bandwidth, and the experiment shows that
the bandwidth is improved from 13 to 104 Hz. Finally, the results are concluded and
summarized.

Keywords: MEMS gyroscope, dual-mass structure, mode analysis, quadrature error,
bandwidth expansion, electrostatic compensation

1. Introduction

The precision of micro-electro-mechanical system (MEMS) gyroscope improves a lot in this
decade, and achieves the tactical grade level. On the benefits of the small size, low costs, and
light weight the MEMS gyro is applied in more and more areas, such as inertial navigation,
roller detection, automotive safety, industrial controlling, railway siding detection, consumer

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgINEN
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electronics and stability controlling system [1-5]. During use, the acceleration along the sense
axis causes great error in MEMS gyroscope output signal, and dual-mass gyroscope structure
restrains this phenomenon well by employing differential detection technology; so, a lot of
research institutes are interested in this structure [6-8].

1.1. Development of dual-mass MEMS gyroscope structure quadrature error
compensation

Most of the literature informs that the dominate signal component in output signal is quadra-
ture error, which is generated in the structure manufacture process, and brings over several
100° S™! equivalent input angular [9-14]. The original source of quadrature is the coupling
stiffness, which is modulated by drive mode movement and generates quadrature error force.
The force has same frequency but has a 90° phase difference with Coriolis force and stimulates
sense mode [11]. Most previous works utilize phase-sensitivity demodulation method to pick
Coriolis signal from sense channel [9, 13], which requires accurate phase information and long-
term, full-temperature range stability. However, the demodulation phase error and noise
usually exist (sometimes more than 1° [9, 12]), which bring undesirable bias. The coupling
stiffness drift (the drive and sense modes’ equivalent stiffness vary with temperature and
generate the drift of coupling stiffness [6, 11]) causes the quadrature error force drift, which is
considered to be one of the most important reasons leading to bias long-term drift, and is
proved by [11, 14] experimental work.

The previous works provide several effective ways to reduce quadrature error and are concluded
into three aspects after the structure is manufactured [9, 11]: the quadrature signal compensation,
the quadrature force correction and coupling stiffness correction. In work [9], the quadrature
error is reduced by dc voltage based on synchronous demodulation and electrostatic quadrature
compensation method, and the sigma-delta technology is employed in ADC and DAC. The
research in Ref. [14] also employs coupling stiffness correction method to improve the perfor-
mance of “butterfly” MEMS gyroscope. The bias stability and scale factor temperature stability
enhance from 89°/h and 662 ppm/°C to 17°/h and 231 ppm/°C, respectively, which achieves the
correction goal. The quadrature error correction in dual-mass tuning fork MEMS gyro structure
is investigated in literature [11], and this work also proves the quadrature stiffness are different
in left and right masses. A quadrature error correction closed loop is proposed in the work, and
utilizing the coupling stiffness correction method, the masses are corrected separately. The
stiffness correction combs utilize unequal gap method with dc voltages [15]. The bias stability
improves from 2.06 to 0.64°/h with Allan Deviation analysis method, and the noise characteristic
is also optimized [11]. Another coupling stiffness correction work is proposed in literature [7]; in
this work, coupling stiffness correction controller uses PI technology, and the quadrature error
equivalent input angular rate is measured as 450°/s. The experiment in the work shows that the
bias stability and ARW improve from 7.1°/h and 0.36°/Ah to 0.91°/h and 0.0340/\/h, respectively.
In Ref. [16], quadrature signal is compensated based on charge injecting technology in the sense
loop, the compensation signal has same frequency, amplitude and anti-phase with quadrature
error signal. The quadrature error correction method proposed in literature [8] employs both the
quadrature force and stiffness correction methods, the modulation reference signal is generated
by PLL technology and the correction loop uses PI regulator; the two masses are controlled
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together. A novel quadrature compensation method is proposed in literature [17] based on
sigma-delta-modulators (ZAM), the quadrature error is detected by utilizing a pure digital
pattern recognition algorithm and is compensated by using DC bias voltages, and the system
works beyond the full-scale limits of the analog YAM hardware. The quadrature error is com-
pensated by open-loop charge injecting circuit in Ref. [18], the circuit is implemented on appli-
cation specific integrated circuits (ASIC) and the experimental results show that the quadrature
error component is effectively rejected.

1.2. Development of dual-mass MEMS gyroscope bandwidth expansion

High precision MEMS gyros are reported in literatures, and the bias drift parameters are even
better than the tactical grade requirement. But the bandwidth performance always restrains
the MEMS gyro application (100 Hz bandwidth is required in both Tactical and Inertial Grade)
[4]. For most linear vibrating MEMS gyro, the mechanical sensitivity is determined by the
difference between drive and sensing modes’ resonant frequencies Af. It means smaller differ-
ence achieves higher mechanical sensitivity (such as higher scale factor, higher resolution and
smaller output noise) [19]. It is also proved that the mechanical bandwidth of the gyro is about
0.54Af [20], so smaller Af causes worse bandwidth characteristic. Some works employ mode-
matching technology to make Af = 0 Hz, and the best mechanical sensitivity can be acquired
but bandwidth is sacrificed. It seems like that the bargain should be made between mechanical
sensitivity and bandwidth in sensing open loop. So the sensing closed loop is required to
improve MEMS gyro dynamic characteristics and bandwidth. The work in [21] employs a LA
closed loop to reduce the frequency difference between the drive and sensing mode to less than
50 Hz. The research in work [22] utilizes PI controlling technology to make Af tunable, and the
bandwidth is optimized to 50 Hz. The sensing closed loop for single mass MEMS gyroscope
based on automatic generation control (AGC) technology is proposed in paper [23]. The force
rebalance controller extends the bandwidth, but it only contains a pure integral section which
makes sensing closed loop with high Q value structure unstable. The bandwidth for another
single mass MEMS gyroscope is introduced in work [24]; the bandwidth is improved from 30
to 98 Hz with notch filter and lead-lag compensator. The notch filter is designed for the “peak
response” caused by the conjugate complex poles at Af. But the resonant frequencies of the
drive and sensing modes usually drift with temperature [6], so the notch filter method cannot
satisfy the temperature-changing environment. The work in [25] proposes a method to avoid
problems caused by notch filter and expands the bandwidth from 2.3 to 94.8 Hz. However, its
left and right sensing modes are not coupled, and the bandwidth is only determined by the
low pass filter (different with left and right sensing modes coupled structure). Its dual-mass
structure can be considered as two independent gyroscopes with different Afs, and two sens-
ing loops should be designed separately to expand the bandwidth. The left and right sensing
modes coupled structures are investigated in [26, 27, 28]. The work in Ref. [26] illustrates the
vibration characteristics of dual-mass and spring structure. The work in Ref. [27] analyzes the
energy of gyroscope under in-phase and anti-phase modes. And literature [28] proposes that
the real working sensing mode of gyroscope is formed by sensing in-phase and anti-phase
modes. However, these works do not focus on the bandwidth method of this kind of sensing
loop. The gyro bandwidth optimized by mechanical method is proposed in Ref. [29], but the
bandwidth varies with the temperature. Literature [30] employs eight drive mode units to

5
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form a drive band (not a single frequency). It provides a high mechanical sensitivity band for
the gyroscope, but the bandwidth is determined by sensing mode frequency. And the phase
margin of the closed loop is difficult to design. In Ref. [31], the bandwidth estimation methods
of MEMS gyroscope in open loop and closed loop are proposed, but the bandwidth expanding
method is not discussed clearly. The precise test method of bandwidth is introduced in Ref.
[32]. The method uses vibration velocity of virtual drive mode multiplied by virtual angular
rate to generate Coriolis force and substitutes angular turntable. The vibration velocity of drive
mode is produced by signal source, not by drive mode, which ignores the frequency drift of
drive mode and the mechanical coupling between drive and sensing mode.

This chapter focuses on the investigation of the dual-mass MEMS gyroscope structure, and the
electrostatic compensation method for the structure, including quadrature error correction and
bandwidth expansion technology. Through these technologies, the static and dynamic perfor-
mance of the MEMS gyroscope is improved.

2. Dual-mass MEMS gyroscope structure design and analysis

2.1. Dual-mass MEMS gyroscope structure design

The fully decoupled linear vibrating gyroscope structure’s ideal movement model can be
found in many papers; the model can be described as two “spring-mass-damping” systems:
drive mode and sense mode. In x-axis direction, drive frame is connected with Coriolis mass
which is linked by sense frame in y direction. The drive frame and sense frame can be
stimulated by their own mode’s effective stiffness and damping, as shown in Figure 1. This
chapter employs a dual-mass fully decoupled structure as mentioned in [6, 33], and it works in
linear vibrating principle, with slide-film combs in both drive and sense modes. The whole

S S S S

Figure 1. Schematic of ideal gyroscope fully decoupled model.
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structure is shown in Figure 2. This structure model is constituted by two symmetrical parts,
which are connected by two center U-shaped connect springs whose parameters are the same
with drive U-shaped spring. The left and right Coriolis mass are sustained by 2 drive U-shaped
springs (DS-A,B) and 4 sense U-shaped springs (S5-C,D,E,F), respectively, and these springs
are linked by drive and sensing frames. The moving comb fingers are combined with frames
while the static ones are fixed with the substrate. The whole structure is suspended and
supported by 8 drive (DS-C,D,EF for left part) and 4 sense (SS-A,B) U-shaped springs [6].

The drive U-shaped springs’ stiffness coefficients are large along y-axis and very small in x
direction while sense springs have the adverse characteristic. When the structure works, the
drive combs support the electrostatic force to stimulate the drive frame and the Coriolis mass
(together with SS-C,D,E,F) to move along x direction, and no displacement is generated in
sense direction because of SS-A,B. When there is an angular rate (2, input around the z-axis,
the Coriolis mass together with sense frame and DS-A, B will have a component motion in y
orientation under the influence of Coriolis force (the drive frame will not move in y-axis
because of the effect of DS-C,D,E,F), and then this displacement involved with (), is detected
by the sense combs.

The drive mode of the structure bases on tuning for k theory. The left and right masses are
coupled by connect U-shaped spring, when two sensing masses are coupled by the x-axis
warp of drive springs. The mode analyses of the first four order modes are shown in Figure 3
[34]. The first-order mode is drive in-phase mode, the left and right masses together with
drive frames vibrate toward same direction along drive axis (x direction in Figure 2), as
shown in Figure 3(a). The second- and third-order modes are sensing in-phase and anti-
phase modes, as shown in Figure 3(b) and (c). The left and right masses together with sense
frames vibrate in same and inverse directions along sensing axis (v direction in Figure 2),
respectively. And sensing anti-phase mode is the expected working mode. Drive anti-phase

Figure 2. Schematic of the structure.
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Figure 3. (a) Drive in-phase mode (first mode) with frequency w,; = 2623 x 2m rad/s; (b) sensing in-phase mode (second
mode) with frequency w,; = 3342 x 27 rad/s; (c) sensing anti-phase mode (third mode) with frequency w,, = 3468 x 27
rad/s; (d) drive anti-phase mode (fourth mode) with frequency w,, = 3484 x 27 rad/s.

mode is the fourth order, in which mode, the left and right masses move in inverse directions
along drive axis as Figure 3(d) shows. The drive anti-phase is another expected working
mode.

2.2. Dual-mass MEMS gyroscope structure working principle analysis

Due to a large difference (>1000 Hz) between the in-phase (the first mode) and anti-phase drive
modes frequencies, the quality factor of drive anti-phase mode is Q,, > 2000 and the stimulat-
ing method of the drive mode. The real working drive mode is considered to be pure anti-
phase drive mode (the fourth mode). Considering the real working sensing mode is formed by
second and third modes, the motion equation of gyroscope structure can be expressed as (ideal
condition) [35]:

mD +cD +kD = F 1)
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My X Ky kxyl kxy2 Cxx  Cxyl  Cxyp2 Fysin (wgqt)
where m = my ,D =¥ ,k = kylx kylyl 0 ,C = Cylx Cylyl 0 /F = —szQZi
1y Y2 kyx 0 ky2y2 Cx 0 Cyay2 —2m 0, x

are the mass, displacement, stiffness, damping and external force matrix, respectively; m, is
equivalent mass of drive mode; x is displacement of drive mode; y; and y, are displacements of
sensing in-phase and anti-phase modes, respectively; Q,; and Q,, are quality factors; (, is
angular rate input; sensing mode mass m, approximates to Coriolis mass m,; Fs and w, are
stimulating magnitude and frequency of drive mode; Cx-xM/Qxz  Cy1y1=wy11m,/Qy1,
Cy2y2=yomy,/Qy» and K0y, ky1y1=wy12my ky2y2=a)y22my are effective damping and stiffness of
drive and sensing in-phase and anti-phase modes; .1, x> and ¢, 1, ¢,2x are coupling damping,
Key1, kxy2 and ky1x, k. are coupling stiffness (caused by machining error) between drive and
sensing in-phase and anti-phase modes, respectively; sensing mode displacement y = y; + 15,
and for ideal gyro structure model (ignoring the coupling stiffness and damping), we get [35]:

x(t) = Fa/ms sin (wat + @,,)

2 2
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The abovementioned equations indicate that the movement of drive and sensing modes are the
compound motion of stable vibration and attenuation vibration. Since drive mode closed loop



10 MEMS Sensors - Design and Application

is employed, drive mode is stimulated with stable amplitude (w; = wyz). Then (2) can be
simplified as [20]:

_ FdeZ

Myw?

x(t)

cos (wqt) = Ay cos (wgt) 4)

The sensing in-phase and anti-phase modes movement equation can be got from (3):

—20, F;Q,, sin (wgt .
Yy o(t) = Fald 22 (@) = Ay1,2sin (wgt) )
mxa)d\/ (wﬁll = a)ﬁ) + a)f,L w3/ Q;L )
Then, the mechanical sensitivity can be expressed as:
Anq+Ap —F;Q 1 1 1 1
Sme = —L—L = . =—A|—+— 6
* Q, My \wy — w2 + Wy — W2 “\Awq * Aw, ©)

The mechanical sensitivity of dual-mass sensing mode coupled structure is determined by
vibration amplitude of drive mode and frequency differences between drive working mode
and sensing modes (including the second and third modes). Furthermore, the one near the
fourth mode is the dominant element. Therefore, the sensing anti-phase mode determines the
gyro structure mechanical sensitivity. The schematic diagram of gyro sensing mode is shown in
Figure 4. Gjypnase and Ggpiese are transform functions of in-phase and anti-phase sensing
modes; Kj,,, and K, are displace-voltage transform parameters of sensing in-phase and
anti-phase modes; K, is the preamplifier; V., is sensing mode output and G,y/r can be
expressed as:

GsV/F = (GinphuseKinyv + GanphuseKunyv)Kpre (7)
. -1 1 -1 1 i in- i-
where Giyphase = i, Sz%ﬂ ey and Gphase = iy s2+gﬁs+m22 are the sensing in-phase and anti-phase
y1 y 2 y

mode transform functions, respectively.
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Figure 4. Schematic diagram of sensing mode real working mode.
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Figure 5. Dual-mass gyroscope monitoring system schematic.

2.3. Dual-mass MEMS gyroscope monitoring system

The gyro control and detection system is shown in Figure 5. In drive loop, the drive frame
displacement x(t) is detected by drive sensing combs and picked up by differential amplifier ®.
Then, the signal phase is delayed by 90° (through @) to satisfy the phase requirement of AC drive
signal Vy,.Sin(w,t). After that, V, Sin(w,t) is processed by a full-wave rectifier ® and a low pass
filter ®. Afterwards, V. is compared (in ®) with the reference voltage V. ©. Next, drive PI
controller @ generates the control signal, which is modulated by V;;,.Sin(w,t), and then the signal
is superposed (through (10)) by V¢ ® to stimulation drive mode. The sensing system employs a
closed loop, which utilizes the same interface as drive circuit. First, the left and right masses’
sensing signals are detected separately with differential detection amplifier(D). And the output
signals Virgs (from right mass) and Vi (from left mass) are processed by second differential
amplifier@) to generate signal V. Then, Vi, is demodulated by signal Vi, Sin(wgt) (in (3)).
After that, the demodulated signal V,,, passes through the low pass filter 4); so, the sensing
mode’s movement signal V., can be got. For sense closed loop (“pink” section in Figure 5),
Vopen is first sent in proportional-integral-phase-leading controller (PIPLC) (@ to calculate the
control signal superposed (through (6) with test signal Vz, @). Then the signal is modulated
with V. Sin(wgt) (in ). Finally, DC voltage Vipc @0 is superposed with the modulated signal in
to generate the feedback signal. In quadrature error compensation system, Vs and V; os are
demodulated by drive frame displacement signal VorpCos(w,t) separately in @1). The quadrature

"
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error compensation reference is provided in 22 and is compared with quadrature error ampli-
tude in 23} the results are sent to coupling stiffness compensation (CSC) controller

3. Dual-mass MEMS gyroscope quadrature error compensation

3.1. Dual-mass MEMS gyroscope structure quadrature error model

The quadrature error is caused by coupling stiffness, which is generated in structure
processing stage, and the stiffness elements in Eq. (1) can be calculated by:

ke = ky c0s?B iy, + Ky sin ZﬁQy
kv = kyx = ky sin ﬁQX cos ‘BQX — ky cos ﬁQy sin ﬁQy (8)
kyy = kysin?B, +ky cos®B,

where k, and k, are the design stiffness along designed axis x and y; fo, and f, are the
quadrature error angle and they are the angles between practical axis and designed axis [11,
35], and usually it is assumed that S, = g,

The equivalent stiffness and masses system and structure motion of dual-mass gyro structure
is shown in Figure 6. The design drive and sense stiffness axis are x and y (gray); the real drive
and sense axis of left and right masses after manufacture are x;, x,” (with light blue) and y,’, y,”
(with light yellow), respectively; the stiffness of drive and sense modes of left and right masses
after manufacture are ki, k, (with dark blue) and k;,, k,,, (with dark yellow), respectively; the
projections of k;, on —x- and y-axis are k., and k;,,; the projections of k,.. on x- and y-axis are k.
and k,.,; the projections of k;, on —x- and y-axis are k;,, and k;,,; the projections of k,, on x- and
y-axis are k,,, and k,,,; the quadrature error angular of left and right masses are 8, and f,,, In
design stage, lki | = Ik |, 1k | = Ik, 1, and By, = B,, = 0, but after the manufacture process, the
parameters change and they do not meet the equal equations, so the coupling stiffness of two
masses are different.

3.2. Dual-mass MEMS gyroscope structure coupling stiffness compensation

The CSC method utilizes quadrature error correction combs to generate negative electrostatic
stiffness and correct quadrature error coupling stiffness. This special comb is unequal gap
style, and is introduced in [11]; its stiffness is expressed as:

4n,eoh 1
kaqxy = kayx = Kgeoup VD Vge = — : 2 (1 - _2) VipVie )
qu A

where k,,, and k. are the quadrature error correction comb stiffness along designed axes x
and y; V,p and V. are correction fixed voltage and controlling voltage; n, is the number of
comb; & is the permittivity of vacuum; / is the thickness of the comb; . and x, are the parallel
capacitance’s gap and overlap length, respectively; A is a constant. Figure 7 shows the right
mass CSC system which is same with left mass CSC system, Ggsy/r is the transform function of
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(i

Figure 6. (a) Stiffness system of ideal dual-mass gyro structure; (b) ideal structure movement without angular rate input;
(c) ideal structure movement with steady angular rate input; (d) stiffness system with in-phase quadrature error angular;
(e) the movement of in-phase quadrature error angular structure without angular rate input; (f) the movement of in-phase
quadrature error angular structure with steady angular rate input; (g) stiffness system with anti-phase quadrature error
angular; (h) the movement of anti-phase quadrature error angular structure without angular rate input; (i) the movement
of anti-phase quadrature error angular structure with steady angular rate input.
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right mass. In Figure 7, the coupling stiffness k,, is modulated by drive-mode movement, and
the controller employs PI controlling technology. The correction stiffness does not need to be
modulated by quadrature error in-phase signal, which is better for circuit simplification and
power consumption. We can get the following equations:

VRrgs = FQEGRsV/F = x(kyx + qux)GRsV/F (10)

k
ch = (VQES - VrefQES) (kpqS + ﬁ) (11)

We have x = A cos(wgt) and V,sops = 0, after the low pass filter, Vs can be expressed as:

1
VQES = EAx (kyx + qux)GRsV/FVQED (12)
W o Bl [P
| R s e
i ’
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Figure 8. (a) CSC system pole-zero map; (b) CSC system Nyquist diagram; (c) CSC system simulation curves; (d) CSC
system start-up stage enlarge curves; (e) CSC system stable stage enlarge curves.
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Then, combining (9), (11) and (12), we have:

gy (5) 2 Kocoup VgDV QEDFRLPF2 (S) [GRsv/E (5 + jwa) + Grvye(s — jwa)] (kpqS + %) )
kpe(s) 1 2 Kgcoup VopV 0EDFRLPE2(5) [GRov /£ (5 + ja) + GRreve(s — jwa)] (kpqS + kl?)

When the system is under stable state, s =0, and the above equation has:

A . . k
1= jxchouquDVQEDFLPFz(S) [Grsv/e(s + jwa) + Grev/r(s — jwa)] <kpq5 + ?)

(14)
5=0

Then:

qux == kyx (15)

The coupling stiffness is corrected. The CSC system is simulated and the curves are shown in
Figure 8. The Pole-Zero Map is shown in Figure 8(a), no pole is in the positive real axis and
Figure 8(b) is the Nyquist Diagram, the curve does not contain (—1,0j) point, which proves the
system’s stability. The time-domain simulation curves are shown in Figure 8(c)-(e), and the
curves indicate that the CSC system is under stable state after about 0.7 s. It is obvious that in
start-up stage, the sense channel signal mainly consists of quadrature error signal. But, in
stable state, the dominate element is Coriolis in-phase signal. Furthermore, the overall cou-
pling stiffness k,,, is suppressed from original value (about 0.18 N/m) to —0.00016 N/m, and k,,
is basically corrected which proves (15).

4. Dual-mass MEMS gyroscope bandwidth expansion

4.1. Dual-mass MEMS gyroscope structure sense mode model

The force rebalancing combs stimulation method (FRCSM) is employed to test the sense mode.
Force rebalancing combs are slide-film form (does not vary w,; and w,,). And they are arranged
to generate electrostatic force and rebalance the Coriolis force applied on sense frame. The
movement of sensing frame is restricted, which improves the dynamic performance of gyro.
Therefore, Coriolis simulation signal is designed to be produced through force rebalancing
combs, and this method can be further applied to scale factor and bandwidth tests. The FRCSM
schematic diagram is shown in Figure 9, and the equivalent input angular rate of Vr is:

K By Ves Vtac

Qyres =
e 2m.Aywy

(16)

where Krp, is voltage-force interface transform coefficient of force rebalances combs; V. is
modulate signal amplitude, which is picked up after 90° shifter in drive loop and is considered
to be constant when gyro works. Kgp, can be got either from the calculation of structure
parameter or turntable test, and it is determined by force rebalancing combs number,

15
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Figure 9. FRCSM schematic in sensing loop.

parameters and feedback direct voltage Vrpc. The system diagram of sense open loop is shown
in Figure 9, and the equations below can be derived from Figure 9:

Fot(t) = 2Q, (t)ymyArwg sin (wat) + Krpy Ves () Vigae sin (wat) a7)
VOopen = Fct(t)GsV/FVduc sin (wat)FLpr
After Laplace transformation, we can get [35]:
AV 3acQ,(8)Frpe(s) K V2 Vous(s)Frp(s
Voopen(s) _ Kpre xWd 'V dac 2( ) LPF( )+ FBy dac 4TS( ) LPF( ) GSV/P(S) (18)
My
Kinyo <52+—15+w *wz) Kanyo (9 +—S+w 7w2>
where,  Gyy/r(s) = HA L THE :+ - ‘ and

2 ) 2 217
<2+Q'—ﬂs+w —wS) +(25md+;%(ud) (SZ+Q—S+w —mfl) +<25(ud+3%md>
wy = 3488.9°2m rad/s, w,; = 3360.1*27 rad/s, w,, = 3464.1*27m rad/s, Q,; = 1051 and Q,, = 1224,
then the Bode Diagram map is shown in Figure 10, and the bandwidth of the mechanical
system is [20, 35]:

wp = 0.54Aw; (19)

In Figure 10, point A (frequency is Aw,) and C (frequency is Aw;) peak points are generated by
two conjugate poles, respectively; B valley point (Awg) is caused by conjugate zeros shown in
Eq. (18). The bandwidth obtained from the simulation curve is 12.9 Hz and from FRCSM test
curve is 13 Hz, which verifies the theory calculation result in Eq. (19). In addition, the FRCSM
test curve matches simulation curve well and proves the theory analysis conclusion proposed
in Section 2.2.

4.2. Dual-mass MEMS gyroscope bandwidth expanding

Sensing closed-loop control method provides electrostatic force to rebalance the Coriolis force
applied on sensing mode, which is one of the most effective ways to improve gyro dynamic
performance. When sensing closed-loop works, the sensing frame’s displacement is restricted
and the Coriolis force is transformed into electronic signal directly. And it also avoids the
nonlinearity of sensing mode displacement. Meanwhile, closed loop provides better anti-
vibration and anti-shock characteristics to the gyroscope. The sensing closed-loop schematic
is shown in Figure 9, where the real input angular rate (., = 0°/s and the simulation angular
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Figure 10. Simulation and FRCSM test results of dual-mass gyroscope structure bode diagram.

rate Vs is employed to test the closed system frequency response. From Figure 8, the equa-
tions can be derived:

Fyf(t) = KFBy[VOclose(t) + VTes(t)]Vdac sin (wdt) (20)

Voctose(S) = Viaem(s)Frpe(s)Fpprc(s) (21)

Combining Eq. (20) with (21), we have:

. zchxdepreGseVdacFLPP (S)FPIPLC (5) 22)

4m, — KpreKFByvﬁuc GseFrpr(s)Fpiprc(s)

V0close (wapen)
QVTES (wupen)

Because 4m, < KprngByVﬁmGseF Lpr(s)Eprprc(s)within bandwidth range (G, reduces a lot at
point B, so bandwidth range is considered before point B), Eq. (22) can be expressed as:

o ZmCAxa)d
KFBdeac

VOclose

23
QVTes ( )

The above equation means that the scale factor in closed loop is constant value and is not
restricted by resonant peak (A point).

Generally speaking, the open-loop Bode diagram of sensing closed-loop is expected to have
the following characteristics: (a) In low frequency range, a first-order pure integral element is
configured to achieve enough gain and reduce the steady state error of the system, (b) In

17
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middle frequency range, the slope of magnitude line is designed to be —20 dB/dec at 0 dB
crossing frequency point. The cut off frequency is w,;, which provides enough phase margin
(more than 30°), (c) At Aw, frequency point (A point), the phase lags 180° acutely, so two first-
order differential elements are utilized to compensate the system phase before Aw,. After the
phase compensation, the —180° crossing frequency is improved and optimizes the magnitude
margin (expected more than 5 dB), (d) Since a pair of conjugate zero is at Awg, which provides
+20 dB/dec magnitude curve, cut off frequency w,,; is arranged before Awg, (€) In high fre-
quency range, the magnitude curve is designed to be —60 dB/dec to reduce magnitude rapidly,
which restrains high frequency noise and white noise effectively. F; pr element is second-order
type and generates —40 dB/dec, and a pair of conjugate pole is at Aw;, providing —20 dB/dec
slope, (f) An inertial element is required to match the phase compensation elements and its
frequency should be arranged outside the bandwidth. Meanwhile, the inertial element also
provides another —20 dB/dec slope in high frequency range, which is better to restrain high
frequency noise and (g) Temperature compensation module is required to ensure the wide-
temperature range characteristic of PIPLC. So, the PIPLC is expressed as:

S+ wpit S+ Wpin
S s+ wpiZ(ttem)

Fpiprc(s) = Kpi(tem) (24)

According to the analysis, we make k,; = 32 (experience value, over high value brings instabil-
ity), wpi; = 107 rad/s and w,;; = 4007 rad/s. In addition, the k,; and w,;,; can be adjusted by
temperature t,,,. The PIPLC circuit diagram is shown in Figure 11. The transform function can
be written as following:

The open-loop Bode Diagram of the sensing closed-loop is simulated in Simulink software and
shown in Figure 12(a). Figure 12 indicates that the minimum phase margin of the loop is 34.6°
and the magnitude margin is 7.21 dB, which satisfy the design requests. The Pole-Zero Map
and Nyquist Map of sensing closed-loop are shown in Figure 12(b) and (c). The poles distrib-
ute in negative side of real axis and the Nyquist curve does not contain (-1, 0j) point. These
two criterions both illustrate the closed system is pretty stable. The Bode Diagram of sensing
closed-loop simulation is shown in Figure 12(d), whose curves indicate that the bandwidth of
the gyro is 100 Hz, the lowest point within the bandwidth range is —13.8 dB, the DC magni-
tude is —12.3 dB and the highest point is —10.4 dB. The resonant peak point A (shown in
Figure 10) is compensated, and the new bandwidth bottleneck point is valley B. Therefore, one
of the best methods to expand the bandwidth under this condition is to enlarge the frequency
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Figure 11. PIPLC circuit diagram.
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difference between w,; and w,,. The gyro is fixed on the turntable and tested under room
temperature (about 20°C) with FRCSM. More specifically, the employed method is a step-by-
step test and step length is 1 Hz. First, the result is shown as Figure 13 with red stars, where
the bandwidth is about 104 Hz (as the simulation value is 102 Hz in Figure 13) [23]. Since the
scale factor can be adjusted with the output level amplifier, the —3 dB point is the key, not the
absolute value of the magnitude. After the turntable test is done, since the turntable’s swing
frequency value is hard to get accurately, we mainly focus on the bandwidth, not each fre-
quency point’s value. Within the bandwidth range, the step-by-step test (step length is 10 Hz)
is carried out, and the bandwidth is found to be 102 Hz, which verifies the FRCSM result.

5. Conclusion

In this chapter, the recent achievements in our research group for dual-mass MEMS gyroscope
are proposed. Three main parts are discussed: dual-mass gyroscope structure design, quadra-
ture error electrostatic compensation and bandwidth expansion. First, dual-mass MEMS gyro-
scope structure is designed and simulated in ANSYS soft and dual-mass structure movement
function is derived. Second, quadrature error is traced to the source, and the coupling stiffness
electrostatic compensation method is employed to reduce the quadrature error. Finally,
proportional-integral-phase-leading controller is presented in sensing close loop to expand
the bandwidth from 13 to 104 Hz.
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Abstract

The recent expansion of wireless sensor networks and the rapid development of low-power
consumption devices and MEMS devices have been driving research on harvester
converting ambient energy into electricity to replace batteries that require costly mainte-
nance. Harvesting energy from ambient environment vibration becomes an ideal power
supply mode. The power supply module can be integrated with the MEMS sensor. There
are many ways to convert ambient energy into electrical energy, such as photocells, thermo-
couples, vibration, and wind and so on. Among these energy-converting ways, the ambient
vibration energy harvesting is more attractive because the vibration is everywhere in our
daily environment. Based on the analysis of the basic theory of the electret electrostatic
harvester, the basic equations and equivalent analysis model of electret electrostatic har-
vester are established. The experimental tests for the output performance of electret electro-
static harvester are completed. For the electret material, the material itself can also provide a
constant voltage to avoid the use of additional power, which provides an effective way for
electrostatic harvesting. Therefore, the electret electrostatic harvesting structure is a kind of
ideal energy harvesting method using ambient vibration and can be easily integrated with
the MEMS system.

Keywords: integrated, MEMS, vibration, energy harvesting, electromagnetic harvester

1. Introduction

With the development and progress of science and technology, information technology has
already entered the era of micro-nano, and the emergence and development of large-scale
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integrated circuits have made great and rapid progress in computer technology, information
technology, and control technology [1—4]. With the development of micro-nano-technology, the
volume of the sensor becomes smaller and smaller, and the signal processing circuit becomes
smaller and smaller. The overall system has become smaller, but the power supply has not
become smaller [5, 6].

With the system becoming smaller, the energy power required is also getting smaller, but the
power supply must be wired. Independent battery energy has limited energy, and its own
energy is decaying, requiring periodic replacement or periodic charging, which is an extremely
difficult or almost impossible task for an information system that requires long-term work or
working in a confined space things. Therefore, an energy harvesting system that takes advan-
tage of ubiquitous energy in the environment is imperative [4-6].

According to the application characteristics of MEMS wireless sensors, harvesting energy from
ambient environment vibration becomes an ideal power supply mode. The power supply
module can be integrated with the MEMS sensor. There are many ways to convert ambient
energy into electrical energy, such as photocells, thermocouples, vibration, and wind and so on
[7, 8]. Among these energy converting ways, the ambient vibration energy harvesting is more
attractive because the vibration is everywhere in our daily environment [9, 10]. So it has broad
application to convert energy directly from the ambient vibration.

Compared with the traditional chemical batteries, micro-vibration energy harvester has the
following advantages:

1. Long-term storage. Micro-energy harvester can directly convert the mechanical energy
into electrical energy. This will overcome the shortcoming of electrical energy release due
to long-term storage of the traditional battery.

2. Small size and high energy density. It is much smaller than the traditional battery size and
has higher energy density.

3. Easy to integrate. The manufacturing technology of the micro-harvester structure is com-
patible with the manufacturing process of MEMS so as to realize the integration of the
overall system (including the micro-power supply, the micro-mechanical structure, and the
circuit system).

4. Low cost. The harvesting structures are easy to integrate with the MEMS structures for
mass production. Therefore, the production and maintenance cost can be greatly reduced.

According to the analysis, the vibration energy harvester possesses many advantages that
other micro-energy sources do not have. Therefore, the research on the vibration harvester
has become a hotspot in the field of micro-energy [11-13]. Recently, the energy harvesting
mechanism of vibration energy harvesting mainly includes four types: piezoelectric, electro-
magnetic, electrostatic, and magnetostrictive [12, 14]. Among these mechanisms, the electro-
static harvesting is suitable for MEMS device power supply because the electrostatic materials
are easy to integrate with the micro-mechanical structures.
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2. Electrostatic vibration energy harvesting

Self-powered microsystems are implemented as MEMS technology enables miniaturization of
devices and MEMS monoliths can be monolithically integrated with other MEMS devices. For
the current MEMS technology, compatible with MEMS technology to achieve self-powered
MEMS system service technology is mainly electrostatic harvesting technology.

Electrostatic vibration energy harvesting is a kind of energy harvesting method through variable
capacitance to generate electrical energy. When the capacitance of the variable capacitor is
changed due to the vibration of the external environment, the amount of charge stored in the
capacitor is changed. And a charge flow formed in the circuit due to the change of capacitor will
provide electrical power to the load. The electrostatic harvester has high output voltage and is
easy to integrate with MEMS structure. The coupling coefficient of electrostatic harvester is easy
to adjust, and the capacitance can be adjusted by adjusting the capacitor size [15].

Generally, electrostatic harvesting system consists of two-unit modules, the vibration unit and
the electrostatic harvesting unit. The vibration unit can be regarded as a second-order vibra-
tion system composed of a mass spring, which can convert the vibration excitation in the
external environment into the kinetic energy of the vibration mass. Electrostatic harvesting
unit usually consists of a variable capacitor, a load resistor, and an external power source (such
as electret, charging capacitor, or other power source) that converts the kinetic energy of the
mass into electrical energy. There are two main types of electrostatic harvester: one is electret-
free electrostatic harvester, and the other is based on electret-based electrostatic harvester. The
operation mode of electret-free electrostatic harvester is generally divided into constant charge
and constant voltage [16-18]. Before the vibration energy harvesting structure starts to output
electric energy, an initial voltage needs to be applied to the variable capacitor, and the upper
and lower electrodes of the variable capacitor are charged and discharged during energy
harvesting. The control circuit of electret-free electrostatic harvester is relatively complicated
and difficult to achieve. While the electret of electret-based electrostatic harvester can be
regarded as one pole of a variable capacitor, and the vibration energy can be directly converted
into electric energy without charging or discharging the variable capacitor [19, 20].

2.1. Variable capacitance model

The output characteristics of electrostatic harvesting system depend on the kinetic energy
obtained by vibrating unit and on the energy conversion of the harvesting unit, while the
power conversion depends on the size of capacitance and the change rate of capacitance.
In order to design a relatively large capacitance in a limited space, people take a variety of
ways. A variety of structures have been proposed at the micrometer scale, of which the comb
structure is relatively common. Most of these variable capacitance structures originated from
the structures used in micro-accelerometers and micro-gyroscopes. There are four major
capacitive models, which are:
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a. The comb capacitor model based on pitch tuning: The comb capacitors overlap each other
and spacing is variable.

b. The comb capacitor model based on area tuning: The comb capacitors overlap each other
and the overlap area is variable.

c. The plane capacitance model based on pitch tuning: The two-plate electrodes are parallel
to each other and spacing is variable.

d. The plane capacitance model based on area tuning: The two-plate electrodes are parallel to
each other and the overlap area is variable.

Since the spacing between combs is relatively small and the area of the combs is relatively
large, the capacitance can also be approximated calculated by an infinite plate capacitance
calculation model. According to the general formula of infinite panel capacitance calculation
model, we can give the calculation of above four models. The capacity of the plate capacitor is
not only related to the size, shape, and spacing of the two electrodes but also related to the
dielectric between the two plates. When the electret is added between the two plates of the
plate capacitor, the capacitance calculation formula of the plate capacitor will change. In terms
of the electrostatic harvesting structure, since the variable capacitance between the two elec-
trodes is generally attached to electret, the corresponding calculation formula of the plate
capacitance needs to be adjusted. Capacitance values calculated below include the electrets.

The structure of the plate capacitor with the electret is shown in Figure 1. The plane capacitor
consists of the upper and lower electrodes and an electret. The electret has an air gap with the
upper electrode, and the electret attaches to the lower electrode surface. C; is the capacitance
between electret and the upper electrode; C; is the capacitance between electret and the lower
electrode. The total capacitance C is

C 1 C2 &0 S

= = 1
Ci+C gyt dle @

S

Figure 1. Plate capacitance model.
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where S is the overlap area of the upper electrode and electret, g, is the distance between the
upper electrode and electret, d is the thickness of electret, and ¢, = ¢/¢ is the relative dielectric
constant of the electret.

a. The comb capacitor model based on pitch tuning (Figure 2)

The comb capacitor model based on pitch tuning refers to the spacing between the movable
comb and the fixed comb that is variable (shown in Figure 2), according to the equation

Co(x )—g+d/r —and Cp(x) = g+d/ — The total capacitance C(x) is

2NEgS(g, + /e )

€ =N > (Gu(x) + Galw)) =" == b2
o ) —
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where N is the number of the overlapping comb, S is the overlap area between the movable
comb and the fixed comb, g, is the initial distance between the movable comb and the fixed
comb, d is the thickness of the electret attached to the fixed comb, ¢, = ¢/¢p is the relative
dielectric constant of the electrets, and x is the displacement of the movable comb relative to
the fixed comb.

b. The comb capacitor model based on area tuning (Figure 3)

A
o

Figure 2. The comb capacitor model based on pitch tuning.

)

Figure 3. The comb capacitor model based on area tuning.
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The comb capacitor model based on area tuning refers to the overlap area between the movable

comb and the fixed comb that is variable (shown in Figure 3), according to the Eq. (1):

. 2N Eow
80 e,

Cly) (lo—y) 3)

where N is the number of the overlapping comb, [ is the overlap length when the movable comb
Cp1 and the fixed comb C,; are in the initial position and C,; = Cp, w is the width (depth) of the
comb, g, is the initial distance between the movable comb and the fixed comb, 4 is the thickness
of the electret attached to the fixed comb, ¢, = ¢/¢p is the relative dielectric constant of the
electrets, and y is the displacement of the movable comb relative to the fixed comb.

c. The plane capacitance model based on pitch tuning (Figure 4)

The plane capacitance model based on pitch tuning refers to the distance between the two
plane electrodes that can be changed (shown in Figure 4); according to Eq. (1), the capacitance
based on pitch tuning is

EQS

= % 4
8o tdla —y @

C(y)

where S is the overlap area between the movable comb and the fixed comb, g, is the initial
distance between the movable comb and the fixed comb, d is the thickness of the electret
attached to the fixed comb, ¢, = ¢/¢ is the relative dielectric constant of the electrets, and y is
the displacement of the movable comb relative to the fixed comb.

d. The plane capacitance model based on area tuning (Figure 5)

The plane capacitance model based on area tuning refers to the overlap area between the two
plane electrodes that is variable (shown in Figure 5); according to Eq. (1), the capacitance based
on area tuning is

S
I |

80 go —__ Cl(_}’)

Figure 4. The plane capacitance model based on pitch tuning.
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Eo Bo Ci(x)

Figure 5. The plane capacitance model based on area tuning.

Clx) = w )
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where w is the width (depth) of the comb, I is the overlap length when the movable comb and

the fixed comb are at the initial time, g, is the initial distance between the movable comb and

the fixed comb, d is the thickness of the electret attached to the fixed comb, ¢, = ¢/¢ is the

relative dielectric constant of the electrets, and x is the displacement of the movable comb

relative to the fixed comb.

2.2. Capacitive electrostatic force

Actually, the energy stored between any two conductors is the capacitance energy W; it can be
expressed as

W= %cu2 (6)

where C is the capacitance between two conductors and U is the voltage between the conductors.

If the charge Q between conductors is constant, the conductor should be an isolated system
that is not connected to the external power source. The work of the field force can only come
from the decrease of the electric field energy, that is:

2
P OW_ 12 <1>Q2_16CQ _1aC o

"Tam  2m\C)T 2mC 2

where 7 is the relative motion direction coordinates between two conductors; if the voltage U
between the conductor is constant, the external power source must be added. When there is an
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external power source, according to the previous analysis, the work done by the electric field
force should be equal to the increase of the electric field energy, that is:

_OW _13C

"= on T 2om ®

Although it looks like a symbol is different, the final form of the formula is the same. For a
more general case, when the voltage or charge is variable, the electrostatic force should be

expressed as
0 (1 ., 0 (17
F"&(ECL[)‘“F"&(E? ©)

According to Eq. (1), the capacitance of the variable capacitor structure shown in Figure 6 is

o C](i’)Cz B €0w1(t)

where ¢, = ¢/¢g is the relative dielectric constant of the electrets, w is the width (depth) of the
comb, I(t) = Iy — x(t) is the overlap length between the movable comb and the fixed comb, and
g(t) =g, +y(t) is the initial distance between the movable comb and the fixed comb.
According to the principle of energy derivation, the change of capacitance energy along a
certain direction is the electrostatic force in this direction. When the overlap length I(t) between
the upper electrode and the electret changes, the electrostatic force between the upper elec-
trode and the electret can be expressed as

2 X
Fo=tw=1 (% %C(i;) orF = (W)= 1L (%c:(x) uc<x>2) a1

When the gap g(t) between the upper electrode and the electret changes, the electrostatic force
between the upper electrode and the electret can be expressed as

w X (I = x(E))

¥ 1_)(

Upper Electrode

«— Electret

«— Lower Electrode

Figure 6. Variable capacitance model.
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where Uc(n) is the voltage between the upper and lower electrodes of the capacitor, Qc(n)
is the amount of charge stored on the upper electrode of the capacitor, and n is the
movement direction of the upper electrode of the capacitor relative to the electret or the
lower electrode. Electrostatic force changes along the direction of the overlapping elec-
trodes when n is x direction, and electrostatic force changes along the direction of the
pitch when 7 is y direction.

2.3. Electrostatic harvesting mechanism

Although the electrostatic harvesting is based on the environmental forces to change the
capacitance and then converts into charge or voltage changes to achieve energy harvesting,
there are some mechanism differences for the constant charge mode or constant voltage
mode.

2.3.1. Electret-free electrostatic harvester
A. Constant charge work mode

The constant charge work mode is shown in a light-colored (blue) area of Figure 7, which
indicates that charges are continually injected into the variable capacitor using an external power
source (battery, charged capacitor, etc.) until the charge on both ends of the variable capacitor
reaches the maximum Q,,; when the capacitance of the variable capacitor reaches the maximum
Cmax, and the voltage of the variable capacitor is Umin (Apoint), and then the electromechanical
transformation will start. During the energy conversion stage, the charge Q.; remains unchanged,
and the variable capacitance changes under the action of external force and gradually decreases
from the maximum value until the variable capacitance reaches the minimum value Cp. At the
same time, the voltage U increases until the voltage reaches the maximum value Umax (Bpoint).
After that, through the circuit control, the charge in the variable capacitor is transferred to the
external charge storage element until the voltage is zero and the charge is cleared; returning to the
O point, an energy conversion is completed and enters the next harvesting cycle. The output
electrical energy converted from mechanical energy at a harvesting cycle is

1 1 1
E= E QgSt <Cmin B Cmax) (13)

In order to keep the charge of the external power supply (battery, charged capacitor, etc.) from
loss, it is usually controlled by the circuit switch to transfer the charge in the charge storage
element back to the external power supply at the same time as the variable capacitance changes.

b. Constant voltage work mode

Constant voltage work mode is shown in Figure 7 dark (red) area, where it also indicates that the
electrostatic harvester starts to harvest when variable capacitance reaches the maximum Cpax.
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Figure 7. Basic energy conversion cycle of the electret-free electrostatic harvester.

The variable capacitor is charged up to a certain voltage U (A point) by an external power
supply (battery, charged capacitor, etc.), the amount of charge stored in the capacitor reaches its
maximum Q,,,., and thereafter the voltage U, remains constant throughout the electromechan-
ical conversion. As the voltage across the variable capacitor is constant, when the variable
capacitance decreases with the external force, the amount of charge stored in the variable
capacitor decreases, and the reduced amount of charge generates current through the external
circuit loop. When the variable capacitor reaches its minimum value Cin (B'point), the residual
charge Q,;, continues to be transferred to the external circuit in a reducing voltage manner until
the voltage and charge are both equal to zero. At this point, one energy conversion process is
completed. The electrical energy converted from mechanical energy in a work cycle is
Lo
E= 3 u

cst

(Cmax - Cmin) (14)

For electret-free electrostatic harvester, whether it works on the constant charge mode or
constant voltage mode, an external power supply (battery, charged capacitor) is required to
supply charge for variable capacitance either before the start of electromechanical conversion
or at the first energy cycle. Whether in constant charge mode or constant voltage mode of
operation, variable capacitance provides charge. Obviously, this is a drawback of the electret-
free electrostatic harvester.

2.3.2. The electrostatic harvester based on the electret

The electrostatic harvester based on the electret can directly convert the vibration energy into
electric energy without requiring external power to charge and discharge the variable capaci-
tor, thus simplifying the control circuit.
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Figure 8. Energy conversion model of electret electrostatic harvester.

In the electret electrostatic harvester, mechanical energy is also converted into electrical
energy by the change of the capacitance structure (Figure 8). The electret is attached on
the surface of the lower electrode. The electrets are separated from the upper electrode by
air, and the upper and lower electrodes are connected together by a resistor. According to
the electrostatic induction and the charge conservation, the upper and lower electrodes
will induct the same polarity charge as the charge polarity of the electret. Q; indicates the
amount of charge induced by the lower electrode, Q, indicates the amount of charge
induced by the upper electrode, Q; indicates the amount of charge in electret, and it is
equal to the sum of Q; and Q,. When the upper electrode moves relative to the electret
and the lower electrode under the action of external force, the capacitance between the
upper electrode and the electret changes, resulting in the redistribution of the charges
carried by the upper electrode and the lower electrode. When the upper electrode is close
to the electret under the action of external force, the capacitance formed between the
upper electrode and the electret will increase. The amount of charge in the upper plate
increases, and the amount of charge in the lower plate decreases (Figure 9a). When the
upper electrode is far away from the electret under the action of external force, the
capacitance formed between the upper electrode and the electret will be reduced. The
amount of charge in the upper plate decreases, and the amount of charge in the lower
plate increases (Figure 9b). When the charge flows in the circuit, the current is produced;
the voltage across the resistor is generated, so the mechanical energy is converted into
electric energy.

2.3.3. Equivalent circuit model

The electrostatic harvesting unit of the electrostatic harvester based on the electret can be
equivalent to a series connection of a voltage source and a variable capacitor. Figure 10
shows the circuit formed by the electrostatic harvesting unit and the load resistor.

When the electrostatic harvesting unit is connected to the load resistor to form a loop,
according to Kirchhoff’s law, there is iR = R% =U=Vs—-U,=Vs— %, then
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Figure 9. Charge cycle model.
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Figure 10. The circuit formed by the electrostatic harvesting unit and the load resistance.

iQ Vs

dt R RC(t)

(15)

where V; is the surface potential of the electrets, C(t) represents the capacitance value of the
variable capacitor, R represents the load resistance, U represents the voltage across the load
resistance, U, represents the voltage across the capacitor, and Q, represents the charge carried
by the upper electrode of the variable capacitor.
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2.4. The cantilever electrostatic harvester based on electret

In 2011, Boisseau proposed a cantilever electret electrostatic harvester structure based on a -
pitch-tuning planar capacitive structure (Figure 11). This structure better illustrates the
working mechanism of the electret electrostatic harvester and gives its theoretical model.
The electret electrostatic harvester consists of a vibrating unit and an electrostatic harvesting
unit. The vibration unit is a second-order vibration system consisting of a cantilever beam
and a mass. The electrostatic harvesting unit consists of a variable capacitor and a load
resistor. The upper surface of the free end of the cantilever is fixedly connected with the
mass, and the lower surface of the free end of the cantilever is covered with a layer of
electrode as upper electrode of the variable capacitor. The structure of the pitch-tuning
planar capacitor is shown in Figure 8, Q; is the amount of charge carried by the electret, Q,
is the amount of charge induced by the lower electrode, Q, is the amount of charge induced
by the upper electrode, and Q; is equal to the sum of Q; and Q,. Under the action of external
acceleration, the space between the free end of the cantilever and the electret will change. As
a result, the capacitance of the variable capacitor will change, and the charge between the
upper and lower electrodes will be redistributed. There will be a charge flow in the circuit
and the electric current formed. So, a part of the mechanical energy excited by the vibration
of the external environment is converted into electric energy. The equivalent circuit model is
shown in Figure 10.

The kinetic equation and electrical equation of a cantilever electret electrostatic harvester are as
follows (Figure 12):

mx+cx +kx — Fope —mg =my

dQ, Vs (16)
dt R RC(t)

where the capacitance of the variable capacitor is

gowA

)

(17)

where y represents the external excitation acceleration, m represents the mass of the mass,
c represents the damping coefficient of the vibrating unit, k represents the stiffness of the

__ _ _Vibration wnit
|_ ______________ |

Cantilever

y(t) = Ysin(wt)
Electrostatic harvesting unit

Figure 11. The schematic of cantilever electrostatic harvester based on electret.
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Figure 12. The parameter schematic of cantilever electrostatic harvester based on electret.

vibrating unit, Q, represents the amount of charge induced on the upper electrode of variable
capacitor, V; represents the electret surface potential (it keep constant during the entire
harvesting process), R represents the load resistance, w represents the width of the electrode,
A represents the length of the electrode, g, represents the initial spacing between the upper
electrode and the electret, d represents the thickness of the electret, ¢, represents the relative
permittivity of the electret, and x(t) is displacement of free end of cantilever under the action of
external vibration. The instantaneous power at both ends of the load resistance is given by

ur o1 0, \?
Pt) =% =% (vs - F%) (18)

From Eq. (18), it can be seen that the electrical output of the electrostatic harvesting unit will
affect the vibration response of the vibrating unit due to the electromechanical coupling
characteristics of system, which in turn changes the electrical output characteristics of the
harvesting unit. Since it is difficult to obtain the solution of the system of Eq. (18) by analytical
method, it can usually be analyzed by simulation software such as Simulink. The Simulink
simulation model is shown in Figure 13.

Figure 13. The Simulink model of cantilever electrostatic harvester based on electret.



Integrated Power Supply for MEMS Sensor 39
http://dx.doi.org/10.5772/intechopen.74804

Sl MUUEREANN]
£ sor)
e VRV

T T T T T T T
Time (s)
Figure 14. Vibration displacement of cantilever free end.

When an external sinusoidal excitation in which the frequency is 50 Hz and the amplitude
is 1.5 m/s” is applied to the vibrating unit, the vibration displacement at the free end of
the cantilever is shown in Figure 14, and Figure 15 shows the current varies with time in
the circuit. When the capacitance reaches the minimum and maximum values, current
direction changes. Figure 16 shows the voltage across the load resistance varies with time,
and the peak voltage can be as high as a few hundred volts. It is found through analysis
that the surface potential V, of the electret, the air gap g, of the capacitor, the length A of

the electret, and the load resistance R all affect the output power of the cantilever electret
electrostatic harvester.
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Figure 15. Current varies with time in the circuit.
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Figure 16. Voltage across the load resistance varies with time.

3. Experimental test on the electret electrostatic harvester output
performance

In order to further study the performance of electret electrostatic harvester, a prototype of electro-
static harvester with double-ended fixed-beam electret was fabricated and tested experimentally.

The effects of excitation frequency, air gap, load resistance, and other factors on the output
characteristics of the electret electrostatic harvester are tested by the experimental method.

3.1. Effect of excitation frequency on the output of electrostatic harvester

The output of the harvester is related to the excitation frequency. In the acceleration peak of 1.5
harmonic excitation, the output voltage and output power with frequency curve are shown in
Figures 17 and 18.

The experimental results show that when the initial air gap is 0.2 mm and the acceleration peak
is 1.5 m/s? the resonant frequency of the electrostatic harvester is 96.2 Hz, the maximum peak-
to-peak output voltage is 63.6 V, the corresponding half-power bandwidth is 3.2 Hz, and the
maximum output power is 0.054 mW.

3.2. Effect of air gap on the output of electrostatic harvester

The air gap is one of the most important parameters of the electret electrostatic harvester,
which plays a key role in the output of the electrostatic harvester.

When the external excitation acceleration peak and the electret surface potential are constant,
as shown in Figure 19, the output voltage decreases with the increase of air gap. When the air
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Figure 18. Output power with frequency curve.

gap is 0.15 mm, the peak-to-peak output voltage is 66 V; when the air gap is reduced to
0.5 mm, the output voltage is reduced to 20.8 V.

As shown in Figure 20, as the air gap increases, the output power first increases and then
decreases. When the gap is 0.2 mm (optimal air gap), the output power reaches a maximum of
0.08 mW. When the air gap increases to 0.5 mm, the output power is reduced to 0.015 mW.

As shown in Figure 21, as the air gap decreases, the electrostatic force between the upper and
lower plates gradually increases, the soft spring effect increases, and the stiffness coefficient of
the spring decreases. As a result, the resonant frequency shifts from 96.8 to 94.8 Hz.

As shown in Figure 22, as the air gap decreases, the half-power bandwidth gradually increases.
When the air gap is 0.5 mm, the bandwidth is 1.8 Hz, and when the air gap is reduced to
0.15 mm, the bandwidth reaches a maximum of 6 Hz.
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Figure 20. Output power with air gap curve.

3.3. Effect of load on electrostatic harvester output

In addition to the excitation frequency and air gap, the output power of the electrostatic
harvester is also related to the external load resistance. The best load test method is as follows:

1. Keeping the acceleration peak of 1.5 m/s?, the air gap is 0.2 mm.
2. The external load resistance must be connected in series with the oscilloscope during the test.

3. Measuring the output voltage corresponding to different resistances sequentially at the
resonance point and plotting the recorded data with Matla (shown in Figure 23).
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As shown in Figure 23, as the external load resistance increases, the output power first increases
and then decreases. There is a maximum output power of 0.08 mW; the corresponding optimal
load is 40 MQ.

4. Conclusion

Based on the analysis of the basic theory of the electret electrostatic harvester, the
basic equations and equivalent analysis model of electret electrostatic harvester are esta-
blished. Through the experimental tests of electrets electrostatic harvester, it can be seen that
the output performance of electret electrostatic harvester is influenced by the parameters, such
as excitation frequency, air gap between electrets, and electrode and load resistance and so on.
Thus, when designing the electret electrostatic harvester, the influence of some important
parameters on the output performance of electrostatic harvester should be considered as much
as possible. On the other hand, some microscale effect also should be considered when the
MEMS device and the electrostatic energy harvester are integrated design and fabrication.
Electrostatic harvesting requires a constant voltage or constant charge condition; it seems that
a separate power supply is needed. And it seems contrary to the idea of energy harvesting.
However, with the electret material, the material itself can also provide a constant voltage to
avoid the use of additional power, which provides an effective way for electrostatic harvesting.
Therefore, the electret electrostatic harvesting structure is a kind of ideal energy harvesting
method using ambient vibration and can be easily integrated with the MEMS system because
of its compatibility with MEMS technology.
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Abstract

Biosensors are devices that integrate a variety of technologies, containing biology, elec-
tronics, chemistry, physics, medicine, informatics, and correlated technology. Biosensors
act as transducer with a biorecognition element and transform a biochemical reaction on
the transducer surface directly into a measurable signal. The biosensors have the advan-
tages of rapid analysis, low cost, and high precision, which are widely used in many
fields, such as medical care, disease diagnosis, food detection, environmental monitoring,
and fermentation industry. The enzyme biosensors show excellent application value
owing to the development of fixed technology and the characteristics of specific identifi-
cation, which can be combined with point-of-care testing (POCT) technology. POCT
technology is attracting more and more attention as a very effective method of clinic
detection. We outline the recent advances of biosensors in this chapter, focusing on the
principle and classification of enzyme biosensor, immobilization method of biorecognition
layers, and fabrication of amperometric biosensors, as well as the applications of POCT. A
summary of glucose biosensor development and integrated setups is included. The latest
applications of enzyme biosensors in diagnostic applications focusing on POCT of bio-
markers in real samples were described.

Keywords: enzyme biosensors, point-of-care testing, classification, immobilization,
low cost, fabrication of biosensor

1. Introduction

Biosensor is a delicate analytical device that combines a biologically derived sensitive element
with a physical transducer that produces a tip or a continuous digital electrical signal (Figure 1)
that is proportional to the analyte [1].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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Figure 1. The principle of biosensor.

Biosensor is a new detection technology developed in recent decades. It is an advanced
detection method and monitoring method necessary for the development of biological tech-
nology. It is also a rapid and micro effective analysis method at the level of material molecules.

Biosensors have become an active research field and demonstrated a very promising prospect,
showing important practical value in environmental monitoring, clinical inspection, food and
drug analysis, and biochemical analysis, such as rapid and sensitive detection of pathogens
and pesticide residue in food and beverage, remote detection of air pollution or heavy metal
ion pollution, real-time detection of human blood components and pathogens, long-term
monitoring of the health of the human body, as well as the rapid detection of the battlefield
weapons, which can be extended to molecular device development, neural network simula-
tion, bionic intelligent devices, and basic research of biological computer [2].

The biosensor has several advantages as the following: (1) the biosensor has good selectivity
owing to its high-sensitive molecular recognition element. The biosensor is highly integrated,
and the detected components in the sample can be detected directly without the sample
pretreatment, and no additional reagents are needed in the determination. (2) The biosensor
with small size can be used for continuous monitoring. (3) The biosensor has rapid response
and requires only a small amount of sample; as the sensitive material is fixed, it can be used
repeatedly. (4) The cost of the sensor and the matched measuring instrument is lower than that
of the large analytical instrument, which is very helpful for point-of-care testing (POCT)
detection.

Biosensors are devices that are sensitive to biological substances and convert their concentra-
tions to electrical signals. Biosensors act as analytical tools including biologically sensitive
material immobilized as recognition element (Figure 2A) (including enzyme, antibody, anti-
gen, microorganism, cell, tissue, nucleic acid, and other biologically active substances), physi-
cochemical transducer (Figure 2B) (such as the electrochemical electrode, photodiodes, FET,
piezoelectric, etc.), and signal amplifying device [1-3]. It has been widely used in biological
medicine, drug development and testing, environmental quality testing, and other fields.

The development of enzyme electrode is the most representative and the most studied in
biosensor field. Electrochemical biosensors are the largest group of biosensors, which have
the earliest development and the most abundant research content. A large number of research
achievements have been achieved, and some of them have been widely used [4, 5].

Electrochemical enzyme biosensors have unique advantages in improving selectivity and
sensitivity. The microstructure on the surface of the electrochemical biosensor can provide a
variety of potential fields that can effectively separate and enrich the analytes, which can
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Figure 2. Classification of biosensors.

control the electrode potential, further improve the selectivity, and also combine the sensitivity
of the determination method with the selectivity of the chemical reaction of the surface material.
The electrochemical enzyme sensor is an ideal system for the integration of separation, enrich-
ment, and selective determination. Among them, the development of amperometric enzyme
biosensor is the most representative and the most studied in biosensor field [6, 7]. Biosensors
are developing to the following aspects in recent years. (1) Biosensor with low cost, high
sensitivity, high stability, and long life can meet the needs of field or on-site sampling and
measurement. With the development of biosensor technology, it is necessary to reduce the cost
of products and improve the sensitivity, stability, and life. The improvement of these character-
istics will accelerate the commercialization and commercialization of biosensors. (2) With the
development of microfabrication technology and nanotechnology, biosensors based on MEMS
technology has been received a rapid development [7], and biosensors have been further minia-
turized. The emergence and application of various portable biosensors will enable people to
diagnose diseases at home, so they can directly detect food in the market, which meet the
requirements of testing in vivo intracellular detection, online detection, and so on.

POCT technology has emerged and progressed with the development of computers, biosen-
sors, electronics, and medicine. As a new method of clinical detection, POCT is getting more
and more attention. POCT test equipment is portable, easy to operate, and suitable for non-
laboratory professionals. Therefore, POCT is fast, sensitive, and free from site conditions. It
plays an increasingly important role in medical field, environmental monitoring, and safety
monitoring. The advantage of POCT is the immediate determination of the whole blood
specimen, without the anticoagulant steps, without specimen preparation, a small amount of
specimens, the short specimen turnaround time (TAT), the miniaturized instrument, and the
patient’s bedside test. The central laboratory test model of multistep and multi-staff was
avoided. At present, POCT can include blood gas, electrolytes, blood sugar, renal function,
liver function, hemoglobin, and cardiac markers, such as creatine kinase (CK), myoglobin
(MYO), troponin (TNI, TNT), and so on. The POCT test project has already met some needs
of emergency patients. And, the new POCT detection program is coming out. This shows that
the real-time detection result of POCT has opened up a new prospect for clinical testing.
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This chapter discusses several topics related to enzyme-based biosensors, including immobili-
zation of recognition element, biosensor miniaturization, and application of biosensors.

2. Enzyme biosensors for POCT

The enzyme biosensor is composed of a sensitive membrane-immobilized enzyme and elec-
trode transducer system, which combined enzyme and electrode together. It has advantages of
both the high stability of insoluble enzyme system and the high sensitivity of the electrochem-
ical system. Due to the specificity and the high selectivity of enzyme reaction, the complex
samples can be directly determined by the sensor. The enzyme biosensor can be divided into
two kinds of electric potential sensor and amperometric sensor. The development of the
amperometric enzyme electrode is more widely [6]. The amperometric enzyme electrode is
defined as an output of a corresponding current signal was generated by the targets reacting or
redox reaction on the electrode, which has a linear relationship with the concentration of the
tested substance under certain conditions. The basic biosensor mainly uses oxygen electrode
and hydrogen peroxide electrode.

2.1. The enzyme immobilization method

2.1.1. Definition and characteristics of biosensor immobilization technology

Enzyme immobilization technology is of great importance in the development of biosensors.
The main purpose of immobilization is to restrict the enzyme and other biologically sensitive
elements to a certain space, but it does not interfere with the free diffusion of the analytes. It is
one of the key factors that affect the stability (or life span), the sensitivity, and selectivity of the
biosensor. The immobilization method can be divided into two kinds: direct method and
indirect method. The direct method is the surface of the probe which is directly fixed to the
transducer by physical and chemical modification. The direct method is the surface of the
probe which is directly immobilized by the biomolecules on the transducer using the physical
and chemical modification. This method is to integrate sensitive materials and probes, which is
helpful to improve response performance. It is the main research direction of the commercial-
ization of the portable enzyme sensors. The indirect rule is to fix the biological component on a
carrier first and then install it on the probe of the sensor. As the sensitive part is independent of
the converter, it is conducive to prolonging the service life of the converter and is suitable for
long time monitoring. Indirect immobilization has become the main direction of the commer-
cialization of enzyme sensors in the process of online analysis and process control. Compared
with the free phase of biological materials, solid biological material has a series of advantages,
for example, the thermal stability, the repeated use, no need to be separated and reactive
substances in catalytic material after reaction, and the determination of the film life according
to the known half-life. The immobilization method plays a decisive role in the performance
and usage of the biosensors.
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2.1.2. Classification of biosensor immobilization methods

The commonly used immobilization methods of biosensors include adsorption, embedding,
covalent bonding, cross-linking, and electrochemical polymerization (Figure 3).

(1) Physical adsorption

The biosensor element is immobilized by the physical adsorption or ion binding of non-water-
soluble carrier, which is defined as the adsorption method.

These binding forces may be hydrogen bonds, van Edward forces, or ionic bonds and may also
play a role in a variety of bonding forms. There are a wide variety of carriers, such as active
carbon, hydroxyl limestone, aluminum powder, gold, chitosan, cellulose, and ion exchangers. The
firmness of the adsorption is related to the pH, ionic strength, temperature, properties and types
of solvent, and the concentration of the enzyme. The enzyme is directly adsorbed on the surface of
the electrode. The method is simple, and the enzyme activity is seldom degraded. However, the
stability of the enzyme is not good, and this technology is not widely used at present. The more
distinctive work is the co-deposition of enzyme and platinum/palladium; therefore, the enzyme is
adsorbed during the growth of platinum black or palladium black particles. Platinum black holes
have larger surface area, and their affinity for protein can keep the stability of the enzyme [8].

In addition, the adsorption method combined with nanomaterials can also help to stabilize the
enzyme activity and improve the life span. The adsorption process is mainly used to prepare
enzymes and immune membranes. The adsorption process usually does not require chemical
reagents, and it has little effect on the activity of protein molecules. Because the protein
molecules are easy to fall off, especially when environmental conditions changed, so they are
often used by combining with other immobilization methods.

(2) Embedding method

Embedding enzyme molecules or antibody and immobilizing them in the three-dimensional
spatial grid matrix of polymers are defined as the embedding method. The process is generally
not necessary for binding reaction with the residues of biological material and rarely changing
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Figure 3. Schematic diagram of enzyme immobilization.
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advanced structure of biological active substances; therefore, the loss of biological activity is
very small, the pore diameter can be controlled arbitrarily, the encapsulated material is not
easy to leak, and the substrate molecules can diffuse freely in the film [9, 10]. The traditional
method of encapsulation is to bury the enzyme in the gel or membrane and then immobilize it
to the electrode. The main gels are polyacrylic acid amine, polyvinyl chloride (PVC), polyvinyl
alcohol (PVA), photosensitive resin, polycarbonate, nylon, acetic acid fiber, and other synthetic
polymers and alginate, gelatin, collagen, and other colloidal polymers. This method is gener-
ally suitable for the bioactive substances acting on small molecular substrates and products,
while the bioactive substances acting on macromolecular substrates and products are too large
for mass transfer resistance. The enzyme is easy to leak from the sensing layer, but this method
is more suitable for the encapsulation of organelles, lipids, and microbes.

Synthetic polymers, such as Nafion, can be directly embedded on the surface of the enzyme
electrode. These films can embed biological molecules, anti-interference and anti-poison and
are not easy to leak out, which is suitable for acting as encapsulation and immobilization
material. Carbon paste embedding is a method of immobilization of enzyme directly with
electrode material (carbon paste and carbon epoxy resin). It is a very common method to
prepare biosensors. The carbon paste electrode can not only immobilize enzymes but also
immobilize cofactors NAD, media, stabilizers, cells, and tissues. In order to eliminate interfer-
ence and increase sensitivity, it can also immobilize two enzymes or enzymes in carbon paste.

Photopolymerization has recently been introduced into the gel of immobilized enzyme. The
enzyme is dissolved in the mixture solution of polymer monomer and the photoinducer. It can
form redox polymer hydrogel-immobilized enzyme when irradiated under the ultraviolet
light conditions [10]. These light-induced polymers include polyethylene glycol (PEG), acrylic
acid (acrylic acid), vinyl ferrocene, and other monomers.

(3) Covalent bond method

The method of binding the bioactive molecule through the covalent bond to the insoluble
carrier is defined as the covalent bond.

The carrier includes the inorganic carrier and the organic carrier. Organic carriers are cellulose
and its derivatives, dextran, agar powder, and so on; the inorganic carriers are mainly porous
glass, graphite, and so on. It is particularly important to protect the amino acids of the active
center during the covalent immobilization of enzymes. If the amino acid residues of the active
center are chemically modified during covalent immobilization, the activity of the enzyme will
decrease. There are two ways to effectively protect the active center. The first method is to add
enzyme substrate or substrate structure analogues or competitive inhibitors before the cova-
lent reaction to protect the active center. The second method is the use of bifunctional reagents,
which have a chemoselectivity and a biologically specific source of covalent reactions. This
dual selectivity can not only protect the active sites of protein but also realize directional
immobilization of the enzyme molecules [11, 12].

The covalent bonding forms include diazotization method, peptide method, alkylating method,
amino reaction, etc. The characteristics of covalent bond are strong combination, not easy to fall
off, not easy to be biodegraded, and long life for service. The disadvantage of covalent bond is



Enzyme Biosensors for Point-of-Care Testing
http://dx.doi.org/10.5772/intechopen.73249

that the operation procedure is tedious, the enzyme activity may be reduced by chemical
modification, and it is difficult to prepare high active immobilized enzyme. Covalent bonding is
mostly used for production of enzyme membrane and immune molecular membrane. It usually
requires operation at low temperature (0 degrees), low ionic strength, and physiological pH.

(4) Chemical cross-linking method

Cross-linking is a method of using bifunctional or multifunctional reagents, such as glutaral-
dehyde, to bind the bioactive substances to the transducer directly. The functional groups
involved in the coupling of bioactive substances are -NHj, -COOH, -SH, -OH, imidazolyl,
phenol base, etc., but these groups cannot be active center groups. Most transducers have to be
pretreated before cross-linking to produce their surfaces for coupling groups. The pretreatment
can be treated by electrochemical method and plasma treatment. The cross-linking and immobi-
lization method combined with supramolecular self-assembled monolayers is to assemble thiols
on the surface of gold electrodes and then immobilize enzymes on self-assembled membranes
with bifunctional reagents [13, 14].

This method gives the film a specific function of highly ordered and complete structure, good
stability through molecular design and is the highest form of chemically modified electrodes. At
present, a fast and sensitive biosensor can be prepared. Cross-linking is widely used in the
preparation of enzyme membrane and immune molecular membrane. The operation is simple
and the combination is firm. When the enzyme source is more difficult, it is often necessary to
add inert protein which is times the enzyme as substrate. The problem of this method is that pH
must be strictly controlled during immobilization. It is usually operated near the isoelectric point
of protein. The concentration of cross-linking agent should also be carefully adjusted, such as
glutaraldehyde itself can cause protein poisoning, usually under 2.5% (volume fraction) concen-
tration. In the cross-linking reaction, the enzyme molecules are inevitably partially inactivated.

(5) Electrochemical polymerization

Electrochemical polymerization is based on electrostatic interaction. In the process of electropoly-
merization, enzymes act as anions and interact with positively charged polymer skeletons, and
enzyme is added to the polymer membrane and directly immobilized on the electrode surface [15].

The interaction between polymer, metal, and carbon conductor lays a foundation for immobili-
zation of enzyme on the electrode surface, thereby improving the communication efficiency
between oxidation-reduction center and electrode. For conductive polymer membrane, this
method can not only control the thickness of the membrane but also control the density of the
membrane. But the amount of enzyme is relatively small, the background current is large, and a
large amount of enzymes are wasted in the solution of electropolymerization. It is also useful for
nonconducting polymer membrane-immobilized enzymes, which are limited in thickness. The
oxidoreductase can be doped into polypyrrole, polyaniline, and polyphenol membrane [16, 17].

2.2. Amperometric biosensor for glucose detection using POCT

The amperometric enzyme biosensor is the most representative biosensor. The development of
the amperometric enzyme electrode mainly consists of three stages [18, 19]. The classic enzyme
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electrode is represented by the Clark enzyme electrode as the first-generation electrochemical
sensor (Figure 4A). The mediated enzyme electrode is the second-generation electrochemical
sensor (Figure 4B), which solves the interference of oxygen and the interference of electrode
active substances and overcomes the problem of high working potential of electrodes, which
are often used for POCT [20-23]. The direct electrochemical enzyme electrode is the third-
generation electrochemical sensor (Figure 4C), which is mainly used to solve the problem of
low-efficiency transmission between enzymes and other biometric elements and electrodes.

2.2.1. The first-generation enzyme electrode (Clark enzyme electrode)

The first generation of enzyme electrodes was first proposed by Clark in 1962, and it was based
on oxygen reduction and used glucose oxidase (GOD) as an example to catalyze glucose [22, 24].

The oxidation-reduction reaction occurs on the enzyme layer:
GOD (ox) + glucose — gluconolactone + GOD (red) 1)
GOD (red) + O; — GOD (ox) + H,0; (2)

The measurements of peroxide are carried out on the electrode at a moderate anodic potential
of +0.6 V (vs. Ag/AgCl):

H,O, — O, +2H; + 2e (3)

The most used oxygen electrodes are electrolyzed Clark oxygen electrodes, which are made up
of platinum cathode, Ag/AgCl anode, KCl electrolyte, and air permeable membrane. The
overpotential of H;O, on both metal and carbon electrodes is higher, generally from +0.6 to
+0.8 V (vs. Ag/AgCl). The high detection potential can interfere with the electroactive sub-
stances such as antiblood acid and uric acid in samples. Various selective osmotic membranes
can be used to remove interfering substances or chemically modified electrodes to reduce the
overpotential, but their sensitivity is always limited by the concentration of dissolved oxygen
in the system.
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Figure 4. Electron transfer comparison diagram of the three generation amperometric enzyme electrodes, which are (A)
first-generation enzyme electrode (Clark enzyme electrode), (B) second-generation enzyme electrode (mediated enzyme
electrode), and (C) third-generation enzyme electrode (direct enzyme electrode).
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2.2.2. The second-generation enzyme electrode (mediated enzyme electrode)

In order to overcome the shortcomings of the first generation of enzyme electrodes, the second
generation of enzyme electrodes (mediated enzyme electrode) is widely used nowadays,
which is the use of artificial electronic media to solve the problem of transferring electrons.
The chemical modification layer was added at the second generation of enzyme electrodes.
The chemically modified layers on the electrode are used to expand the range of chemical
substances and also to improve the sensitivity of the determination. The modified substrate
electrode can be regarded as an improved signal converter, and the modifier becomes an
electron transfer medium. The role of electronic media is to promote the electron transfer
process, reduce the working potential, and eliminate the interference of other electroactive
substances.

In 1984, Cass established a mediated enzyme electrode method [23]. The chemical mediated
ferrocene substituted the molecular oxygen as the electron acceptor for the enzymatic reaction
and immobilized on the graphite electrode with the glucose oxidase (GOD). This research
contributed to the successful development of a printed enzyme electrode in the US MediSense
company in 1987. However, due to the difference between the reduced state of the medium
and the oxidation state, the leakage occurred, which leads to the gradual decrease of the
response activity of the electrode with time.

Dong used Nafion (a cationic resin) to fix ferrocene and then fixed the GOD to the Nafion-
ferrocene electrode. Because of the hydrophilic structure and hydrophobic structure of Nafion,
Fc/Fc + is retained in the membrane. Therefore, the service life of electrodes is greatly
prolonged, and the stability of the mediated enzyme electrode is improved [25, 26]. In com-
mercial products, in order to avoid the problems of dielectric loss and electrode calibration,
many enzyme electrodes have been designed to be disposable.

Electron mediator refers to the transfer of electrons generated from the enzyme reaction
process to the surface of the electrode, so that the electrodes can generate corresponding
molecular electric conductors. The most basic requirement for mediator is low redox potential
and high electrochemical reaction rate, and the reaction is reversible [27]. Cyclic voltammetry
is usually used to investigate the electrochemical properties of the mediator.

The electron transfer mechanism of glucose oxidase catalyzed by glucose is acted as an
example and described as the following:

GOD(o0x) + glucose — gluconolactone + GOD (red) )
GOD (red) + M (ox) — GOD(ox) + M (red) )
M (red) — M (ox) + nH* + ne” (6)

Media has been developing rapidly in the past 10 years, the species is also increasing, and at
present, the electron transfer mediator according to the fixed method is divided into three
types [28, 29] (1) the simple electron transfer medium, (2) the electron transfer mediator
covalent bond with enzyme, and (3) the electron transfer medium covalent bond with the
polymer.
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(1) Simple electron transfer medium

A simple electron transfer medium refers to the existence of an electron transfer medium in the
form of a monomer in the application, including the oxidation-reduction pair and the organic
conductor salt. Ferrocene and its derivatives [30-33], and quinone and its derivatives [34], are
widely used as electron transfer mediators. The glucose biosensor was constructed by Lange
[30], using a glassy carbon electrode as the substrate, and immobilized on the electrode with
glucose oxidase, ferrocene, and polyamide gel. The sensor response principle is that GOD
(FAD) catalyzes the oxidation of glucose and itself is reduced to GOD(FADH,), the GOD
(FADH,) was oxidized by ferrate into GOD(FAD), and reduced ferrocene was oxidized into
high iron state on electrode. The oxidation current produced by the oxidation of two ferrocenes
on the electrode is related to the concentration of glucose. Two ferrocenes here have the
electron transfer between the GOD(FADH,) and the electrode.

However, the simple electron transfer mediator acts as effective electron transfer between
enzyme redox active center and electrode, overcomes the limitations of O, or H,O electrode
in direct electrochemical reduction or oxidation, and greatly improves the biosensor perfor-
mance in response to speed, detection sensitivity, and anti-interference ability. However, sim-
ple electron transfer mediators have encountered some difficulties in practical applications,
such as dissolution or partial dissolution of mediators, diffusion of mediators away from
electrode surface, and so on. Because of the loss of mediators, the stability and service life of
biosensors are affected, which limits the clinical application of such biosensors as subcutane-
ous probes and for long time online analysis. However, the simple electron transfer medium
has an irreplaceable advantage; that is, the electron transfer speed is fast.

(2) Electron transfer mediator covalent bond with enzyme

In order to prevent the loss of the electron transfer medium from the electrode surface due to
dissolving and other reasons, the electron transfer medium can be chemically bonded to the
enzyme. Bonding can not only better fix the electron transfer mediator but also make the redox
active center of the enzyme more closely contact with the electron transfer mediator, which is
more conducive to the electron transfer [35-40]. For example, Degani and Heller [41, 42] have
successfully made glucose biosensors, which are chemically bonded to glucose oxidase by
electron transfer mediator ferrocene derivative and ammonia ruthenium. The electron transfer
mediator is chemically bonded with enzyme, which successfully prevents the loss of electron
transport mediator, improves the stability of biosensor, and prolongs the service life. However,
the catalytic activity of the enzyme is reduced after chemical modification, which will also
reduce the sensitivity of the biosensor [43].

(3) The electron transfer medium covalent bond with the polymer

In recent years, great progress has been made in the research of bonding of electron transfer
mediator and suitable polymer in order to prevent the loss of electron mediator and overcome
the shortcomings of reducing enzyme activity after mediator and enzyme binding. A more
typical example is the bonding of ferrocene and its derivatives to a siloxane polymer. A new
type of ferrocene-modified siloxane polymer was synthesized by Hale [44]. The glutamate
biosensor was prepared by combining this polymer with glutamate oxidase. Niwa [45] et al.
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made a complex sensor of horseradish peroxidase and glutamate oxidase based on the com-
plexes of polypyridine and osmium. The sensor has the characteristics of fast response, strong
anti-interference ability, large current response, and high stability. The electrochemical behav-
ior of the cations, such as Os(bpy) ,PVPC], is also proposed by Han [46]. In addition to the
electron transfer mediator bonded to the siloxane polymer with ethylene oxide, silicon can also
be bonded to the polymer polypyrrole and polypyridine. The electron transfer mediator
covalently bonded to a polymer medium, insoluble in water; it is not easy to spread out the
surface of the electrode. The biosensor made of it avoids the pollution of the sample solution
and improves the stability of biosensor by prolonging the life of biosensor.

2.2.3. The third-generation enzyme electrode (direct enzyme electrode)

The biosensor performance of the third-generation enzyme electrode is realized by the direct
electrocatalysis of the enzyme on the electrode. It is named as a non-reagent sensor. It takes
advantage of the direct electron transfer between enzyme and electrode and does not need to
add other media reagents to reduce operation steps. It is a real reagent-free biosensor. Glucose
oxidase is used as an example to illustrate the reaction mechanism on enzyme film and
electrode separately:

GOD(0x) + glucose — gluconolactone + GOD (red) 7)
GOD (red) — GOD (ox) + ne 8)

The implementation of the enzyme’s direct electrochemistry is of great significance for the
development of a non-media enzyme sensor. Because the enzyme molecule belongs to protein
and has large molecular weight, the active center of enzyme molecule is deeply embedded in
the interior of the molecule, and it is easy to deform after adsorption on the electrode surface.
Therefore, it is difficult to directly transfer electrons between enzyme and electrode. Theoreti-
cally, the direct electron transfer process between enzyme and electrode is closer to the original
model of biological redox system, which lays the foundation for revealing the mechanism of
biological redox process. Therefore, although the study of this direction is very difficult, it is
still the direction of development in this field. In addition, the combination of nano-modification
technology, biological simulation, and molecular imprinting technology can provide power for
the development of direct electrochemical measurement [47].

2.3. Fabrication of amperometric enzyme biosensor and POCT detection

POCT detector is usually combined with biosensors. A biosensor coupled to a specific biolog-
ical detector (such as enzyme, antibody, or nucleic acid probe) to a transducer is used for direct
determination of target analytes without separation from matrix. It embodies the combination
of enzyme chemistry, immunochemistry, electrochemistry, and computer technology. It can be
used to carry out ultramicroanalysis of the analyte in the organism’s fluid.

At present, more and more factories in the world are developing POCT devices [48]. The main
products are hematology analyzer, electrolysis analyzer, and blood gas analyzer, and the
analytical performance of some selected commercial POCT devices was shown in Table 1.
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Manufacturer System Target analytes Sample
volume (uL)

Bayer RAPIDLab 800 PO, pCO,, pH, electrolytes, glucose, lactate 140-175

Nova Biomedical Xpress, Blood gases, electrolytes, glucose, lactate, urea 85-190
Nova 16 nitrogen, creatinine, hematocrit

Radiometer ABL 725 pO,, pCO,, pH, Na*, K*, Ca®', glucose, lactate 80-135
ABL 77

Instrumentation Laboratory ~ Synthesis 1745 pO,, pCO,, pH, Na*, K, Ca?*, Hct, glucose, lactate 135
GEM Premier 3000

Abbott Diagnostics i-STAT POy, pCO,, pH, electrolytes, Het, urea nitrogen, 65-95

glucose, lactate, creatinine
Agilent Technologies IRMA PO2, pCO,, pH, electrolytes, Hct, glucose, lactate 125
Roche OMNI 9 PO2, pCO,, pH, electrolytes, Hct, Hb, urea 40-161

nitrogen, glucose, lactate, creatinine

Yellow Springs Instruments 2300 Stat Plus Glucose, lactate 120

Electrolytes: Na*, K, Ca*, Cl™.

Table 1. Electrochemical sensors in commercial systems for critical care and POCT.

There are two kinds of handheld and portable products. Handheld products (Figures 5, 6) are
small in size, such as mobile phones, automatic calibration, and less blood collection. Analysis
items can be preset, records can be stored, maintenance is free, and quality control procedures
are completed in 1 min. The practical significance of such products is that they can be simpli-
fied and routinely used for blood analysis, such as body temperature and blood pressure,
under the premise of clinical diagnosis and treatment.

Blood glucose monitoring is the most common application for enzyme biosensor. The design and
structure of a disposable electrochemical enzyme sensor, as well as the use of the media, are
determined by the concentration and sampling method of the analytes. Cost and convenience
must be taken into account in structural design. Therefore, the most commonly used single
parameter amperometric enzyme sensor is a double-electrode system or a tri-electrode system.

2.3.1. The fabrication of disposable biosensor with dual electrodes modified by ferrocene

The electrode arrays (Figure 6) were fabricated with the vacuum sputtering technology
through sputtering gold on polycarbonate (PC) plastic substrate material. The two-electrode
system was made up of a working electrode (1 x 2 mm) and a pseudo-reference/counter
electrode (1 x 1 mm). The channel region where reaction took place and bonding pads were
defined by two-piece insulating plastic layer. The volume of capillary-fill region channel was
3 uL. The gold working and counter electrodes were deposited to form nanoporous platinum
layer. The electrodes were then activated by the method of plasma cleaning, and significant
improvements of hydrophilicity and electroactivity were achieved by the simple treating. 3 pL
of the reagent (containing enzyme, potassium ferricyanide, BSA, and 0.1% triton) was added
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Figure 5. The biosensor and handheld POCT device for blood coagulation test. (a) Handheld POCT meter. (b) the
disposable biosensor for blood coagulation with the design of the microfluidic structure and four electrodes by electro-
chemical detection (from [49, 50]).
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Figure 6. Schematic diagram of disposable biosensor with dual electrodes. Three-dimensional structure schematic dia-
gram. (b) Planar graph of the biosensor. (1) The plastic substrate, (2) lead, (3) the reaction region modified by Pt-black, (4)
dry reagent, (5) insulating double-sided adhesive, and (6) the cover layer (from [51]).

on the channel region of the electrodes and dried at 25°C. After the reagent was immobilized
on the capillary-fill channel, a covering sheet was coated on the insulation layer to prevent the
electrode from staining. The dry strip/biosensor was stored at room temperature. During the
experiments, a potential of 0.2 V vs. reference/counter electrode was employed. 3 pL serum
doses were added on the biosensor through capillary effect. The whole blood samples were
determinated with biosensors combined with handheld test meter.

The two-electrode system biosensor is suitable for detection of analytes with mM concentra-
tion, which is simple in preparation, simple in driving system, and low in cost. Many of the
blood glucose and lactate biosensors in commercial systems adopt the two-electrode design.
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2.3.2. The fabrication of biosensor with tri-electrodes modified by Os polymer mediator

The electrode structure of the sensor (Figure 7) is different for different parameters and analytes.
For the biosensors used for the detection of the analytes with low concentration, the classical tri-
electrode structure is adopted.

The electrode arrays were fabricated with the vacuum sputtering technology through sputtering
gold on polycarbonate (PC) substrate material. Each three-electrode system was made up of a
working electrode with surface of 3 mm?, a counter electrode, and a reference electrode with
surface of 6 mm?. The channel region where reaction took place and bonding pads were defined
by two-piece insulating plastic layer. Nanoporous platinum layer was deposited on the gold
working and counter electrodes. The gold electrodes were first cleaned with plasma cleaner and
then were electroplated in a solution containing H,PtCls (hexachloroplatinate); then, the elec-
trodes were washed with distilled water and dried in desiccator. The AglAgCl layer was
electrochemically formed on the reference electrode. On the surface of the freshly prepared silver
electrode, silver chloride coating was formed by anodizing for 30 s in 0.1 M HCI solution using
10 mA/cm? current density. The electrodes were then activated by the method of plasma
cleaning, and significant improvements of hydrophilicity and electroactivity were achieved.
Then 1 pL PVP-Os-HRP redox polymer was added on the surface of the working electrodes,
and the polymer was allowed to dry overnight under ambient conditions. 3 pL of the enzyme
reagent was added on the channel region of the electrodes and dried at 25°C. After the reagent
was immobilized on the capillary-fill channel, a covering sheet was coated on the insulation layer
to prevent the biosensors from staining. Finally, the electrode arrays were cut in pieces, and dry
biosensors were stored at 4°C.
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Figure 7. Schematic diagram of disposable biosensor with tri-electrodes. (a) Three-dimensional structure schematic
diagram. (b) Planar graph of the biosensor. (1) Working electrode, (2) counter electrode, (3) Agl| AgCl reference electrode,
(4) lead line, (5) insulating double-sided adhesive, and (6) the cover layer (from [52, 53]).
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During the amperometric experiments, a potential of 0.1 V vs. integrated AglAgCl reference
electrode was employed. The dry reagent biosensor combined with handheld meter was used
to determine analytes in blood. The osmium redox polymer medium covalently combined on
the electrode reduces the working potential of the sensor and reduces the interference of other
active substances.

The disposable biosensors have the advantages of easy handling, quick test in several minutes,
friendly to untrained users. In order to realize multiparameter detection and more accurate
measurement, more complex biosensors are designed and developed. The biosensors designed
by i-STAT (Figure 8) have prestorage of two kinds of reagents (dry and liquid), using the
airbag driving mode, which further improves the precision and linearity of the detection.

2.4. Continuous real-time in vivo monitoring

Physiological diseases and various physiological activities of human are often identified as
biochemical substances. So far, the determination of these identification substances is mainly
in vitro. In general, in vitro determination can satisfy the diagnosis of the disease and the basic
judgment of some physiological states [55]. However, the monitoring and treatment of some
sudden and severe diseases are best to be monitored in real time. Therefore, the measurement

-] o o = "- '—l‘f :_-}—— Cartzidpe Lalwl

{a] Sl By
well Gas ket
== ] i peresd

~ Canradge Crver

Larmpde Chbry veell

Titefmts 1 ik et
Wi g
Calibwars Foanh
E = [ - T Pustr mwin g Blarls
3 A = ~Cartthdge B
b S e -
|‘ o 8 ﬁﬁ‘l’? .
™ A Bladcer

Figure 8. The integrated biosensor and handheld reader of i-STAT analyzer. (a) the portable i-STAT analyzer. (b) the
disposable biosensor with integrated structure; 65-95 uL whole blood sample is filled by capillary forces and pressure
force. (c) the biosensor is loaded into the meter, and the samples is pushed by pressure and capillary forces for electro-
chemical detection. (d) the fabrication of the biosensor (from [50, 54]).
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of in vivo in the biosensor has its special significance both in the clinical monitoring of the
patients and in the basic physiological research [56-58].

The internal environment is very complex, not as easy to control as in vitro environment. After
implantation of biosensor, it is important not only to ensure normal performance parameters
of biosensors but also to ensure that implanted sensor systems cannot pose any danger to
patients or subjects. Therefore, we should not only face some special technical problems but
also follow strict regulations on medical instrument management and obtain experimental
licenses. Biosensor for in vivo monitoring needs to be implanted into the body (such as blood
vessels, cerebral cortex, subcutaneous tissue) and faces many complex environments, including
the tissue response, biocompatibility, disinfection problems, oxygen interference, and other tech-
nical issues.

Many companies and research institutes carry out the research on in vivo sensor system in
recent years. Several glucose sensor systems that continuously monitor the blood glucose level
under the subcutaneous have been commercially developed and applied. Nowadays, these
blood glucose sensors belong to this kind of “percutaneous,” which directly pierce the fine-
needle sensor into the skin, and the base and data part are fixed on the skin. The CGMS probe
sensor from Medtronic company has three layers containing the semipermeable membrane,
glucose oxidase, and platinum electrode [59]. Among them, the platinum electrode of the
Medtronic probe is the tri-electrode probe system, which can reduce the interference of the
impurity to the current signal. The CGMS probe was implanted subcutaneously for 3 days in
the patient’s abdomen (Figure 9). The probe generates electrical signals by chemical reaction
with glucose in the subcutaneous intercellular fluid of the patient. The electrical signal is
proportional to the concentration of blood sugar, but it is delayed for about 20 minutes. The
Abbott freestyle continuous glucose monitoring system contains implantable needle biosensor
and wireless reading device. The implantable needle biosensor adopted the same principal
with the size of length 5 and 0.4 mm diameter on a coin-sized sticker (Figure 10), long term for
14 days sticking on the upper arm [60]. When we want to check blood sugar, the blood glucose
meter is close to the circle sticker, which is accurate and convenient. The Eversense Continuous
Glucose Monitoring (CGM) developed by Senseonics medical company has been approved by

Figure 9. The Medtronic needle sensor and reader.
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Figure 10. The Abbott continuous glucose monitoring sensor.

the EU management department for CE. The Eversense system implanted a needle-type sensor
subcutaneously into the upper arm of the patient for a period of 90 days [61].

The new sensing technology improves the value of biological analysis and improves the level
of diagnosis and monitoring of disease. These smaller, more easy-to-use new devices not only
broaden the scope of diagnosis but also provide more effective methods for monitoring special
conditions.

3. Conclusion

Biosensor has the characteristics of cross disciplinary integration. The development trends of bio-
sensors are miniaturization, multifunction, integration, and intelligence. The introduction of some
new frontier technology such as microelectronics, nanotechnology, and microelectromechanical
technology (Microelectronic Mechanism) is applied to the biomedical sensor to develop a new
generation of biosensor with low cost, high sensitivity, high reliability, high life and bionic function,
achieving rapid and accurate test of trace components in the sample. At the same time, the
biomedical sensor has developed from planar two-dimensional to three-dimensional microelec-
tronic mechanical system sensors. With the development of computer software and hardware
technology, sensor technology will also develop, and the biological system of closed-loop control
will be possible. In the future, biosensors will be widely used in many fields, such as food detection,
medical care, disease diagnosis, environmental monitoring, fermentation industry, and so on.
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Abstract

Biofluids remain a difficult issue in some drug delivery processes for separation of biopar-
ticles through microchannels. This chapter reviews the techniques which have been sub-
stantiated and proven helpful for the separation of particles depending on mass and size
with some constraints of high throughput. In this study, a key focus will be on separation
criterion by patterning of a microchannel and utilize sieve type channels based on spheri-
cal bioparticles. The first part focuses on the designing of the pattern for issues of the net-
work like clogging and theoretical experiments by both hydrodynamic and other passive
methods for sorting/separation. The second part focuses on the simulations for separa-
tion for small and larger bio particles depending on mass and size, samples of blood and
other Klebsiella infected fluidic samples for the experiment. The theme provided for mass
and size-based separation is simple and can accomplish operations in microfluidics for
several biological experiments, diagnosis approaches and zoological researches.

Keywords: microfluidics particle sorting, patterning, Klebsiella and other bioparticle,
COMSOL Multiphysics 5.2a

1. Introduction

A portion of MEMS, that is, micro electro mechanical system technology has contributed
in various applications of sensors and actuators, BioMEMS applications [1] in which it has
played a crucial role for Micro/Nano fluidic devices and a key role for validating a factor in
integration of multiple functions for different microdevice and miniaturization. These tech-
nologies of Microsystem are used widely in biomedical, disposability, low power consump-
tion, low cost as well as it incorporates multiple phenomena physically and due to its design
complications it is difficult to deploy these devices than other sensors [1].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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BioMEMS has different types of devices which determines that device for this term have
some manipulations in chemicals for about smallest part in form of microlitre for bacteria
or proteins separation purpose of different cells (spherical and non-spherical) drug deliv-
ery and detection of contaminant with other manipulations necessary. However, some of the
micro electro mechanical system (device instrument), which is attached to normal surgical
instruments, is also called BioMEMS type but it is not included in such normal devices due
to restriction honored and considered as technical type instrument. There are some other
devices which involve itself under BioMEMS to accentuate the idea and perform all tasked
from input of samples to the detection of the cells or proteins named micro-total-analysis sys-
tem. Operations at chip scale can replace some familiar works of laboratory process known as
lab-on-a-chip as well as for the approach for conducting measurements parallel an array proces-
sor are been included. There are some other term which does not belongs to the BloMEMS but
it emerges with it are defined with self as microfluidics [1].

A splendid addition has been exhibited which allows for the sorting depending on selection
and different interests in analytes [2—4]. Thus this chapter deals with the different techniques
used for separation and for micropatterning of array channels used in different applications
of biomedicals and other BioMEMS terms. First part of this chapter deals with the active and
passive approaches for bioparticles and cellular separation depending on the fluid velocities
and its concentration depending on applications and designing. The second half of the chap-
ter focuses on the simulations of the sorting and the detection techniques [5].

2. Patterning, separation and detection in microfluidics

In Microfluidics system technology there is an separation methods which can manipulate
individual cells having the potential and empowers the experiment sets larger with lower
reagent costs and allow for faster reaction work compared to conventional methods [6] for
separation and modeling area using micropatterning for the samples like blood and other
species like mammalian cells (K. prneumoniae) focused on the size and mass of the bioparticle
(Spherical and Non-spherical). Nonetheless in recent years Klebsiella species has now become
one of the important antibody in infections like nosocomial even there are some important
members of Klebsiella breed of Entero-bacteriaceae and some have been exhibited in human
laboratory specimens like K. rhinoscleromatis and K. oxytoca [7]. However separation and
detection for the manipulations from the fluidic sample of bioparticles using microfluidics
are sensible and challenging issues in laboratories depending on the flow rates, throughput
and clogging on microscale [5].

Separation of size-based particle and aborting is occupied in many filtration systems of com-
monly used tap water filters to a system with complex size separation chromatography sys-
tems. As separation of size-based particle has various intent which consists of distillation of
fluids or air and analytes concentration (macromolecules or proteins, DNA and others) in
separation of components and biological cells. Depending on the size and mass based separa-
tion the modeling like patterning or sieving methods are commonly used where it will allow
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those bioparticles (spherical and non-spherical) to flow through gaps according to hydrody-
namic flow rate and based on fluid velocity and viscosity measurement the other particles can
be sorted individually for precise outcome [8].

2.1. Bioparticles of spherical and non-spherical shape

Ideally for geometry, it has a definite shape associated with the index of shape for adequate
characterization. Depending on the characteristics of the bioparticles and its recognition visu-
ally is straightforward as defining in words or numerical value of a shape can be in a limited
portion. Despite the efforts made in previous works in evolving a sphericity or index have cre-
ated many hurdles for distributing values on the 3-dimensional complex irregular shape [9-11].
For the shape factor there is no perturbation with it for changes in the drag force of particle for
spherical and non-spherical as there has been a development in the dynamic shape factor rela-
tively. This ratio of drag force is calculated for the forces experienced by the spherical or non-
spherical particle over the ratio of other particles with the volume equivalently flowing with
the medium and same flow velocity. Other than spherical particle there is a an phenomenon
change in the non-spherical particle as understanding the indexing of non-spherical particle is
important with the chemical, physical, biological functions and other phenomenon by which
the changes in the effect of bioparticles cannot be denied. However the anatomy of some pro-
teins molecule to the utmost dimensions of galaxies and stars neglecting the effect of shape can
be made. Interaction with the analysis of particles deeply requires some considerations of shape
for behavior in the system of the particle in applications practically to conclude [8] (Figure 1).

2.2. Techniques for sorting

In recent years for studies of application on cell separation there were many techniques
extended which emerged in the field of microfluidics for biomolecular analysis which are ini-
tially driven as per requirement. While manipulation and Cell separation is a crucial sample
step for processing in many medical assays and low Reynolds numbers as well as predictable
flows, small fluid volumes, small dimensions, materials and the established microfabrication
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Figure 1. Types of bacteria present with its size of shape [12].
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techniques which are typical microfluidic device factors allows user to work with cells on
microscale. Existing microfluidic separation methods are categorized into two methods as
active and passive methods where active methods incorporate an external force and passive
methods rely on carefully designed channel geometries and internal forces to sort different
particles. Classification is as shown in Figure 2.

In this chapter, we introduce various principles and related methods including some common
separation methods for active type include immunomagnetic separation (IMS), acoustophore-
sis, electrophoresis, dielectrophoresis, optical force and flow cytometry or FACS [14]. There are
different technologies or methods in microfluidics for precise, passive and continuous sorting
systems invented including Hydrodynamic inertial force, Deterministic Lateral Displacement
(DLD), Pinched-Flow Fractionation (PFF) and Hydrodynamic Filtration (HDF) [15, 16].

Microfluidic technologies that can manipulate individual cells with the potential enable larger
experiment sets, lower reagent costs and allow for faster reaction work compared to conven-
tional methods [6]. PFF is a separation technique where a field is applied to a fluid suspension
pumped through channel which is narrow and long, flow in perpendicular direction depend-
ing on their differing “Flexibility” under the exerted force by the field and to cause separation
of the particles present in the fluid. In recent years a number of microfluidic devices have been
advanced for the continuous separation of bioparticles by employing unique techniques. One
of the prominent separation method is DLD in which particles drives through the post to post
arrays positions. The interaction of the different particles with different size and post to post
array directions leads to different bacteria to drift in different directions with respect to the
arrays thus causing the continuous fractionation and two dimensional of the sample mixture.
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Figure 2. Classification of microfluidic sorting and separation techniques [13].
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Hydrodynamic force is one of the inherent physical principle and basic in system of micro-
fluidics where inertial force and dean rotation force has been utilized, though hydrodynamic
force based separation system can be created by fluid dynamic theory based microchannel
network. An Acoustic method utilizes the ultrasonic standing waves and allowing a manipu-
lation of cells then other separation methods like dielectrophoretic, magnetic and others. The
basic principle of acoustic sorting is to use pressure gradients generated by ultrasonic stand-
ing waves since most microfluidic system uses liquid medium as the working fluid. DEP is
the electro kinetic motion which occurs when polarisable particle is placed in non-uniform
electric fields and particle motion induced by DEP force is influenced by the ambient electric
field and the properties of electric particles or solutions. Magnetic sorting system can be of
two different categories for separation (I) Attaching magnetic particles to the cells to react
with the magnetic field and (II) Utilizing the native magnetic properties of the cells in laminar
flow for some basic motion of particles expressed as Newton’s second law [17] schematics
shown in Figure 3.

Microfiltration is a method of basic concept for separating and sorting microparticles which
utilizes the size of micropores and the gap between microposts as a lattice or sieve. Accordingly,
microfiltration is highly dependent on the sizes of the microparticles. The advantages of this
methods discussed are easy for understanding the separation principles for engineer or sci-
entists to implement for an application to existing methods [17]. Thus by this study we have
introduced a developed technique HDF which focuses on the shear flow of input associated
with buffer streams which constricts the stream flow within the middle of the microchannel
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Figure 3. Cell Separation principle schematics (a) Geometrical constraints for cell size in microfiltration technique (b)
hydrodynamic forces applied to the cells in the network of microchannel (c) Between the magnetic force field and the
magnetic particles attached to the cells they are separated by the attraction force (d) The ultrasonic waves generated
by the transducers from which acoustic cell separation utilizes acoustic primary radiation force (e) The electro kinetic
motion of polarisable cells in non-uniform electric fields is utilized by Dielectrophoretic force (DEP) [17].
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accommodated with particles in the plane of sidewalls with narrow width [18] where both
concentration and classification of particles can be examined at the same interval of time by
introducing a solution consisting of particle beads of various mass and size.

We preceded here with a method that has been adopted to invent a separation mechanism,
Continuous processing, high precision for particle separation and high throughput [17]. When
a particle flows in a microchannel the center position of the particle cannot remain present on
a certain distance from sidewalls which is equal to the particle radius. The method of filtration
utilizes this fact and is performed using a Sieve type-shaped microchannel network having
multiple side branch channels/sieve-shaped networks. According to flow rates in microchan-
nel by fluid flow (pl) it withdraws a small amount of liquid continuously on intervals from
the main stream through the side microchannel network and particles are concentrated and
aligned in the network according to size and mass. However the concentrated and sorted
particles can be collected according to size and mass through all other output channels in the
stream of the microchannel network. Therefore continuous introduction of a particle suspen-
sion into the microchannel enable particle sorting, concentration and classification at the same
time with precision [19]. Whenever there is a difference in particle size and mass then separa-
tion becomes difficult for the result and mesh clogging is inevitable [20].

Hydrodynamic Filtration is one of the most frequently used technique to classify particles sus-
pended in fluid flow due to sedimentation. Existing filtration methods performed either in
batch or continuous manner and large-scale treatment can be easily achieved. Biological entities
such as rod-shaped bacteria and disc-shaped red blood cells (RBCs), disproportional length
and width which complicate the separation process designed for spherical particles and the
narrowest width has to be considered for the separation criteria within the design parameters
of the microfluidic devices. Some of the examples for cell separation include (Figures 4 and 5):

¢ Blood cells (WBC) isolation from tissue
¢ Circulating Tumor Cells (CTC) from blood
¢ Separation of some bacteria from food which are pathogenic to health and other systems

* Resistant cells isolation from peripheral blood
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Figure 4. Role of microfluidics for the separation.
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Figure 5. Sorting and separation for different cells from mixed population to isolated populations [20].

However there are some essential approaches through which separation takes in microfluids,

* From a biological sample if a single type cell is removed it can be called as Depletion region.
Example mononuclear cells from which RBCs can be removed.

¢ Similarly when there is need of removing cells other then the single cell like RBC a Negative
selection can be done where it will leave single cell type and other packet of cell needed to
be removed can be separated. Example like bone marrow or whole blood sample, removal
of cells varying with size and others.

* Whenever there is any downstream analysis then a mechanism of removal cell type
is targeted whichever cell depending on size and mass can be separated this type of
typical selection can be processed by positive selection. This type can be possible in
monoclonal antibodies and performed by aiming a surface marker of cells (biopar-
ticles) [20].
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3. Analysis and modeling for microchannel

3.1. Sieve or lattice type microchannel network design

The sieve-shaped micro channel network is assured of two types of microchannels (I) The
main channel and (II) Separation channel, In microchannel main channels are deeper than
the separation channels as the main channels are at different angle positions of channel to
lower right/left and perpendicularly-crossing are separation channels. Particle/cell is intro-
duced continuously from the inlet at intervals, whereas a buffer solution without particles/
cell is introduced from two side inlets shown in Figures 6-8. Smaller particles can reach the
ceiling (upper region) of the main channels but the larger particles cannot because of the
effect of hydrodynamic filtration. Consequently the repetition of the larger particles entering
the separation channels will be higher than that of the smaller particles and the positions of
the larger particles will shift in the direction according to flow rate more greatly than those
of the smaller particles depending on the mass and size of the particle achieving continuous
separation [21].

As discussed about the techniques employing the effect of hydrodynamics in microfluidic
applications has been prominent in the decades to be fruitful in terms of efficiency, through-
put and continues to develop in the future through some more improvements in separation
processing rate and resolution. However there are many other new areas of hydrodynamic
microfluidic phenomena for an application which demand further investigations and prom-
isingly both explain and informs researchers theoretically about basics on physics and
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Figure 6. Hydrodynamic filtration principle showing behavior of particle at branch point according to different flow
rates which are high, medium and low at multiple channels [19].
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Figure 7. Schematic of Sieve type — shaped Microchannel network.

to exploit them experimentally in applications of biological terms. In spite of a few active
separation techniques have been developed to conform the demand growing in these new
area [22]. Presently a continuous particle/cell separation system utilizes a Sieve type-shaped
micro channel network has been shown ahead. The difference in the densities, velocity, pres-
sure and viscosity in sample it generates the asymmetric and symmetric flow distribution
at each intersection with intervals resulting in the separation of large size particles through
the streamline [23]. A modified mechanism of particle sorting using sieve type microchannel
patterning is presented where it potentially enables the throughput separation highly and
can prevent clogging problem of micro channel at some extent. The presented system would
become a simple but valuable unit operation in the microfluidic apparatus for medical and
biological experiments [21]. The presented network system would be highly useful because of
sorting microparticles and cells with a high precision and would become an important useful
tool for general chemical/ biological experiments in laboratories.
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Figure 8. Schematic of: (a) Symmetric hydrodynamic flow focusing and (b) Asymmetric hydrodynamic flow focusing
[27].
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Here two inlets are employed from which one is used to introduce fluid without containing
particles so that the particles flow along the sidewall. Multiple side channels are used in area
so that particles larger than a certain size cannot pass through. As a result, such particles are
concentrated and focused onto the sidewall. Microchannel network can be as shown in figure
using COMSOL Multiphysics 5.2a software. In the downstream area the side channels are
made gradually wider or shorter so that the particles are removed from the main stream in
ascending order of size. Thus, the particles are sorted by size and concentrated with cytometry
of flow with a basic laminar flow that focuses particles in same dimension, while at High
flow rate inertial forces on particles cause are used to manipulate particles and inertial forces
dominates when the particles Reynolds number is >1.

It is well known that a microchannel acts as a resistive circuit when an incompressible
Newtonian fluid is continuously introduced into the channel. The micro device was therefore
designed according to the concept that the volumetric flow rate Q, applied pressure P, and
hydrodynamic resistance R are analogs of I, V and R in Ohm’s law, respectively. In this study
the following equation was used to estimate the hydrodynamic resistance R of each segment
of the microchannel [24].

1921 s
R lL 1- 1 3 tanh(f/zl,) (1)

i n5 12 n=1,3,5 n
where [, and [, are either the width or depth of the microchannel however, [, is the larger of
these two values.

3.2. Theoretical and numerical analysis

For theoretical discussion prediction made with the width of two-dimensional hydrodynami-
cally streams in rectangular shape micro channels is designed. Here critical diameter of bacteria
particles will sustain a stable detonation for minimum diameter while the spacing that is center
to center between the post is known as A and d is known as the relative shift between adjacent
posts, thus to measure the parameter A |t can be measure with relative shift and tangent of the
angle with respect to the vertical objects through the array as shown in (Figure 8) [25].

d
€=7 )
“Unconfined” and “confined” critical diameter was determined directly by inspecting the experi-

mental distance/time data and examining the lattice-shaped microchannel at different angle [26].

Generally, € (smaller) gives an result for smaller critical size in an array. However the clogging
problem and large particle densities in an array do not occur easily. Therefore for a simple
object [25],

D = &5 )
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where KT is thermal energy at temperature, D is diffusion coefficient of particle of radius ‘a’
inflow that we wish to separate from flow streamlines.

In this sieve type-shaped design a single region of posts will have a single threshold and
particle flow will be in two directions. According to the principle of mass conservation, the
supply of fluid flow passing through the dimension of the stream should be equal to the fluid
passing through the inlet channel, i.e. [27]

O

S
I
2|

(4)

—
<&

Moreover, the total fluid flowing through the outlet channel must equal the total amount of
fluid supplied from the inlet and side channels, i.e. [27]

_0rQre
VT ToxE ©

Therefore, the relation between the width of the hydrodynamic focused stream (w,) and the
volumetric flow rates of the inlet channel (Q,) and the side channels (Q_, and Q_) can be as
[27].

wf _ Qi
w, ~ V(Q,+Qs|+Q<) (6)
where,
v,

where the velocity ratio y to be found, w_ is width of the outlet channel and v, and v_ are the
average flow velocities in the focusing stream and the outlet, respectively shown in Figure 6
[27].

Thus the performance of the device using sieve type-shaped microchannel can be improved
with the faster flow rate and clogging problem can be reduced. A critical hydrodynamic diam-
eter can be designed easily with G between posts of the microchannel shown in Figure 9. Some
assumptions on this study were made are:

1. Flow within the micro channels is steady and laminar. But, because of the smaller charac-
teristic dimensions are involved the flow in microchannel is laminar.

2. The fluids are Newtonian.
3. The fluid has constant density in the inlet channel, side channels and outlet channel.

4. Inlet, outlet and all the channels are of the same measurement.
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Small Particle ~ Large Particle
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Figure 9. (a) Separation by a DLD in an array of micro posts with streamlines shown with G is spacing between the gaps
in structure [28] (b) and (c) Structure and rectangular shape have and x and y distance of 4.3 and 2 pm showing main
channel and separation channel.

For the particle movement depending on the volumetric flow rate was measured in COMSOL
multiphysics 5.2a software by the Navier-stokes equation in compressible fluid flow [29].

{ (P(?)_Ltt) i 'V”)} = {~Vp}+ {V' (Vi + (V)T) =3 (v - u)I} +F %

There is a unique term that corresponds to the inertial forces, viscous forces, pressure forces and
external forces which are applied to the fluid flow as Eq. (7) plays a vital role for the flow and
to predict the movement for the particle according to the volumetric flow through the channel.
For the different velocity magnitude at various streamlines for the particle in microchannel-1 is
calculated on the basis of Eq. (7) precisely in COMSOL multiphysics 5.2a. By solving equation
for specific conditions include inlets, outlets and walls predictions for the velocity and pressure
in geometry can be observed and using sieves or grooves in a microchannel can be simulated.
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However instead of rectangle type shape in microchannel there are many related surfaces
which can be used for sieving type or micropatterning of microchannel by which a precise
result can be generated and can be modified using microchannel network for experimental
work after fabrication of the microchannel for different surfaces are as shown in (Figure 10).
For fabrication in micropatterning it has some processes used in BioMEMS and carried for
micropatterning a channel as,

¢ Deposition process which is subdivided into,
(1) Physical
(2) Chemical

* Patterning process in MEMS is the transfer of pattern into a material lithography is widly
used process which are framed as,

(1) Lithography where some types of categories are available with its process as Photolithog-
raphy, Electron beam lithography, Ion beam lithography, Ion track technology and X-ray
lithography

* Etching process are subdivided into,
(1) Wet etching
(2) Dry etching

Depending on different modeling, analysis of microchannel and sieve type patterns the fab-
rication can be proceeded with reliable material which can withstand some parameters for a
patterned chip and can be sued in different areas for sample analysis like separation of par-
ticle and detection of bacteria from the given sample like CTCs, DNA, Klebsiella bacteria like
E. coli, K. pneumoiea and other types.

The main task which can be carried for separation are the size and mass of the bacteria rang-
ing between 0.3 and 10 pum and mass weight can vary from 1 to 10> Kg depending on the
sample in biological terms precisely. Similarly for Klebsiella species one of the bacteria cells
are K. pneumoniae whose particle size varies around 0.5-2.5 pm. However the mass of the

\ 4
@ oV N o

(d) @

Figure 10. Different shape for microchannel (grooves).
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bacteria particle of K. pneumoniae changes with the size of the particle and remains in a range
of 1072 to 10°Kg. Depending on the volumetric flow rates in microfluidic system for a hydro-
dynamic filtration method the flow rates for the separation of K. pneumoniae bacteria from the
sample can be precisely separated. Similarly the flow rates depending on the fluid viscosity
and density can test at different flow rates in microliters (ul) numerous times for the inlets.
According to model designed in (Figure 7) can be tested with two or multiple types of par-
ticles differing in size and shapes for the separation however it is possible for experimentation
and simulation in software like COMSOL Multiphysics 5.2a, Intellisuite and other related
tools. Whereas the clogging problem in the channel can be reduced using this structure which
is a major issue for separation in micropatterned channels. Thus can achieve higher through-
put sorting when a separation occurs at every intersections and robust against the problem of
clogging in microchannel.
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Figure 11. Shown in (a), (b), (c) and (d) Sieve type-shaped Microchannel at different angles with water solution at 50 pl/s
of fluid flow rate in water. Similarly tested at different flow rate for different angles with measureable flowrates and
simulated with blood sample properties also with the software COMSOL Multiphysics 5.2a.
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Figure 12. (a) Outputs for microchannel vs. Number of bioparticles seprated(%)(m/s) plot when water is passed through
grooves at 50 pl/s for different angles, (b) Similarly, Outputs for microchannel vs. Number of bioparticles separated (%)
(m/s) plot when blood is passed through grooves at 3000 /s for different angles.

Sieve type microchannel network is designed with main channel and a separation channel
where the cells with sample are continuously introduced through an inlet-1 and the other
inlet-2(buffer) through which the sample is injected without cells to precede the sample in
the flow to decrease the fluctuations in flow when moving through the chip. Overall out-
puts (Four outputs) through which bacteria particles can be counted at it rates and pressure
by which separation can be easily identified. As per the experimental simulations shown in
Figures 11 and 12 (Graphs) it give a probable results by which the larger particles of different
mass are been detected through output-4 and the smaller particles of same mass and size are
relatively sorted through the other outputs depending of the fluid flow rates which are mostly
detected from output-3 and output-2. However Smaller particles will reach the ceiling (upper
region) of the primary channel But the larger particles cannot because of the hydrodynamic
effect. Owing to the change in frequency of particles they gets shifted toward right direction
according to the fluid rate and buffer effect by which paticles are individually identified
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through outputs. Similarly different shapes of particles like non-spherical or rod-type shape
can be utilized and detected through microchannel network for sorting. By this system of
sieve network it achieves a high throughput sorting while separation occurred at every inter-
section and is robust against the issue of clogging in microchannel network [6].

Micro device having sieve-shaped micropatterned channel has been designed and simulated for
a distinct slanted angles at 90, 15, 25 and 35° through which separation of mass and size-based
particles from a sample was carried for K. pneumoiae beads (by using its properties). The model
for the Sieve type microchannel has been done based on the equation for critical diameter,
Navier-stokes equations analysis and accordingly depending on the mass and size of the par-
ticle it was separated through the main and separation channels of micropatterned chip of sieve
type model. The fluid flow simulation was tested with blood sample and distilled water prop-
erties in simulation at different angles of channels by which a bigger particle as well as smaller
particles were separately identified via outputs for the precise separation (Figures 11 and 12).
The main channel and the separation channel were crossing at right angle and also the particles
with the size of 3 and 8 pm (aspect ratio = 0.3) were separated through outputs at various flow
rates in ul/s for blood and water mixed with properties of K. pneumoniae beads by micro chan-
nel network as the size of the K. pneumoniae varies from 0.5 to 2.5 um shown in Figure 11.

We examined the model of separation at different input flow rates concerning about 13, 20,
25, 50, 66, 80 ul/s with water and 133, 666, 800, 1000, 3000, 5000 pl/s with blood by which the
separation behavior of the particles using COMSOL Multiphysics 5.2a were simulated and
calculation is done. Similarly, at various angles of the channels the samples through input
were simulated for the quick and precise performance for the sorting of bacteria at different
fluid flow rates mentioned shown in Figure 12.

Finally a discussion can be made for the K. pneumoniae particles that it can be examined with
different size of the spherical or non-spherical shape cells for separation which has been a big
issue in hospitals and routine lifestyle. Since infections K. pneumoniae are air borne type which
is controlled by mucosal vaccination through pulmonary route and nasal can be an assured
approach in order to resemble natural infection. Other than traditional vaccines new vaccines
like subunit vaccines are safer but they have less immune response [30]. Therefore to enlarge
their immunogenicity, dynamic and delivery systems and safe adjuvant are necessary to be
developed. Thus by using micropatterning system the sorting of particle from samples can be
easily invented [30]. Furthermore this microchannel network can be carried for different pur-
poses for biological or industrial work and even for the separation of rod-type particles from
the K. pneumoniae by improving separation efficiency and change or modification in design
for the better cause.

4. Conclusion

There was an good development in past, where various microfluidic techniques were devel-
oped which involves application in enrichment, particle sorting and detection. However
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expected high throughput and clogging problem are the facts which has to be properly experi-
mented for higher purpose of biological testings, their conditioning and patterning related
fabrication techniques for developement with some characteristics and precise separation of
cells should be one of the top priorities. Thus sieve-typed microchannel network can be a pre-
cise separation chip network which is efficient for hydrodynamic cell in microfluidic device
of size and mass based separation. Effective for mucosal vaccine delivery systems, while flow
can be related for immune protection against K. pneumoniae infection and suitable for group
vaccination programs resulting in considerable health as well as economic benefits. Therefore
to contribute to the different successful collaborations at this stage where the stability and
the robustness of the microfluidic viability should be taken into care to steadily contribute
to successful collaborations between different biomedical, clinicians, biologists, and other the
microfluidic association.
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Abstract

This chapter intends to deal with the challenging field of communication systems known
as reconfigurable radio-frequency systems. Mainly, it will present and analyze the design
of different reconfigurable components based on radio-frequency microelectromechanical
systems (RF MEMS) for different applications. This chapter will start with the description
of the attractive properties that RF MEMS structures offer, giving flexibility in the RF
systems design, and how these properties may be used for the design of reconfigurable
RF MEMS-based devices. Then, the chapter will discuss the design, modeling, and simu-
lation of reconfigurable components based on both theoretical modeling and well-known
electromagnetic computing tools such as ADS, CST-MWS, and HFSS to evaluate the
performance of such devices. Finally, the chapter will deal with the design and perfor-
mance assessment of RF MEMS-based devices. Non-radiating devices, such as phase
shifter and resonators, which are very important components in the hardware RF boards,
will be addressed. Also, three types of frequency reconfigurable antennas, for the three
different applications (radar, satellite, and wireless communication), will be proposed and
evaluated. From this study, based on theoretical design and electromagnetic computing
evaluation, it has been shown that RF MEMS-based devices can be an enabling solution in
the design of the multiband reconfigurable radio-frequency devices.

Keywords: RF MEMS capacitive switch, modeling, tunable, MMIC, phase shifter,
RF resonator, frequency reconfigurable antennas
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1. Introduction

The extraordinary evolution and the knowledge built-in the radio-frequency field were noticed
in various applications such as militaries, medicine, and telecommunication. At the system
level, one trend in the field of wireless telecommunications is the design of multiband and
multimode devices, with an ever-increasing number of features, leading to the so pursued
reconfigurable systems.

At present, reconfigurable systems have become very promising in a wide range of applica-
tions, including future services of wireless communication systems. However, the wide spread
of wireless communication systems and the emergence of new wireless communication stan-
dards have introduced new challenges in the hardware design for transmitters and receivers.
To tackle this problem, nowadays telecommunication systems need to use a significant num-
ber of tunable components, where the performance is degraded when compared to their
equivalents at fixed frequencies.

A telecommunication system is said to be tunable or reconfigurable, when some of its charac-
teristics (central frequency, bandwidth, polarization, etc.) can be modified by an external
control signal (electrical, mechanical, thermal, etc.). Despite tunable components can be real-
ized using many different designs, mainly, two approaches exist for tunability:

*  The first way is achieved by the possibility to change the substrate permittivity (ferroelec-
tric [1] and ferromagnetic [2]).

* The second way consists in a change of the capacitive or the inductive load by the
addition of tunable radio-frequency integrated circuits (RFIC). This method relies on
semiconductor devices (diode [3] and transistors [4]) or mechanical (RF MEMS [5])
components.

The RF MEMS devices feature low-power consumption, high linearity, wide bandwidth, and
high dynamic range, which are among the most important requirements that each component
must meet in order to achieve high-performance wireless systems.

This chapter will present the development of frequency and phase reconfigurable components,
based on capacitive tunable RF MEMS.

2. RF MEMS technologies

RF MEMS has its origin in the MEMS systems, which are miniature electronic and/or mechan-
ical systems designed to perform specific tasks. They consist of motors, gears, levers, electrical
devices, or tiny sensors. These devices are used in many applications and their size range from
a few micrometers to a few millimeters. By the late 1960s, MEMS systems were used as precise
sensors of hydraulic pressure in aircraft. Today, these systems play an important and ever-
increasing role in the fields of medicine (detection of organic cells), automotive (accelerometer
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in airbag triggering), entertainment (motion detection in a video game), and optics (micro
mirrors), to mention just a few applications.

2.1. What is RF MEMS?

MEMS devices have found application in many different fields. As shown in Figure 1, the
MEMS components can be classified into four main families [6]:

* Sensors: miniaturized systems, made from microtechnologies used for sensor applica-
tions in measurement and instrumentation fields, such as pressure sensors and capacitive
accelerometer.

¢  MOEMS: this type of MEMS can be used in optical technologies, such as micro mirrors,
optical switches, and optical cavities.

¢ Bio-MEMS: miniaturized systems, made from micro- and nanotechnologies derived from
microelectronics (integrated circuits) which is intended to carry out experiments in biol-
ogy/chemistry, such as DNA chip, microchemical reactor, and micro valves.

* RF MEMS: in the field of microwaves, they improve the performance of tunable devices to
various functions, such as variable passive components, resonators, filters, and antennas.

In this way, RF MEMS is usually related with the application of MEMS technologies to develop
systems that contribute to the RF system development. They can be used to increase the
performance or to implement characteristics not achievable by other solutions, even if perfor-
mance is slightly degraded. Despite a few drawbacks, the emergence of RF MEMS represents a
revolution in the development of new radio-frequency systems. In fact, these elements should
compete or replace certain semiconductor components in microwave applications. They are
very compact (typically a few hundred square micrometers) and can be up to 50% smaller than
semiconductor components performing the same function [7].

MEMS
! I I |
SENSORS MOEMS BIOMEMS EF MEMS
Guiding weapons Optical or Photomie Blood pressure sensor Rv:.luy_:.. switclies and
Switelas radio frequency filters
Aenal surveillance ) )
Interconnects for Pacemakers
o Wide Bandwidil 1.'.111ng1:~.c::m1r.ﬂ|1:d
Cmboard navigation Networks DNA Chip oscillator
SENS0rs

Figure 1. MEMS families.
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2.2. RF MEMS switch as a building block

The microelectromechanical components enable the reconfiguration of electronic devices using
mechanical movements. Using this feature, one building block widely used to enable a
device’s tunability is the MEMS switch, and we call it a MEMS microswitch. The microelec-
tromechanical part of the microswitch, or varactor components, has the form of a mobile beam
suspended and anchored to one of its ends. The beam can be built-in, or double-embedded.
The main idea behind a tunable device is the fact that when a MEMS switch moves, besides
switching from on and off states, it may exhibit a different RF load. And controlling such RF
load, it is possible to tune different RF devices.

2.3. RF MEMS switch control mechanism

The mechanical movement of the beam is obtained by applying an actuating force. This
actuating force is generally of an electrostatic nature [8, 9], but it can be thermal [10], piezo-
electric [11], or magnetic [12]. Table 1 is showing the comparative study of the different types
of actuation [8, 13].

Electrostatic actuators are the most used components because they consume very little, occupy
a very small volume, and has a short switching time. In this chapter, the electrostatically
actuated RF MEMS will be explored as a solution for different applications.

2.4. RF MEMS switches topologies

RF MEMS microswitches are components intended to perform an electrical function through
the control of a movable or mechanically deformable structure. There are two main types of
RF MEMS components: the capacitive touch switch (contact: metal-dielectric-metal) and the
resistive or ohmic contact switch (contact: metal-metal). In both cases, it is necessary to
apply a force to the movable part of the component to move the MEMS beam. In this work,
we will only be interested in RF MEMS capacitive shunt switch based on electrostatic
actuators.

In order to summarize the previous points for RE MEMS, Table 2 makes a comparison
between the two types, ohmic and capacitive, and their configurations [14-17].

Type of switching Switching speed (us) Switch size Consumption (mW)
Electrostatic 0.05-200 Small 0

Thermal 50-200 Medium <100

Piezoelectric 1-200 Medium 0

Magnetic 500-4000 Large <200

Table 1. Comparison of the different types of actuation.



Study and Design of Reconfigurable Wireless and Radio-Frequency Components Based on RF MEMS for Low-Power... 97
http://dx.doi.org/10.5772/intechopen.74785

Ohmic Capacitive

Cantilever OFF

ON

Fixed-fixed beam OFF

ON

L .

) l

Table 2. Classification of RF MEMS switches: cantilever and fixed beam, capacitive and ohmic, series, and shunt
electrical model of MEMS switches.
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3. Capacitive RF MEMS mechanical modeling

Before designing any device using RF MEMS technology, it is required to understand the
behavior of the main block, the switch. In this way, the first design step will be to compute
the applied force a moving beam suffers due to an external electric field. It will be derived
considering that the control signal is an electric potential applied between the movable beam
and an activation electrode.

3.1. Capacitive RF MEMS device configuration

The performance, as well the analysis used to improve the RF MEMS device, is heavily
dependent on the study of the bridge. Figure 2 presents the proposed RF MEMS switch,
with small dimensions (1200 x 900 x 681 um?). This RF MEMS is based on CPW technology
(G/S/G) = (90/120/90).

This RF MEMS varactor structure has a multilayer configuration. The used substrate is based
on silicon (Si) with thickness of 675 um. The second layer is made of a silicon dioxide (SiO,)
with thickness equal to 2 um and a CPW line circuit metal based on copper with thickness of
1 um. The bridge has a depth of 1 um, with ends attached to the groundline of the CPW by an
epoxy (polymer based on negative-tone photoresist SU-8 2000.5 with 3 um thickness). The
dielectric is fabricated through a silicon nitride (SizN,) with depth equal to 1 pm.

3.2. Mechanical model

The first step when modeling a RF MEMS device is to determine the electromechanical
behavior of the switch, meaning that we want to understand how, and how much, the struc-
ture will move in response to an applied voltage.

A
bu B ¢t .
W - 3 Wer
I " B v B ¢
‘_'.. We
P silicon Copper ‘ Wi

I silicon Dioxide - Silicon Nitrade

4
|
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Figure 2. Design of the proposed capacitive RF MEMS device.
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The uniform bridge of MEMS is geometrically simple since it is only a rectangular suspension
located above a tape connected to contact pads by the sides of the same width, as shown in
Figure 3 [18].

Nominal capacity: the capacitance C between the two electrodes is given by:

The mechanical model of deformable flat capacity is given by Eq. (1), where g is the height
between the low beam and the electrode. The bridge width is denoted by Wy, and the length of
the ground electrode by W:

WyW

C=¢ @M

The height depends on the voltage applied between the electrodes. In the absence of voltage
(V =0), the height is equal to g, and the capacity is named Cj [8]:

AW, = dW, — dW,, = (V.dq) — (Fe.dg,) )

where q is the quantity of charge accumulated in the capacity and Fe is the electrostatic force.

The well-known equation of potential of electrostatic energy is given by Eq. (3):

1 2

Ue(j) :EC(V).V 3)
Then, the electrostatic force for a flat capacity can be expressed by Eq. (4):
E _oWe 1 WbWVZ @

Ty 27

The mechanical behavior of the beam can be modeled by a spring of constant kz. This induces
a mechanical force (F,,) exerted by the bridge. This force is the opposite of Fe and it is defined

by Eq. (5):

1 W,W
o) g*; v 5)

We=100 pm

Figure 3. The beam of the MEMS under analysis.
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From this equation, we can then conclude a relationship between the height of the air gap g
and the applied voltage V:

1
0=¢"—g,8+ Weowbwvz (6)

The relationship between the applied voltage and the spacing g parameter is given in Eq. (7):

2k
_ il 2 _
VF’ - \/é‘owbwg (gO g) (7)

k. = % (32Ew @3 +80(1 - 9)w®>. ®)

where E is the Young's modulus, ¢ is the residual stress of the beam, v is the Poisson’s
coefficient, t is the thickness, and 1 is the length of the bridge.

In Table 3, the mechanical properties (Young’'s modulus, Poisson’s ratio, residual stress, and
density) of four different bridge materials (nickel, copper, aluminum, and gold) are presented.

In terms of control voltage, comparatively the nickel presents a bad choice, since the required
voltage to obtain some deflection is near twice the voltage that is required for gold and
aluminum. However, the gold price presents an obstruction, being the best choice, in this
comparative study, the aluminum.

The bridge was simulated using COMSOL multiphysic and reaches a deflection equal to 2 um.
The obtained simulation results are given in Figure 4 for applied voltage equal to 25 V. The
relationship between the capacitance and the applying voltage is shown in Figure 5.

3.3. RF MEMS switch design parameters

We will present next the relevant parameters that define the variable MEMS capacity.

Tuning range: the “tuning range” or variation of the capacity is an important factor of the
variance MEMS capacities. It is defined as

Material Nickel Copper Aluminum Gold
Young’'s modulus E (GPa) 200 120 69 79
Poisson’s ratio 0.31 0.355 0.345 0.42
Residual stress o (MPa) 20 20 20 20
Density (kg/m®) 8900 8960 2700 19,300
Pull-down voltage simulated result [V] 46 34 25 22

Table 3. Mechanical parameters of different materials of the bridge.
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Figure 4. Simulation results of the beam.
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Figure 5. Relationship between the capacity and the voltage applied.

Cmax - Cmin

TR =
Cmin

©)

Quality factor: the quality factor Q of a component is an important parameter. Indeed, it
determines the losses of a variable filter or the noise of a VCO using a variable capacity. It is
defined by the ratio between the energy stored and the energy lost by the component:
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 Lost energy per cycle

Q= Total energy per cycle

(10)

Linearity: the nonlinearity of the passive components is an important and demanding data for
radio-frequency applications. In fact, we want to obtain the value of the linear capacity as a
function of the frequency and the actuating voltage.

4. Capacitive RF MEMS electrical modeling

Once the mechanical response to the control voltage is known, the next step will be to model
the RF load that the switch will present to a transmission line. That load will be the variable
that can be controlled to obtain RF tunable devices or systems.

4.1. RF modeling approach

Figure 6 shows the proposed model of the proposed RF MEMS [19]. The proposed circuit
model consists of two CPW lines, separated by a shunt RLC circuit. The RLC is the equivalent
bridge circuit.

The MEMS can be modeled by the association of three subsystems in cascade. The ABCD
matrix is given by Eq. (11):

O— Z,pl @

Zpla (2

e ) eﬁv’n‘\, ——
e

Bridge

Figure 6. Electromagnetics model.
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A B Al Bl Ab Bb AZ B2
= * * (11)
C D C1 D1 Cb Db C2 DZ
TL1 Bridge TL2

Considering a system represented by an association of three devices where the ABCD matrix is
known, the next step is to determine each subsystem matrix.

4.1.1. Coplanar waveguide modeling

The CPW’s most important electrical parameters are the characteristic impedance Z., and the
effective permittivity e both given by Eq. (12), where K (k) and K’ (k) present the elliptic
integral which essentially depends on the CPW’s geometric and physical characteristics. Here,
g, is the relative permittivity, w is the width of the RF line, s is the gap between the RF line and
ground, £ is the thickness of substrate, and }; is the thickness of the bulffer layer:

307 K'(K)
© Ve KK W
L 1K' (k)K(kq)
of = 1t T T KOK ()
w
k= w +2s
Tw
() (13
e ; 7(w + 2s)
()
K'(k) = K(K'
{k/(:) \/% ) (14)
The ratio K(k)/K'(k) approximation is done by Eq. (15):
1 Kk s
ERTRN T
Kk _ n{2- NG 5
1 Kk 1. ( 1+
\/—isksl = K<)~ nln(21 — \/I?)

The second parameter for modeling the CPW line is the propagation constant. This parameter
is given by Eq. (16), as a function of the attenuation constant and the phase constant. The
attenuation constant is due to the conductor as well as to the attenuation in dielectric, both
presented in Eq. (17):
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a=a.+a,
y=a+jp [3:2_77;/\:¥;C:3X108 ms! (16)
/\ f geﬁueﬁ'

& e(f) —1tand
ag =273 dB/lenght
d € — 1 \/W /\O ( / g )
1 (rr (A (17)
8.68R, a 1+ ki)
a. = - (dB/lenght)
480mK (kK (K;) (1 - &) N 1/ I 8brt(1 —ky)
b H1 + k)
The model of CPW line is presented by ABCD matrix in Eq. (18):
] — — 5
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Figure 7. Simulation results of the scattering parameters versus frequency at the OFF state: (a) return loss, (b) insertion
loss, (c) phase of Sy, (d) phase of Sy,.
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P

c

4.1.2. Bridge modeling

cosh(yL)

Zcsinh(yL)
cosh(yL)

105

(18)

The bridge is modeled by an inductor (L) and a resistance (Ry) in series. These parameters are
independent of the substrate. The proposed RF MEMS has a capacitive variable (Cp). The

parameters (Ly), (Rp), and (Cyp) are given by Egs. (19) and (20):

Ristarr Lovas 48]

Phasa S, [deg]

R — L
owt

(19)

Ly = 0.2*[(In(L/(w +1))) + 1.193 + 0.2235*((w + t)/L)]+L

1 | | \
| :I
r|
i7 |
Imserticn Loss [dE]

Phase 5 [deg]

B88ssassss o

Figure 8. Simulation results of the scattering parameters versus frequency at the ON state: (a) return loss, (b) insertion
loss, (c) phase of Sy3, (d) phase of Sy».
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0&rA
Cdown = th
Cp = EOA (20)
Cop =4
8t -

The bridge model can be presented by the next ABCD matrix:

= T 1
G D Zy ! Ry + jX,

4.2. The scattering parameters model

1 0
= [ 1 1] (21)
Rb +j(Lb(L) + 1/Cba))

The standard output of simulation tools is the S-parameters. In this way, we need to transform
the previous developed model to present it in a convenient way to allow comparison with such
tools. The scattering parameters can be expressed by the following form:

A+B/Zy-CZy—D 2(AD - BC)
S11 S _ A+B/Zy+CZy+D A+B/Zy+CZy+D
{521 522} 2 ~A+B/Zy—CZy+D
A+B/Zy+CZy+D A+B/Zy+CZy+D

where the reflection coefficient and its phase are given by Eq. (23) and the insertion loss and its
phase are given by Eq. (24). The scattering parameters are written in the following form:

(Z2 = Z§) + 2RpZe) +j2ZcXs,

S11 = Sy = Syl = 5 -
((Zo +Z)" +2Rp(Zo + Zc)) + ]2Xb(ZO +Z.)

Sl \/ (22 = 22) +2Ro Z,)* + (22X )?
111 =
2 (23)
. \/<(ZO + 70"+ 2Ro(Zo+ Z0)) + (Xo(Zo + Z0))
Dy — tg 1 <2Z5Xb> _ tg 1 ZXZ(ZO + ZC)
RoZe ((Zo+ 2.7 +2Ro(Z0 + 20))
512 — 521 — |512|ej®12 — - ZRch +]ZZch
((Z0+ 2 + 2Ro(Z + 2)) + 2% (Zo + Z2)
|S | _ \/(2RbZC)2 + (2erb)2
121 — (24)

2
\/ ((zo 47 + 2Ry(Zo + ZC)> + (2% (Zo + Z.))

27.X B 2Xp(Zo + Ze
@y = tg~! <2R Zb) —tg1 Z( 0 )
vZe ((ZO+ZC) +2Rb(ZO+ZE)>

The simulation results of the capacitive RE MEMS switch at the two states OFF (the bridge at
downstate) and ON (bridge position g = 3 pm) are shown, respectively, in Figures 7 and 8.
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To validate our model, we simulated the capacitive RFE MEMS switch with HFSS. The results
are compared in terms of return loss, insertion loss, and phase at the two states of the
capacitive RF MEMS switch (ON and OFF). Here, we intend to show the similarity between
the results of our model and the software HFSS simulation.

5. RF MEMS-based reconfigurable component design

This section will present the use of RF MEMS switches to obtain different tunable RF devices,
namely, a phase shifter, a resonator, and a tunable antenna.

5.1. Reconfigurable phase shifter at 18 GHz based on RF MEMS

The reflection-type phase shifter as shown in Figure 9 is constituted with hybrid coupler and RF
MEMS capacitive switches (i.e., metal-dielectric-metal) [20]. The first RF MEMS is connected
between a through-port and ground. The second is linked between the coupled port and ground.

In this design, the tunability is achieved by the use of a capacitive RF MEMS switch acting as a
reflection load. The capacitor value, which is controlled by a DC voltage, operates from
downstate to upstate. This variable capacitance is used to tune the variable phase shifter.

The reflection-type phase shifter using switch RE MEMS capacitive was implemented in ADS
simulation software. The reflection coefficient I' is given by Eq. (25), where (X, = Lyw—

(1/cow)).

Zy—Zy |22 +2ZRy — ZcZo — ZoRo) + jXo[2Zc — Zo]

I =[[e® = == :
Zs+Zy  [Z:42ZRy + ZZo + ZoRy)| + [Xp[2Zc + Zo]

(25)

Figure 10 shows the RF phase shifter performance around 18 GHz, in terms of the return and
insertion loss, and the phase shift dependency on the applied voltage. Despite not fully linear,
it is possible to observe an almost linear characteristic of the phase shifter in different fre-
quency ranges.

Figure 9. Simulation results of the scattering parameters versus frequency at ON state.

107



108 MEMS Sensors - Design and Application

LS . & e T L]
<5
= < o _-aﬂ.\_,.{:;mm R
B 354 in: lcss.
=0 4
204
E“' 3.
30 l!
E-LE -
e8]
ELE e
504
55 T T T T 150 T T T
a £ ] 12 k] . ol L] 4 E ] 12 1] ol -]
VeVl Ve v
@) (b)

Figure 10. Simulation results of the phase shifter versus the applied voltage at 18 GHz: (a) scattering parameters and (b)
phase.

5.2. MEMS-based reconfigurable resonator

There is an important claim that reconfigurable radio-frequency components on a single chip
with high performances and multiband characteristics may be a solution for wireless commu-
nication [21, 22]. In this study, an improvement of the capacitive RF MEMS structure is
proposed in order to obtain a reconfigurable resonator. Figure 11 shows the suggested RF
MEMS resonator structure [23].

The tunable RF MEMS characteristic was designed based on capacitive and inductive effects.
The capacitive effect is due to the space between the bridge and the RF line, while the inductive

Wlum  &D0em  jaDew  AD0pm Bdum

il
l
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1?'!15-'1"* S00um
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200y | opm &
-
¢ 2
2005

Figure 11. Proposed resonator RFE MEMS.
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effect is due to the presence of two meander inductors which are integrated in line with the RF
waveguide. The combination of these two effects leads to a resonant phenomenon, introducing
different resonant frequencies. If the applied voltage Vp is equal to 0 V, the bridge is in the UP
state; therefore, the device is at a normally ON state. Moreover, the spacing g between the
membrane bridge and the RF line affects the resonance frequency. The spacing g among bridge
and CPW line varies between g =2 pum at OFF state and g =3 pm at ON state.

The proposed tunable resonator was simulated with HFSS and CST-MWS tools. Figure 12
presents the scattering parameters for different bridge positions, in order to achieve a tunabil-
ity on the frequency band between 10 GHz and 40 GHz.

Figure 12a and b shows, respectively, the return loss (S;1) and the insertion loss (S;2) for g =2,
2.5, and 3 um. It is possible to observe that controlling the bridge position level allows to
obtain three resonant frequencies: 21.9, 24, and 25.1 GHz.

The Sy, parameter presents almost constant value equal to —1 dB for all simulated spacing g
factor when the S;; parameter is down to —10 dB. There is a good correspondence between the
simulation results on HFSS and CST-MWS simulators.

Table 4 summarizes the spacing g factor versus the applied voltage. Moreover, the resonance
frequency and the frequency range in different states of the bridge are shown. The RF MEMS is

— 3 HFRE S Jgm & _EERR & T Naw — 8 FFSS @
5, CETaiism — B, CHTH 15 B, CHT Ml 5
o e
p— gt L
5 : .
— . ot
- 11 - S ., E \...
g€ -J.f g i 5
E a0 A
& £} . 5, HFSS at2 g
E \ i 5, HESS 428 pm
2 b = &, HF5S at 3 pm
y 5, CST 8t 2 pm
5 ,CET o 2.5 um
= - €, CST a3 pn
- T T
" 8 w0 & x M - 1 :I:‘ n L o -
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(a) {b)

Figure 12. Scattering parameters at g =2, 2.5, and 3 pum: (a) return loss (b) insertion loss.

Space g (um) Applied voltage (V) Cover band
Resonance frequency (GHz) Frequency range (GHz)
HFSS CST HFSS CST
2 25V 21.9 21 15.6-25.7 10-26.1
25 19V 24 23.1 17.8-27.6 14.4-27.8
3 ov 25.1 24.6 19.5-29 16.8-29

Table 4. Simulation results of the proposed resonator.
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normally ON component, i.e., at g =3 um, the applied voltage equal to 0 V. This table presents
a comparison study of the simulation results of the resonator between HFSS and CST-MWS.
The proposed resonator covers three bands.

5.3. Reconfigurable antenna based on a RF MEMS resonator

Figure 13 presents the structure of the proposed reconfigurable CPW antenna [24], which is
based on the integration of a resonating RF MEMS device with the CPW antenna on the same
substrate. The reconfigurability of this antenna depends on the load provided by the state of

-'.I

e

L5 ]
*

i
(&~
'\-.ir'

Figure 13. Reconfigurable antenna based on RF MEMS.
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Figure 14. Return loss results versus frequencies.



Study and Design of Reconfigurable Wireless and Radio-Frequency Components Based on RF MEMS for Low-Power...
http://dx.doi.org/10.5772/intechopen.74785

the RF MEMS resonator. The antenna considered was a modified patch antenna with a printed
inverted U-shaped ring resonator.

Figure 14 shows the reflection coefficient simulation results. The resonant frequencies can be
observed at three states of the bridge. For g =2 pm, the device has a single resonant frequency
of 26.3 GHz, and the return loss will be 15.1 dB; for g = 2.5 um, it shows two resonant
frequencies: first at 27 GHz with a return loss of 23 dB and, second at 29.8 GHz with a return
loss of 18 dB; and for g = 3 um with also two resonant frequencies: 27.5 and 30.6 GHz, with
return loss of 19.84 dB and 26.62 dB, respectively.

Figure 15 shows the radiation pattern for different resonance frequencies at three different
antenna configuration states, considering phi = 90°. Firstly, the three states bridge given three
resonance frequencies and the main lobe at teta = 310°. Secondly, only for g=2.5 and g =3 pm
given the resonance frequency and the main lobe at teta = 0°.

Table 5 summarizes the simulation results of the reconfigurable antenna in terms of the spacing
g factor versus the applied voltage, the resonant frequencies, the return loss, bandwidths, and
gains.
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Figure 15. Realized gain of the reconfigurable antenna at different states: (a) at 2 um, (b) at 2.5 pm, and (c) at 3 um.
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Parameters Values

Space g (um) 2 2.5 3

Applied voltage (V) 25 19 0

Resonance frequency (GHz) 26.3 27 29.8 27.5 30.6

RL (dB) 15.1 23 18 18.84 26.62
Frequency range (GHz) 26-26.6 26.4-27.3 29-30.1 27.3-28 30.13-30.7
BW (%) 2.281 3.333 3.691 2.545 1.863
Gain (dB) 3 3 2 2 1

Table 5. The reconfigurable antenna results.

6. Conclusions

In this chapter, we have developed a parametric model for a capacitive RF MEMS switch in the
frequency range between 1 and 40 GHz. A comparative study was carried out to analyze the
theoretical model’s mechanical characteristic with COMSOL and to compare the theoretical
electrical properties (return loss, insertion loss, and phase) to those obtained using HFSS. The
proposed model computes the input data swiftly and efficiently and produces results similar
to those obtained with the aforementioned simulation software, while being much faster and
less resource-demanding.

It was also presented the design, the analysis, and the simulation of the reflection-type phase
shifter, using integrated RF MEMS switches. The proposed phase shifter at 18 GHz, which has
approximately a constant insertion loss (~—1 dB) with a significant return loss (<—30 dB) and
phase shift (—138.822° and 128.15°), can be used in different RF applications, namely, it is
suitable for radar applications.

We have analyzed a new contribution for RE MEMS to obtain a tunable resonator. The idea of this
reconfigurable resonator is based on the use of two meander inductors and a variable capacitance.
The simulation of this component was made by two electromagnetic design tools, and there was
good agreement between them for different tuning conditions (spacing states of g = 2, 2.5 and
3 pum). The obtained resonance frequencies for the three considered states were, respectively, 21.9,
24, and 25.1 GHz. The bandwidths were [15.6, 25.7], [17.8, 27.6], and [19.5, 29] GHz, respectively,
demonstrated for the three resonant frequencies (1S111 =35 dB and S12| =1 dB). This resonator
switches can be used in different RF applications, for example, at K and Ka bands.

We have also proposed a reconfigurable antenna based on the association between the last
resonator and the CPW antenna to obtain tunability at Ka band. For g =2 pm, a single resonant
frequency of 26.3 GHz was obtained, with a return loss of 15.1 dB and a realized gain equal to
3 dB; for g =2.5 um, two resonant frequencies of 27 and 29.8 GHz were obtained, with a return
loss of 23 and 18 dB and a realized gain 3 and 2 dB. Finally, for g = 3 pm, it also allows two
resonant frequencies, 27.5 and 30.6 GHz, with a return loss of 19.84 and 26.62 dB, showing a
realized gain of 2 and 1 dB, respectively.
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Abstract

Radio frequency microelectromechanical system (RE-MEMS) switches have demon-
strated superior electrical performance (lower loss and higher isolation) compared to
semiconductor-based devices to implement reconfigurable microwave and millimeter
(mm)-wave circuits. In this chapter, electrostatically actuated RFE-MEMS switch con-
figurations that can be easily integrated in uniplanar circuits are presented. The design
procedure and fabrication process of RF-MEMS switch topologies able to control the
propagating modes of multimodal uniplanar structures (those based on a combination
of coplanar waveguide (CPW), coplanar stripline (CPS), and slotline) will be described in
detail. Generalized electrical (multimodal) and mechanical models will be presented and
applied to the switch design and simulation. The switch-simulated results are compared
to measurements, confirming the expected performances. Using an integrated RE-MEMS
surface micromachining process, high-performance multimodal reconfigurable circuits,
such as phase switches and filters, are developed with the proposed switch configura-
tions. The design and optimization of these circuits are discussed and the simulated
results compared to measurements.

Keywords: RE-MEMS switches, MEMS fabrication technology, reconfigurable
microwave circuits, uniplanar multimodal circuits, circuit simulation, electromechanical
simulation, filters, phase switches
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1. Introduction

Radio frequency microelectromechanical system (RF-MEMS) switches are aimed to perform
the control function in tunable and reconfigurable RF/microwave and millimeter-wave (mm-
wave) systems. Electrostatic actuation is often preferred to other actuation mechanisms like
electrothermal [1, 2] and phase-change/phase-transition materials [3], due to its negligible
current consumption, no requirement for external heating sources and integration capabil-
ity with well-established technologies such as high-resistivity silicon [4-7], fused-quartz and
glass substrates [8-11], or CMOS [12-15] and SiGe BiCMOS [16, 17] processes. The latter
can provide totally integrated, efficient systems containing sensors, control electronics, and
MEMS-reconfigurable RF communication circuits [18].

The mechanical and electrical design of the RE-MEMS switches has been comprehensively
studied in the literature [19], and it highly depends on the circuit or transmission media in
which it is to be integrated and the technology platform [20]. A number of solutions can be
found, including integration in microstrip transmission lines [21], coplanar waveguides
(CPWs) [4], coplanar striplines (CPSs) and slotlines [11], planar structures embedded in rect-
angular waveguides [22], and micromachined waveguides for sub-mm-wave frequencies [23].
Depending on the specific designs and dimensions, they can operate in the microwave and the
mm-wave bands, at frequencies as high as 240 GHz as reported in [24] using BEOL in BICMOS
technology.

Series and parallel RF-MEMS switch topologies can be implemented, with either ohmic-
contact [22] or capacitive-contact [4, 25]. While ohmic switches can operate in a very wide
frequency band from DC to mm-waves featuring excellent OFF-state isolation and very low
ON-state insertion loss, capacitive switches are frequency selective (being the center frequency
defined by a series LC-resonant circuit) but their operation can be extended well beyond mm-
wave frequencies by properly choosing the ON-state capacitance and the series inductance
which depends on the membrane dimensions [24].

Mechanical topologies for RE-MEMS switches include bridge-type clamped-clamped or beam-
suspension membranes and cantilever-type switches. Important switch parameters, such as
the actuation voltage or the fabrication residual stress, are dependent on the particular selected
topology [26-28]. Using three-dimensional (3D) mechanical simulation, the material physical
properties are taken into account to a priori assess the behavior of the switch geometry (includ-
ing the suspension type) in terms of initial membrane deformation, pull-in voltage, spring
constant, mechanical resonant frequency, and transition times from OFF to ON states (and vice
versa) [29]. Mechanical transients may produce bouncing phenomena [30-34] which degrade
the RF behavior of the switch and can be studied more efficiently with energy models [35].

RF-MEMS switches featuring the above mechanical topologies are compatible with and can
be conveniently integrated in uniplanar structures (CPW, CPS, and slotline) to perform a
control function. In case of multimodal transmission lines like CPW, they can be used to selec-
tively control the two CPW fundamental propagation modes (even and odd) [36]. To accu-
rately analyze the interaction between modes in complex uniplanar structures (transitions,
discontinuities), multimodal circuit models are derived from the application of the general
multimodal theory [37-40]. Moreover, suitable equivalent circuits for both (ON/OFF) states
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of the switch can be obtained and integrated in the multimodal models. In this way, efficient
and compact reconfigurable circuits for communication systems at microwave and mm-wave
frequencies can be designed [6, 9-11].

In this chapter, a detailed study of RE-MEMS switches to be used in multimodal uniplanar
circuits is presented. The switch electromechanical design considerations are explained in
detail, and a number of switch configurations proposed, simulated mechanically, and fab-
ricated using the FBK flexible technology platform [20]. The fabricated switches are mea-
sured, and the experimental results successfully compared to simulations, thus validating
the design approach. An estimation of the RF behavior of the switches is obtained from 2.5 D
electromagnetic simulation. The RF behavior after fabrication is assessed by measuring the
switch transmission coefficient for both (ON/OFF) states. Equivalent circuit topologies are
also proposed and the value of the circuit elements computed by fitting the simulated results
to the measurements. The switch transmission coefficient is also used for the measurement
of the switch hysteresis. The proposed switches are integrated into the microwave and
mm-wave multimodal reconfigurable circuits to validate the multimodal design approach.
Some examples of fabricated multimodal reconfigurable filters and phase switches using
RE-MEMS switches with various mechanical topologies (bridge-type featuring ohmic con-
tact and capacitive contact, and cantilever-type featuring ohmic contact) are presented.

This chapter is organized as follows. After this introduction, the multimodal circuits and mod-
els for uniplanar transitions and discontinuities are explained in Section 2. The RFE-MEMS fab-
rication technology platform is described in Section 3. The electromechanical analysis derived
from the energy approach is studied in Section 4. The fabricated switches are described in
Section 5. The RF equivalent circuit for the switches is analyzed in Section 6. The reconfigu-
rable multimodal microwave and mm-wave circuits are described in Section 7. The chapter
ends with some conclusions.

2. Uniplanar lines and multimodal models for transitions and
discontinuities

2.1. The slotline and the coplanar waveguide

The slotline and the CPW are uniplanar transmission lines. The slotline consists of two con-
ductor strips on a dielectric substrate (Figure 1(a)). The CPW consists of three conductor
strips on a dielectric substrate (Figure 1(b)). The slotline is a monomodal transmission line:
it propagates only one fundamental quasi-transversal electromagnetic (TEM) mode, whose
voltages and currents (both for the total voltage and current V (z) and I (z), and for the forward
and backward propagating waves V*(z), [ '(z), and V_(z), I *(z), respectively) are defined as in

Figure 2(a) and can be circuitally modeled as an ideal transmission line (Figure 2(b)), with

V@) = Vi) + V() Vilz) = Vielb= Vi(z) = Ve'lt=
I(2) = [(2)+[(2) L(2) = Vi@/Z, [[(2) = -V @)/ Z

where Z__is the characteristic impedance of the slotline mode and f_its phase constant.
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The CPW is a multimodal transmission line: it can propagate two fundamental quasi-TEM
modes simultaneously (the even and odd modes) whose voltages and currents are defined as
in Figure 3(a). The odd mode is often seen as spurious, and its propagation cut by means of
air bridges (described subsequently). However, it can be used to design new kinds of com-
pact uniplanar circuits. In a CPW section, the even and odd modes do not interact between
them and therefore can be circuitally modeled as two independent ideal transmission lines,
as shown in Figure 3(b), with equations analogous to those of the slotline for either of them.

2.2. Multimodal models for CPW circuits

The even and odd modes behave differently when they encounter any transition or asym-
metry, and there they may also interact between them. A multimodal model is a circuit model
that makes the behavior of the different modes at a transition or asymmetry explicit. As an

I |
| - Top view | A
I I -
I Wy |
r I 1=
| A B } +—
| s | ur
I T I s
I . 1 T
| o | s
| - l -
| l
I A A
I 1 I 1 — —i | e—
au A=A section | g g
{a) (b}
Figure 1. (a) Slotline. (b) CPW.
jlﬂ{g'} MZ}: I {zl ks [z.!
s
Tv#2) Zufi | Vil2) |V11D) | Vi)
£}
1,52) 3
2
i
{a) {b)

Figure 2. (a) Definitions of voltages and currents in a slotline. (b) Circuit model for a slotline section.



RF-MEMS Switches Designed for High-Performance Uniplanar Microwave and mm-Wave Circuits
http://dx.doi.org/10.5772/intechopen.76445

example, some simple multimodal models are presented subsequently; more complex ones
are described in [6, 9-11, 38—40, 58].

2.2.1. Symmetric CPW-to-slotline transition

The layout of this transition is shown in Figure 4(a) (the depicted voltages and currents are the
total ones for each mode, computed at the transition plane). Its behavior is easy to understand
intuitively. At the transition, the odd mode transforms into the slotline mode and vice versa due
to their similarity of voltage and current orientations (caused by the similarity of their electro-
magnetic fields). The even mode, however, is left in open circuit when the slotline begins since
its current in the CPW central strip can flow no more. Therefore, the multimodal circuit model
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Figure 3. (a) Definitions of voltages and currents in a CPW. (b) Circuit model for a CPW section.
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Figure 4. (a) Symmetric CPW-to-slotline transition. (b) Multimodal circuit model.
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for the symmetric CPW-to-slotline transition is that of Figure 4(b). As can be seen, a multimodal
circuit model confines the contributions of each mode present in a transition into a different port.

2.2.2. Impedances connecting the two outer CPW strips and air bridges

Suppose an impedance connects the two outer CPW strips as shown in Figure 5(a). This cir-
cuit can model an air bridge (a conducting wire connecting the two outer CPW strips, with
an impedance Z = 0 ideally), but also more complicated situations. The even mode does not
interact with the impedance since the two outer CPW conductors have the same even-mode
electric potential. Therefore, the impedance behaves as a shunt impedance for the odd mode,
and it is transparent to the even mode. Thus, its circuit model is that of Figure 5(b). As can
be seen, an air bridge (Z = 0) blocks the propagation of the odd mode by short-circuiting it.
By controlling the value of Z, for instance, by means of MEMS switches, the amount of odd
mode that propagates from the left side of the CPW to the right one can be controlled without
affecting the propagation of the even mode.

2.2.3. Asymmetric shunt impedances in a CPW

In the two previous examples, the even and odd modes behaved in a different way at the
analyzed transitions but did not interact between them due to the symmetry of the transitions.
When the transitions are asymmetric, as it is the case for the asymmetric shunt impedances
connecting the strips of the CPW shown in Figure 6(a), the modes interact between them.
The behavior of this transition is not obvious, but it can be rigorously modeled by the circuit
shown in Figure 6(b) [37]. As can be seen, in this case, there is an energy balance between
even and odd modes (there is a circuit connection between the even- and odd-mode ports),
provided that the impedances Z, and Z, are different. Again, by controlling the values of
Z, and Z, by means of MEMS switches, the amount of energy transfer among modes can be
controlled. This transition and other described in [38—40] are the base for building multimodal
uniplanar reconfigurable circuits [6, 9-11, 58] using MEMS switches.
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Figure 5. (a) Impedances connecting the two outer CPW strips. (b) Multimodal circuit model.
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Figure 6. (a) Asymmetric shunt impedances connecting the strips of a CPW. (b) Multimodal circuit model.

3. Fabrication technology for electrostatically actuated RE-MEMS
switches

3.1. RE-MEMS technology platform

A flexible technology platform has been developed and optimized at the FBK Institute (Trento,
Italy) for the fabrication of RF-MEMS. Basic components (like low-loss CPW, microstrip line
and slotline, ohmic [41, 42] and capacitive [43, 44] switches, variable capacitors and induc-
tors) can be integrated in complex reconfigurable RF circuits. Many kinds of devices were
produced, mainly for space and communication application, like switching matrices [45, 46],
tunable and switchable phase shifters [47], reconfigurable antennas, impedance matching
networks [48], VCOs [49, 50], and tunable filters. Depending on the used substrate, high-
resistivity silicon (<40 GHz), or fused quartz (>40 GHz), the working frequency range spans
from sub-GHz up to more than 100 GHz.

The base process requires eight lithography masks but, depending on the requirements, it can
easily be expanded to deposit and pattern metal on the wafer backside to realize microstrip
lines or antennas and to obtain devices suspended over thin membranes by locally removing
the substrate. A wafer-to-wafer or a cap-to-die-bonding module is also available to encapsu-
late the delicate MEMS moving parts [51].

RF signal lines and ground area are made of thick electroplated gold to reduce insertion losses
while actuation electrodes and DC-bias signal lines are made of a high-resistivity polysilicon to
minimize coupling with adjacent RF lines. The movable and suspended structures of the elec-
trostatically actuated switches, which can be either cantilevers or clamped-clamped beams,
are made by gold deposited over a sacrificial photoresist layer having the thickness of the
required air gap, while switch underpass lines and other conductors are made of a thin Al film.
On ohmic-contact switches, the gold-to-gold contact area is defined by underneath polysili-
con protruding dimples to ensure a repeatable contact force and a uniform and reproduc-
ible low contact resistance. On capacitive-contact switches, the contact capacitor is made by
depositing a thin silicon oxide dielectric and an upper floating metal (FLOMET) electrode
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over the metal underpass line, obtaining a very well-defined and reproducible metal insulator
metal (MIM) capacitor. In this way, when the switch-movable membrane is in an up position,
the capacitance, due mainly to the air gap, is small while when it is actuated, the membrane
contacts the top floating metal electrode, and the capacitance is defined by the MIM capaci-
tor and not by the membrane itself. In this way, the switch is much more repeatable than the
usual configuration, where the movable membrane directly touches the dielectric and the
capacitance is strongly influenced by both the membrane deformations and surface rough-
ness leading to a capacitance value much lower than the designed one.

For all the switch configurations, the actuation electrodes are separated from the contact area.
This makes it possible to optimize them independently to sustain the high actuation voltage
(up to 100 V) and reducing the charging phenomena. It is possible either to use a thicker
dielectric over polysilicon to limit the electric field or better to use a dielectric-free configura-
tion removing all the dielectric and using a matrix of mechanical stoppers to prevent short
circuits. The height of the stoppers has to be designed in order to obtain an air gap between
movable bridges and electrodes which is thick enough for isolation at the bias voltage used.

3.2. Fabrication process

The basic fabrication process for silicon substrate is reported in [20, 52] and illustrated
in Figure 7, where a schematic cross section of an ohmic switch is represented. For high-
frequency devices, the losses of the silicon are too high and quartz (fused silica) is preferred.
Only minor adjustments are required to process transparent substrates.

The fabrication process starts with the oxidation of the high-resistivity (>5000 (2-cm) 150-mm
diameter silicon wafers in order to obtain a 1-um-thick silicon oxide isolation layer. A 630-
nm thick layer of polysilicon is then deposited by low-pressure chemical vapor deposition
(LPCVD) and doped by ion implantation to obtain a sheet resistance of about 1600 €)/sq.
The polysilicon structures are defined by lithography and dry etching using chlorine-based
gas plasma, and the residual photoresist is removed by an oxygen plasma (Figure 7(a)). An
annealing at 925°C for 1 h in nitrogen atmosphere is required to diffuse and to electrically
activate the B ions. To electrically isolate the polysilicon, 300 nm of silicon dioxide is deposited
by LPCVD at 718°C (TEOS). When a backside conductive layer is required for microstrip lines
or devices like phased array antennas, an aluminum film is sputtered and patterned on the
wafer backside. The process continues on the front side with a lithography and dry etching
to open holes in the TEOS layer for contacting the underneath polysilicon (Figure 7(b)). To
realize connection lines, a conductive metal consisting of Ti/TiN diffusion barrier and Al1%5i
is sputtered and patterned by dry etching (Figure 7(c)). The total thickness is the same as that
of polysilicon to minimize distortion of the switch bridges crossing over both metal under-
pass and polysilicon actuation electrodes. A 100-nm thick SiO, deposited by PECVD is used
as dielectric for capacitive contacts as well as for metal isolation. Holes in the oxide (vias) are
realized by lithography and dry etching to contact the underneath metal and for the dielec-
tric-free actuation electrodes (Figure 7(d)).

To realize the bottom part of the gold-to-gold contacts of ohmic switches as well as an elec-
trically floating metal layer for capacitive-contact switches, a 5-nm Cr adhesion layer and
150-nm Au are deposited by an electron beam gun, patterned and wet etched (Figure 7(d)).



RF-MEMS Switches Designed for High-Performance Uniplanar Microwave and mm-Wave Circuits
http://dx.doi.org/10.5772/intechopen.76445

Thermal Si02 Polysilicon Contact dimple

- 4
s O ]

_—
w S i W ————
—— — o] i
3 4

L w1 (&)

(b Au*“Bridge™ -
Metal = "
o flcanccia] |

-

c)

. PECYD S0k
VL Flomet
e -
I .l P 5%
(d) 1]

Figure 7. Depiction of the fabrication process flow on a schematic ohmic-switch cross section.

A photoresist sacrificial layer (spacer) is lithographically defined under movable structures
and suspended air bridges because later it can be easily removed by oxygen plasma to form
an air gap (Figure 7(e)). To make the RF structures, a conductive seed layer of 2.5 nm of Cr
and 25 nm of Au is deposited by e-beam, patterned using thick AZ 4562 positive resist, and
a 1.8-um-thick first gold layer (bridge) having a slightly tensile residual stress is selectively
grown by electroplating (Figure 7(f)). A second 3.5-um-thick gold layer (CPW) is then defined
by AZ 4562 and electroplated. The thinner Au bridge layer is used to make the suspended and
movable structure while both layers are superimposed to obtain thicker low resistance signal
lines and ground areas. To better control the deformation of the movable parts of the switch,
it is possible to use the bridge layer for deformable suspension legs and bridge plus CPW
layer for a stiffer main body that moves rigidly, almost without deformations. This concept is
applied in the fabricated devices, described in Section 5. To complete the fabrication, the seed
layer is removed by wet etching, and the suspended structures are released by removing the
spacer underneath by an oxygen plasma (Figure 7(g)).

4. Electromechanical models for electrostatically actuated RF-MEMS
switches: energy considerations

Mechanical design plays an important role in the RF behavior of MEMS switches because
it couples important parameters such as the required actuation voltage (also called pull-in
voltage, V), actuation time, release time, and the appearance of a bouncing phenomenon
after release, which delays a complete release of the switch. The pull-in voltage is commonly
calculated assuming a static mechanical behavior in RE-MEMS switches. For compatibility of
RE-MEMS with low-voltage CMOS and BiCMOS technologies [14], charge-pump techniques
are often used [53]. Nonetheless, a current trend is to decrease the MEMS high Vi because

charge pump has some limitations given the ever-reducing voltages in CMOS and BiICMOS [54].
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One strategy is to dynamically drive the RE-MEMS switches with an input step voltage wave-
form, which has shown that can decrease the actuation voltage [55]. However, the induced
dynamic mechanical behavior can cause an important bouncing phenomenon after release
and deeply affect the switch RF/microwave isolation relevant to the RF/microwave behavior,
disabling fast-switching applications.

Another trend to achieve fast-switching is to use actuation voltages beyond pull-in. The
accumulated electrostatic energy will generate mechanical energy that will be released in the
form of mechanical oscillations (bouncing) of the switch membrane [30-35]. To accurately
approach RF-MEMS mechanical design, the dynamic behavior of RF-MEMS switches should
be considered rather than only static behavior.

The analysis of the electromechanical exchange of energy in the RE-MEMS is an analytical tool
that can provide inside knowledge on the required minimum V_, . . It also takes into account
the rebound after release due to the increased actuation voltages [26]. During the switching
process, the mechanical membrane or the cantilever undergoes an important deformation. To
capture this influence, nonlinear terms should be used in the mechanical model [35].

Figure 8 shows the schematic of the one-dimensional (1D) lumped-mass model that, com-
bined with classical Newtonian mechanics, can be used to predict the behavior under applied
electrostatic forces of an RE-MEMS switch (either a membrane or a cantilever). If air damp-
ing is considered the only non-conservative force, then the equation of the motion for the 1D
model shown in Figure 8 is

m8y+bef}] +kefy =F (1)

where m  is the effective mass of the mechanical structure, b . is the damping coefficient
(=m,k,/Q where Q is the mechanical quality factor), k .=k, +k, y?, where k and k, are the
spring constants in the direction of the motion of the mechanical structure, and F is the
summation of all external forces applied (i.e., the electrostatic force).

The study of the energy exchange of the mechanical system not only provides the position
of the contact point of the MEMS switch but also provides deep insight to the required V.,

the maximum rebound height, and the actual actuation/release times. For the lumped model
shown in Figure 8, the total energy of the system E is expressed as

£ - (bmg)+ (b bio)+ (5 472) @

Figure 8. 1D mechanical lumped-mass model of an RE-MEMS switch.
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where V is the applied actuation voltage, ¢, is the dielectric constant, g, is the initial gap
between the electrodes, and A is the area of the electrodes. In Eq. (2), the first term in brackets
is the kinetic energy, the second is the potential energy U stored as the mechanical deforma-
tion of the structure, and the third is the electrical potential energy U . The different thermal
processes in the RF switch fabrication (explained in Section 3) can induce an intrinsic residual
stress. This effect produces a nonlinear mechanical behavior which can be modeled as a non-
linear spring with spring constants k, and k..

Figure 9 shows the evolution of the total energy E with respect to the position of the contact
point of the mechanical structure along the gap when the switch is released from the actuated
position. It can be observed that the total energy E evolves due to inertia and damping forces
but is bounded by the potential energy curve (U = U, + U ), and the change on the potential
energy accumulated can modify both the rebounds and the isolation time.

From Eq. (2), the actuation voltage can be obtained since at the point of instability (or switching)
0E/9y = 0. In case of nonlinear mechanical behavior, the resulting expression of V. is as
follows:

& (k& >
Vpull_in - 45‘)A< 8 +k1 (3)

Eq. (3) is used in the simulations of the fabricated switches, discussed in the next Section.

5. Electrostatically actuated RF-MEMS switch configurations for
reconfigurable uniplanar circuits

This section presents electrostatically actuated switch configurations which can easily be
integrated in reconfigurable uniplanar circuits. All the considered devices were fabricated
using the eight-mask surface micromachining process from FBK explained in Section 3. The
structures are composed of a 1.8-um-thick gold layer and reinforced with a 3.5-um-thick
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superimposed gold frame to increase the rigidity of the cantilever or the bridge. The switches
were designed taking into account the mechanical analysis described in Section 4.

To reduce the initial deformation of the switch membrane, different authors have reported on
the effective stiffness of common suspensions types [26-28]. A coupled-field 3D finite element
analysis (FEA) with ANSYS® Workbench™ can be used to model the mechanical structure
and tune the measured initial deformation according to the residual stress produced by the
fabrication process. The robustness of the design to manufacturing stresses can also be stud-
ied with this software.

The switch designs presented use either a clamped-clamped suspension or alternative sus-
pension techniques such as straight-beam, curved-beam, or folded-beam which reduce the
initial stress and the actuation voltage. Some FEA results are shown to assess the ability of
the proposed suspensions to absorb the initial stress. Hysteresis measurements are also pre-
sented to show the featured pull-in and pull-out voltages. At the end of the section, Table 1
summarizes the switch dimensions and the main mechanical parameters for the different
switches.

The RF behavior of the switches, including equivalent circuits in ON and OFF states, is dis-
cussed in detail in Section 6.

5.1. Cantilever-type switches for switchable asymmetric shunt impedances

Figure 10 shows a cantilever-type ohmic-contact switch, able to synthesize asymmetric shunt
impedances in a CPW to control the CPW even mode as explained in Section 2.2.3. The can-
tilever is placed above a rectangular notch in the upper lateral ground plane to which is
anchored using a suspension composed of two 16-um-wide beams, providing a low spring
constant value and a low pull-in voltage. The beams may be either straight-shaped (Figure
10(a)) or semi-circular-shaped (Figure 10(b)). The latter is used to reduce the initial deforma-
tion of the switch due to the residual stress [27] produced by the fabrication process [20, 52].
To compute the initial deflection, a 3D FEA using ANSYS® was performed. The initial stress
values used for the simulation were 0, = 58 MPa (gold layer with a thickness ¢, =1.8 um) and
0, =62 MPa (gold layer with a thickness ¢, = 3.5 um). As shown in Figure 10(c), the simulated
initial deformation was —0.19 um. The devices were fabricated on a quartz substrate (¢, = 3.8)
with a thickness i = 300 um and an air gap g, = 1.6 pum. An isolated, high-resistivity polysili-
con lower electrode is placed in the notch underneath the cantilever. Three ohmic contacts
are defined on the bottom edge, and small dimples (12 x 10 um?) of polysilicon are placed
underneath, creating contact bumps to reduce the contact resistance and enhance the RF
behavior.

5.2. Bridge-type switches

Bridge-type switches can be used to perform both ohmic contacts and capacitive contacts in
uniplanar circuits for multiple applications. In contrast to the cantilever-type switches, the
bridge-types are symmetric structures and therefore (as discussed in Section 2.2), when actu-
ated, they are able to control one of the fundamental CPW modes (either even or odd), leaving
the other mode ideally unaffected. Some minor effects such as a small even-mode parasitic
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Parameter Ohmic-cantilever Capacitive, clamped/ Ohmic-series Ohmic-
straight/semicircle folded parallel (SAB)

Figure 10(a)/10(b) 11(a)/11(b) 13(a) 14(a)

Supporting beam radius /16 - — -

(pm)

Meander length, a (um)  — -/30 — 30

Supporting beam width 16 -/10 — 10

(pm)

Supporting beam length, 40 =175 — 75

b (pm)

Supporting beam length, — -/45 — 77.5

e (um)

Membrane width, ¢ (um) 90 90 100 90

Window width, d (um) — — — 60

Membrane length, f (um) 170 580/230 580 165

Bottom electrodes area 13,500 2 % 22,800/2 x 7650 2% 22,800 2 x 7650

()

Contact area (um?) 3x10x30 100 x 90°/50 x 90" 2x10x90 2x10x12

Spring constant, keff 2.3/1.6 104.5/32.5 104.5 15.4

(N/my*

Pull-in voltage, Vpull_in 10.6/8.8 60/14 49 14

vy

Resonant frequency 8%/6.6% 16.251/25.3t 16.25% 17.1%

(KHz)

*Measured.

#Calculated using the mechanical analysis of Section 4.

‘Floating metal area.

Table 1. Dimensions and mechanical parameters of the switches.

capacitance (in case of the ohmic-contact parallel switch discussed in Section 5.2.3) occur but
with a very limited impact on the circuit behavior.

5.2.1. Capacitive-contact parallel switch

Figure 11 shows two fabricated capacitive-contact parallel switches. The change between
ON and OFF states is performed by moving the suspended membrane, which can be actu-
ated through bias pads connected to two symmetrical polysilicon electrodes placed under
the membrane. A floating metal (FLOMET) strip is placed on top of the dielectric under the
membrane. The overlapping area between FLOMET and a multi-metal layer under the bridge
(CPW center conductor) defines a MIM capacitor, as described in Section 3. When the actua-
tion voltage is equal or higher than the pull-in voltage V., the bridge collapses on the
FLOMET, producing a reproducible, constant-value down-state capacitance. The resistance of
the ohmic contact between the membrane and the FLOMET strip fixes the amount of switch

129



130 MEMS Sensors - Design and Application

e E | W N

bias pads

bias pads

8
H

contacts contacts

(a) (b} (e)

Figure 10. Cantilever-type ohmic-contact switch. (a) Straight-shaped suspension. (b) Semi-circular-shaped suspension.
(c) Simulation of initial deformation due to residual stress on the semi-circular suspension device.

bias pads

(a) (b} {c)

Figure 11. Capacitive-contact parallel switch. (a) Fabricated switch using a clamped-clamped membrane. (b) Fabricated
switch using a folded-beam suspension. (c) for a device with a folded-beam suspension: Simulation of initial deformation
due to residual stress.

RF insertion loss. The MIM capacitor combined with the membrane inductance defines an
RLC circuit in the down state. The RF equivalent circuit details are given in Section 6.

The capacitive switch shown in Figure 11(a) uses a clamped-clamped membrane suspension.
The device was fabricated on a quartz substrate with a thickness / = 500 um and an air gap
g, =2.7 um. The area of each actuation electrode is 120 x 190 um? The MIM capacitor area is
90 x 100 um?, which gives a capacitance of 3.8 pF. The capacitive switch of Figure 11(b) uses a
folded-beam suspension. It was fabricated on a quartz substrate with a thickness & = 300 pm



RF-MEMS Switches Designed for High-Performance Uniplanar Microwave and mm-Wave Circuits
http://dx.doi.org/10.5772/intechopen.76445

and an air gap g, = 1.6 um. Each actuation electrode has an area of 90 x 85 um”. The MIM capaci-
tor area is 90 x 50 pm?, which gives a capacitance of 1.5 pF (without taking into account the
fringing fields) calculated, as with the previous switch, using 2.5-D planar-simulation software.
As with the cantilever switch shown in Figure 10(b), the deformation of the bridge due to stress
gradients was simulated using ANSYS® 3D FEA. As shown in Figure 11(c), the maximum ini-
tial deflection is 0.11 pm. The simulated stiffness constant is kcff= 32.5 N/m, and the calculated
pull-in voltage is V. =15.6 V. Figure 12 shows the measured hysteresis of the switch. The
measured pull-in voltage when the isolation is higher than 12dB at 10GHzis V. =14 V.

5.2.2. Ohmic-contact series switch

A photograph of an ohmic-contact series switch is shown in Figure 13(a). It was fabricated on
a quartz substrate with a thickness & =500 um and an air gap g, = 2.7 um The CPW line does
not have continuity under the membrane. When the membrane is in its up state, the switch is
OFF, while when the membrane is in a down state, the switch is ON, since the metallic mem-
brane puts into contact the two sides of the CPW line. Two electrodes are placed under the
membrane at both sides to generate the actuation force. The area of each actuation electrode is
120 x 190 um?. As with the previous switches, the bias pads are isolated from the membrane
using thin high-resistivity silicon bias lines.

For this switch, the switching and release times were key parameters in radiometric applica-
tions, as discussed in Section 7. The measured switching and release times are 100 us and
15 us, respectively. To more accurately assess the switch behavior after the membrane release
(evolving from ON state to OFF state), the energy model discussed in Section 4 was applied
as follows. The evolution in time of the switch transmission coefficient magnitude |s, | (isola-
tion) at a given RF frequency (f =3 GHz) was measured after removing the applied actuation
voltage. Then, from the energy equation (Eq. (2)), which can be solved numerically, the evolu-
tion of the capacitance C(y ) was calculated. Next, using the equivalent circuit for this particu-
lar switch design (Figure 18(a)), the switch transmission coefficient magnitude as a function
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Figure 12. Measurement of hysteresis of the switch with a folded suspension (Figure 11(b)) showing pull-in and
pull-out traces.
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Figure 13. Ohmic-contact series switch. (a) Fabricated switch. (b) Measured and simulated time evolution of the
microwave isolation after release (switch going from ON state to OFF state).
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Figure 14. Ohmic-contact parallel switch (switchable air bridge) using a folded-beam suspension. (a) Fabricated switch.
(b) Measurement of hysteresis showing pull-in and pull-out traces.

of frequency |3, (f)| was computed which, assuming no parasitic effects (L,=0and C, =0) and
no inner line sections, is expressed as

47IZOfC(y1)
5.0 = ——=

: )

1+ (4nZ,fC(y,))
where Z is the reference impedance and f is the RF frequency. Figure 13(b) compares the
simulated evolution of |521(t )| calculated using Eq. (4) (particularized at f=3 GHz) to the

measured |s ()| for the series ohmic-contact switch shown in Figure 13(a), showing a good
agreement.
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5.2.3. Ohmic-contact parallel switch (switchable air bridge)

Figure 14(a) shows a switchable air bridge (SAB) that can be used in CPW reconfigurable
multimodal circuits for a selective use of the CPW odd mode. The device was fabricated
on a quartz substrate with a thickness & = 300 um and an air gap g, = 1.6 um. The structure
features a reinforced gold membrane with two ohmic contacts at the edges. The bridge mem-
brane is anchored to isolated islands by folded-beam suspensions, made of a 1.8-pum-thick,
10-um-wide single gold layer. When an actuation voltage equal or higher than the pull-in
voltage V, , . is applied, the bridge collapses over an underpass metal layer connected to
the ground planes of the CPW. The SAB has an air gap of 1.6 um, and the distance between
the membrane and the bottom ohmic contacts over the underpass metal layer is 1.3 um. The
measured hysteresis of the ohmic switch is shown in Figure 14(b). The pull-in voltage was
measured when the isolation is higher than 17 dB at 10 GHz. The measured pull-in voltage
is Vpu”_in =14V, and the simulated stiffness constant is keﬁ= 15.4 N/m. The first-mode mechan-
ical resonant frequency f, = 17.1 kHz was obtained from the electromechanical analysis
(ANSYS®).

The air gap of ohmic contacts placed on the top and bottom electrodes could be affected by
stress gradients during fabrication. As with the previous switches, the deformation of the
bridge was simulated using ANSYS® 3D FEA. The structure can handle positive- and nega-
tive-stress gradients without compromising on the function of the switch. Figure 15(a) shows
the deformation of the bilayer membrane. For this case, the simulated maximum initial deflec-
tion is smaller than 0.16 pm.

The measured topography of the device just after fabrication (Figure 15(b)) shows a very
good agreement with the 3D FEA results, thus validating this analysis. This model can then
be used to extract the nonlinear stiffness values that in turn can modify the potential energy
curve shown in Figure 9.
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Figure 15. (a) Initial deformation due to residual stress. (b) Measured topography of the device just after fabrication.
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Table 1 shows the dimensions and the main mechanical parameters of the switches pre-
sented in this section. The membrane/cantilever height is 1.6 um in all cases except for the
capacitive-contact parallel switch with the clamped-clamped membrane and the ohmic-
contact series switch, both featuring a membrane height of 2.7 um. While the pull-in
voltages are measured, the spring constant and the mechanical resonant frequency are
computed using the 3D FEA method presented in Section 4. For the ohmic-contact series
switch, the mechanical resonant frequency was also measured using the method reported
in [56].

6. RE-MEMS switch electrical modeling and characterization

6.1. Parallel and series switch models
6.1.1. Capacitive-contact parallel switch

The configuration of a capacitive-contact parallel switch is shown in Figure 11. It is able to
control the propagation of the CPW even mode and simultaneously suppress the CPW odd
mode because the lateral metal planes are permanently connected through the switch mem-
brane. When the switch is in its “up” (OFF) state, the capacitance between the elevated mem-
brane and the RF line underneath (C_,,) is very small. When a bias voltage greater than the
pull-in voltage is applied between the membrane and the lower electrodes, the membrane
moves down and gets in contact with the floating metal deposited on top of the RF line, imple-
menting the switch “down” (ON) state. In this case, the switch capacitance (C,,) is that of the
parallel-plate capacitor defined between the floating metal pad and the underneath RF line
section, across a thin oxide layer. The thinner the oxide layer and the larger the overlapping
area between the floating metal and the RF line, the larger is the ON capacitance C,,. Thus,
the device acts as a switched capacitance. For a highly efficient switch, it is desired to have a
high capacitance ratio C,,,/C

OFF*

Figure 16 shows an equivalent circuit of the switch, which applies to both states. Capacitance
C accounts for the switched capacitance and adopts two possible values, C,, and C,,. The
resistance R. and inductance L. are membrane resistance and inductance, respectively, at
either side of the capacitive contact. The RF frequency at which the switch presents a maxi-
mum insertion loss in its ON state is given by the approximate expression f, = (1/n2-L_-C, .

Figure 16. Capacitive-contact parallel-switch equivalent circuit.
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A proper combination of the switch ON capacitance C,,, and inductance L. is selected to yield
the desired operating frequency f, and membrane dimensions for a given fabrication tech-
nology. Short even-mode CPW transmission line sections are considered at each side of the
membrane, with characteristic impedances Z_ and Z,, which depend on the CPW line and
slot dimensions. The inductance L, and capacitance C, are modeling the small parasitic effects
due to changes in the width of the CPW central strip and lateral ground planes and can be
obtained by adjusting their values to fit a 2.5 D electromagnetic simulation of the CPW struc-
ture. The CPW propagation constant and characteristic impedance are also obtained from
the electromagnetic simulation of a straight CPW line section of the same dimensions excited
with a CPW even mode.

6.1.2. Parallel and series ohmic-contact switches

The configuration of an ohmic-contact parallel switch (switchable air bridge or SAB) is shown
in Figure 14. This switch is used to efficiently control the CPW odd-mode propagation. When
the switch is in its “up” (OFF) state, the capacitance between the elevated membrane and the
two RF ohmic contacts at either lateral metal plane is negligible (C=C . < 1 fF) because the
overlap area for contacts is extremely small. When a bias voltage greater than the pull-in
voltage is applied between the membrane and the lower electrodes, the membrane moves
down and the two edges get in contact with the lateral metal planes, implementing a “bridge”
which performs a double ohmic contact (switch “down” —ON —state). The membrane has a
window in the center part to reduce the capacitance between the membrane and the central
CPW strip, in such a way to minimize the impact on the propagation of the CPW even mode.
This capacitance, obtained from measurement, is 47 fF.

Figure 17 shows an equivalent circuit of the switch for the OFF state (Figure 17(a)) and ON
state (Figure 17(b)). The same parasitic inductance L, and capacitance Cp as in the circuit of
Figure 16 can be observed, but will certainly have different values because they are now
modeling the CPW odd mode. The CPW line sections now refer to the CPW odd mode with
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Figure 17. Ohmic-contact parallel-switch equivalent circuit. (a) OFF. (b) ON.
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Figure 18. Ohmic-contact series-switch equivalent circuit. (a) OFF. (b) ON.
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Figure 19. Measured isolation (OFF) and insertion loss (ON) of the fabricated switches compared to simulations of
circuit models. (a) Capacitive-contact parallel switch shown in Figure 11(b) (model in Figure 16). (b) Cantilever-type
ohmic-contact parallel switch shown in Figure 10(a) (model in Figure 17).

characteristic impedances Z, and Z,, which depend on the CPW line and slot dimensions.
For both states, we consider the same membrane resistance R. and inductance L. In OFF
state, the capacitance C . between the elevated membrane and the two RF ohmic contacts is
taken into account, although its effect is almost negligible.

To control the CPW even-mode propagation using ohmic-contact switches, the cantilever-
type switch configuration shown in Figure 10 can be used. It is observed that the odd mode
is suppressed using air bridges. Therefore, the equivalent circuit for this kind of switches is
the same as the one shown in Figure 17, but changing the CPW line characteristic impedances
Z,and Z , with Z and Z , respectively. If the two air bridges were removed, the CPW line
is able to propagate the CPW odd mode simultaneously to the even mode. In this case, the

cantilever-type switch configuration can be used to generate the CPW odd mode whenever
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the switch is in its ON state. This structure is favorably used in reconfigurable multimodal
filters, as explained in Section 7.2.

The CPW even mode can be controlled without suppressing the odd mode by using the
bridge-type ohmic-contact series switch configuration shown in Figure 13. In this case, the
equivalent circuit for the even mode is shown in Figure 18. In the OFF state, the switch
behaves as a small series capacitance (C = C,,, = 6 {F), and it can be described as a series R-L
circuit in the ON state.

6.2. Experimental characterization

Figures 19 and 20 compare the measured to simulated results of the switches presented in
Section 5 and modeled in Section 6.1. The switch insertion loss (ON state) and isolation (OFF
state) are plotted as a function of frequency.
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Figure 20. (a) Measured isolation (OFF) and insertion loss (ON) of the fabricated ohmic-contact parallel switch (SAB)
shown in Figure 14(a) compared to simulations using the circuit model shown in Figure 17. (b) Measured isolation (OFF)
and insertion loss (ON) of the fabricated bridge-type ohmic-contact series-switch shown in Figure 13(a).

Parameter  Capacitive: direct clamp/folded Ohmic: parallel ~ Ohmic: cantilever Ohmic: series
OFF ON OFF ON OFF ON OFF ON
L, (nH) 0 0 0 0 0.02 0.02 0 0
C, (fF) 8.5 85 3 3 0 0 6 6
L(pH) 28/7 28/7 180 180 100 100 0 230
C (fF) 1/30.5 3800 /1530 0.9 - 5.1 - 3.35 -
R.(Q) 0.27/0.1 0.27/0.1 0.3 3.2 0 1 0 2.4
Z, Q) 76.1/78.6 76.1/78.6 100 100 453 453 97 97
Z, Q) 118.7 / 148.5 118.7 / 148.5 195 195 63.5 63.5 152 152

x = e (even) or o (odd) according to Figures 16-18.

Table 2. Equivalent circuit elements of Figures 16-18 (switches Figures 10, 11, 13, and 14).
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In Table 2, the values of the equivalent circuit elements obtained to fit measurement are listed.
The capacitive switch features a high capacitance ratio (C,,/C,,, = 50.2). The ohmic switches
feature low insertion loss (<1 dB) and high isolation (>20 dB) for f < 10 GHz (parallel switch)
and for f <25 GHz (series switch).

7. Design of multimodal reconfigurable microwave and mm-wave
circuits

This section presents two applications of the RF-MEMS presented in Section 5 when com-
bined with the multimodal circuits presented in Section 2: 180° phase switches and bandpass
filters. All of them were fabricated using the process described in Section 3.

7.1. Phase switches

A 180° phase switch is a circuit that shifts the phase between 0 and 180°. This is a multi-purpose
element required in the microwave and millimeter-wave applications, such as high-sensitivity
radiometers or electronic beam steering in phased-array antennas. The specifications for these
systems are, in most cases, a broadband operation, a low power consumption, and small size.
They can be implemented monolithically using HBT/HEMT-based MMICs or using MEMS-
based solutions as shown subsequently.

Figure 21(a) shows a compact, uniplanar 180° phase switch fabricated on a quartz substrate
[9]. Itis based on two different back-to-back (BTB) CPW-to-slotline transitions [39] (symmetric
and antisymmetric transitions, respectively), creating two phase paths with a relative trans-
mission phase shift between them of 180°. Each path is selected using two single-pole-double-
throw (SPDT) switches. The SPDT consists of two ohmic-contact MEMS series switches
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Figure 21. (a) Manufactured 180° phase switch. (b) Measured insertion loss (symmetric and antisymmetric paths) and
measured phase shift between the two paths.
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(described in Section 5.2.2) and a power divider. Figure 21(b) shows the measured perfor-
mance of the circuit, featuring a 180° + 5° phase shift between both states in a bandwidth of
35% (14-20 GHz), with an insertion loss smaller than 2 dB in both paths.

Figure 22(a) shows the photograph of a second compact, uniplanar 180° phase switch fabri-
cated on a quartz substrate [10]. In this case, it is based on an air-bridged CPW cross [57]. The
two CPW arms of the cross are loaded with capacitive-contact MEMS switches (described
in Section 5.2.1). The two phase-switch states (0°/180°) are obtained by actuating the MEMS
switches in opposite states (ON/OFF and OFF/ON), resulting in a multimodal interaction
between the two CPW modes (even and odd) at the air-bridged cross. The CPW-to-slotline
transition [39] at the input port and the CPW taper at the output port are included in order
to enable the measurement of the circuit with a probe station. Figure 22(b) shows the mea-
sured results of phase shift between both states and insertion loss, featuring 180° +1.8°/-1°
and + 0.1 dB insertion-loss unbalance, respectively, in a very wide bandwidth (5-25 GHz). The
measured insertion loss is better than 2 dB in 10-20-GHz frequency band.

7.2. Uniplanar bandpass filters

Figure 23(a) shows a second-order bandwidth-reconfigurable bandpass filter, which was fab-
ricated on a quartz substrate (i = 500 um) [11]. The A /2 slotline resonators are coupled by a
slotline short-circuit (K,,). The filter features multimodal immittance inverters (Mlls) based
on CPW-to-slotline transitions [37, 58] which are embedded in the input and output slot-
line resonators. As shown in Figure 23(b), two cantilever-type ohmic-contact MEMS switches
(described in Section 5.1) are used to enable reconfigurable MlIIs. When actuated, the switches
modify the input and output coupling of the filter (K, and K.,), resulting in a change in the fil-
ter’s fractional bandwidth (FBW). To keep the central frequency constant, another cantilever
MEMS switch (also shown in Figure 23(b)) is integrated in K, and actuated simultaneously.
Figure 23(c) shows the filter measured results. It features two FBW states of 0.082 (when the
inner switches are actuated) and 0.043 (when the outer switches and the impedance inverter
switch are actuated), while maintaining a constant center frequency (18.9 GHz).

Figure 24(a) shows a second-order bandpass filter fabricated on a 5-KQ-cm high-resistivity
silicon substrate (¢, = 11.9, h = 200 um), which uses switchable air bridges or SABs [6] (shown
in Figure 24(b)) similar to the SAB of Figure 14(a). The SABs are described in Section 5.2.3. Like
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Figure 22. (a) Manufactured 180° phase switch. (b) Measured insertion loss for the two states and phase shift between
the two states.
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Figure 23.(a) Second-order bandwidth-reconfigurable bandpass filter. (b) Detail of reconfigurable MIls and
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Figure 24. (a) Second-order frequency-reconfigurable bandpass filter. (b) Detail of reconfigurable MIls and SAB. (c) Filter
measured insertion loss and return loss.

the previous example, the filter is fed by reconfigurable MII structures with embedded CPW-
to-slotline transitions but uses quarter-wavelength resonators coupled by a slotline gap. When
actuated, the SABs reduce the resonators’ effective length, which in turn increases the reso-
nance frequency. As a result, the filter center frequency is shifted up. Figure 24(c) shows the



RF-MEMS Switches Designed for High-Performance Uniplanar Microwave and mm-Wave Circuits
http://dx.doi.org/10.5772/intechopen.76445

filter measured results. It features two operating frequencies, f, =12 GHz and f, = 13 GHz, with
a constant fractional bandwidth (FBW) of 14%. The measured filter IL is 4.6 dB in both states.

8. Conclusion

In this chapter, the design considerations of RE-MEMS switches aimed to be integrated in
uniplanar multimodal reconfigurable circuits for operation in the microwave and mm-wave
bands have been presented. Different configurations of series and parallel switches featuring
ohmic and capacitive contact have been discussed in detail, including the analysis of mechani-
cal topologies which minimize the initial deformation due to residual stress. The fabrication
process has been described, which provides the required flexibility to integrate the MEMS
switches into higher-level RF communication systems. The switch RF behavior has been mod-
eled using suitable equivalent circuits for both (ON/OFF) switch states. The models can easily
be embedded into complex multimodal environments which enable multipurpose, compact
designs. The fabricated switches have been experimentally characterized in terms of hyster-
esis, RF isolation (OFF state), and RF insertion loss (ON state), demonstrating an excellent
behavior. As practical examples of the application into communication systems, some of the
proposed switches have successfully been integrated into 0°/180° phase switches and into
reconfigurable filters with either center frequency or fractional-bandwidth reconfiguration,
showing excellent performances.
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Abstract

In the era of the Internet of Things, the need for mobile devices able to analyze accurately
real samples with sometimes very small volumes is a must. Gas chromatography (GC) is a
common laboratory technique widely used for analyzing semi-volatile and volatile com-
pounds. However, this technique is not suitable to be used outside labs. The development
of micro-machined processes encouraged the development of miniaturized gas chro-
matographs. This chapter focuses on the recent development in the field of miniaturized
gas chromatography and its component up to the present in various fields of analyses.

Keywords: gas chromatography, MEMS, micro-detector micro-column, microinjector,
miniaturization

1. Introduction

Gas chromatography (GC) is a common and a complex analytical technique involving the
separation of different types of gas or molecules easily vaporized without decomposition.
The gas molecules are carried through the column using a carrier gas, typically nitrogen or
helium. Based on their affinity for the coating material inside the column which is called the
“stationary phase,” molecules are separated based on certain molecular characteristics such
as their molecular weight, polarity, and presence of certain functional groups. At the end of
the column, molecules are separated and detected by a detector.

Commercially available GC analyzers use conventionally manufactured components (~30 kg)
and need power and gas sources that often limit their portability and suitability of “outside-
laboratory” use. Miniaturization of GC is based on theoretical and practical considerations.
This chapter describes the miniaturization of analytical system, in order to give a complete
view of miniaturized chromatographic separations.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNN
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2. Need for portable analytical systems

Conventional GCs provide accurate analysis of complex mixtures but at the cost of using
large, power-hungry, and relatively expensive table-top instruments. Usually, samples
are collected and brought back to the laboratory for analysis. On-site analysis is becoming
increasingly important, especially in the area of environmental monitoring. It reduces the risk
of contamination, sample loss, and sample decomposition during transport. Furthermore,
on-site monitoring also results in much shorter analysis turnaround times and thus allows
for faster response to the analytical results. Lightweight devices with low maintenance are
needed. In order to achieve these features, the miniaturization of the main components of
GCs is performed.

Miniaturization of GC is based both on theoretical and practical considerations [1]. Theory
predicts that reducing the dimensions of flow channels enhances the analytical performances.
In practice, miniaturization also enhances analysis of small-volume samples and increases
analysis speed. A microfabricated GC system requires a number of components to function
properly: preconcentrator, micro-valves for injecting the sample into the carrier gas, micro-
fabricated columns well-functionalized for the specific use, heaters and temperature sensors
for controlling column temperature, and detector(s) for detecting the arrival of different types
of molecules. Temperature stability is also critical for GC operation, as the adsorption/desorp-
tion processes responsible for molecular separation in the column are very sensitive to tem-
perature. The issues of microfluidic integration are therefore critical in GC microsystems.

Despite the fact that the first work on microchip-based chromatographic system was a min-
iaturized gas chromatograph in 1979 [2] using microelectromechanical systems (MEMS), this
development was hardly pursued afterward, probably because the analytical community was
not yet ready to embrace this new technology.

3. Injectors-preconcentrators

The injector is a device used for introducing liquid or gas samples into the gas chromato-
graph. The sample is introduced directly into the carrier gas stream via a temperature-con-
trolled chamber temporarily isolated from the system by gas sampling valves. Among all
reported studies, several research teams have used commercial injectors (part of a convention
GC) in split mode or gas sample valves to introduce samples into the micro-columns. Some
other teams designed and fabricated a chip-based preconcentrator instead of an injector to
increase sensitivity and selectivity when solute concentration is below detection limit of the
detector [3, 4]. In both cases, the device must be capable of generating sharp injection plugs.

A six-valve MEMS-based injector with constant 250 nL of sample volume and suitable for
harsh environment was introduced in 2010 emulating Valvo® six-valve injector. Each valve is
made from sandwiching polyether ether ketone (PEEK) membranes between silicon substrate
and glass. The six valves opened and closed by changing the pressure through their actua-
tion holes. In sampling mode, valves A, D, and E are closed, while for injecting samples onto
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Figure 1. Left: Illustration of the MEMS injector in loading and injecting modes, adapted from [6], right: Optical image
of a 3D preconcentrator with embedded pillars, adapted from [8].

separation channels, valves B, C, and F are closed (Figure 1) [5, 6]. Moreover, a customized
volume injector (0.5-15 pL) was designed by Holland et al. [7].

As a general definition, the preconcentrator relies on an adsorbing material deposited on
the active area adjacent to the heating element [8]. Ideally, the sorptive material must adsorb
selectively one or more chemical species of interest over a time period necessary to concen-
trate the chemical compound in the adsorptive material. Then, the sorptive layer must be
heated with a pulse of temperature for providing narrow desorption peaks with relatively
high concentration to the connecting sensor or detector. This process must allow the analytes
present in a large air volume to be purified and concentrated, so increasing the efficiency
of detection. Since the first micro-machined preconcentrator designed by the ChemLab at
Sandia National Laboratories in 1999 [9], many works have been carried out. In literature, dif-
ferent preconcentrating microstructures are now available in different designs and are com-
bined with a wide range of adsorbents [10-12].

The optimization of the device performance (adsorption and desorption duration and flow
rates, heating rates) is rather important for achieving a high preconcentration factor. A com-
promise must be then established between a suitable adsorbent, low power consumption, and
simple fabrication technology.

4. Columns

The gas chromatographic column is considered the “heart” in a gas chromatograph. Over
the last three decades, the nature and design of the column have changed considerably.
Conventional GCs are equipped with conventional columns: a silica or stainless steel tube
containing an immobilized or a cross-linked stationary phase bound to the inner surface.
Terry et al. [2] were the first group to introduce “miniaturized GC” and “planar column”
concepts by etching channels into a substrate rather by using capillaries of conventional GC
technology (Figure 1). However, this groundbreaking work had not led to further develop-
ments of related skills or technology until the early 1990s.

4.1. Technology fabrication

Silicon is a very common substrate for microelectronics. The material is relatively inexpensive, is
abundant in nature, and can be ordered with well-controlled crystal orientation, thickness, and
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surface roughness. A large number of processes have been developed over the past 50 years,
giving the microsystem designer a wide range of options from which to choose.

Glass, via its optical and mechanical properties, is very interesting to be included in MEMS
devices. Additionally, glass can be customized by adding additives to improve some proper-
ties, boron oxides, to produce Pyrex well known to its low thermal expansion or sodium to
easily to bond with silicon.

The combination of glass and silicon provides the most versatile fabrication technique for
producing GC columns (Figure 2). However, silicon and glass fabrication requires the use of
a clean room, making this technology relatively expensive and not within the reach of every
academic laboratory. Fabrication processes for both glass and silicon can be divided into three
main steps: patterning, etching, and bonding.

Many processes involve the deposition and patterning of thin films (e.g., for heating or as a
stationary phase) [13, 14]. There is a wide variety of methods for performing such depositions,
from nano- to microscale, such as physical vapor deposition (PVD), sputtering [15, 16], and
atomic layer deposition (ALD).

4.2, Performance of MEMS columns

Theoretical plate number N defines the efficiency of the column or sharpness of peaks. The
concept of plate theory was originally proposed for the performance of distillation columns. It
is proportional to the square root of the retention time and inversed proportional to the peak
width following the normal distribution law. The theory assumes that the column is divided
into a number of zones called “theoretical plates.” Moreover, the zone thickness is considered
as height equivalent to a theoretical plate (H or HEPT):

N = 16+ )

where ¢ is the retention time of a compound, v is the width of the peak at the base.

Mask with
opaque patterns UV Light Patterning Development
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Figure 2. [llustrating steps to obtain a MEMS column.
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The fundamental equation underlying the performance of a gas chromatographic column is
the Van Deemter equation expressed as

H=A+S+cr )

where H is the height equivalent to a theoretical plate, A is the eddy diffusion or multiple path
term, B is the longitudinal diffusion contribution, C is the resistance to mass transfer term, =
is the average linear velocity of the carrier gas.

Thus, equation is simplified in case of open columns. The A term is equal to zero because
there is no packing. This abbreviated expression is often referred to as the Golay Eq. [17].

"o

The profile of “H” versus “u” graphic goes through a minimum value of “H” where the effi-
ciency is greatest. This minimum is reached at different carrier gas velocities depending on
the nature of the carrier gas. For example, speed of analysis must be sacrificed when nitrogen
is used as a carrier gas. On the other hand, if one is willing to save time with slight loss of the
efficiency, helium or hydrogen can be used. Additionally, efficiency varies slightly for hydro-
gen than helium as velocity increases. Finally, the use of hydrogen for any application in the
laboratory always requires safety precautions in the event of leak:

* The flow rate, and consequently the linear velocity, through smaller columns is difficult to
measure accurately and reproducibly by conventional apparatus. Linear velocity may be
calculated, through a column of length L, by injecting a volatile, non-retained solute and
noting its retention time ¢ using this equation:

L
u (cm/s) = ™ 3
¢ In gas chromatography, when the temperature increases, linear velocity decreases because
of increased viscosity of the carrier gas.

e Van Deemter curve is fitted under isothermal conditions.

4.3. Functionalization

It is quite straightforward to etch channels into silicon or glass chip. However, finding a com-
prehensive and reproducible method of fabrication enabling incorporation of a stationary
phase inside the channel under conditions of extreme miniaturization, and production under
clean room conditions, was a major challenge. This part covers various functionalization
methods from classic coating to unusual MEMS-based techniques.

4.3.1. Polymer coating

In the beginning of the MEMS-based column era, researchers tried to adjust expertise gained
from the preparation of conventional columns. Usually, columns are made by etching silica
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substrate followed by capping with Pyrex. Stationary phase application after sealing the
channel was usually performed by liquid coating using static or dynamic method. These
methods led to wall-coated open tubular MEMS (WCOT-MEMS) columns commonly named
“open columns.” The goal in coating is the uniform deposition of a thin film, typically rang-
ing from 0.1 to 10 um in thickness. To reach this, two varieties of coating exists: static and
dynamic.

Polysiloxanes are the most widely used as stationary phases for both conventional and MEMS
columns. They offer high solute diffusivities coupled with excellent chemical and thermal
stabilities. Additionally, because a variety of functional groups can be incorporated into their
structures, polysiloxanes exhibit a wide range of polarities. Since many polysiloxanes are vis-
cous gums and, as such, coat well on MEMS columns. Polysiloxanes are easily cross-linked
to be used as stationary phases. The basic structure of 100% dimethylpolysiloxane (PDMS) is
depicted in Figure 3.

Lambertus et al. [18] reported a 3-m-long square-spiral MEMS column dynamically coated
with PDMS achieving 8200 plates (Figure 4). Moreover, non-treated surface gave 1500 plates
more than treated (CVD oxidation prior to bonding).

Nishino et al. [19] developed circular, 8.5-17.0-m-long MEMS columns to separate a mixture
of 13 compounds which included polar and nonpolar compounds. Before coating with the
liquid phase, deactivation treatment to reduce adsorption sites causing peak tailing or peak
disappearance was completed. Stationary phase coating was performed by a static method
with 5% phenyl 95% dimethylpolysiloxane to give a 0.25-um-thick film.

Radadia et al. [20] improved separation of organophosphonate and organosulfur compounds
by using a 3 m MEMS column coated with 0.25 pm OV-5 as stationary phase. To reduce
Pyrex’s active sites, they were deactivated by the use of a variety of agents. Organosilicon
hydride deactivation reduced micro-column adsorption activity more than silazane and
silane treatment, enabling baseline separation of nine compounds as peaks with very low
asymmetry in 2 min and providing 5500 theoretical plates/m (Figure 5).

The most widely used non-silicon-containing stationary phases are the polyethylene glycols.
They are commercially available in a wide range of molecular weights under several designa-
tions, such as Carbowax 20M and Superox-4. Unfortunately, their operational temperature is
reduced compared to siloxane-based polymers. In addition, trace levels of oxygen and water
from the sample or the carrier gas have adverse effects especially with Carbowax 20M leading
to their fast degradation. An example of a MEMS-based column coated with Carbowax 20M was
reporter by Lee et al. [21].

CH; C'Hy Ry B3
| | | |
—8i —0—8i—0 —8i—0—| —|si—0—
| | | |
CH; CHs Rz v LRy p

Figure 3. Chemical structure of basic dimethylpolysiloxane PDMS (left), and substituted polysiloxane.
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4.3.2. Solid packing

A packed column refers to a column packed with either a solid adsorbent or solid support
coated with a liquid phase. However, stable and reproducible performances depend mainly
on the quality of packing. In conventional GC, this kind of column began to decline since
1979 by the apparition of capillary fused-silica columns. A packed column consists of three
basic components: tubing in which packing material is placed (Table 1), packing retainers
(such as glass wool plugs), and the packing material itself. In MEMS-based columns, tubes are
replaced by MEMS channels and glass wool plugs by grids or meshes (Figure 6) [22].
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Figure 4. Left: (a) entire chip; (b) SEM image detail of gas flow (c) detail of etched-channel, right: Isothermal chro-
matograms at 22°C of the 20-component using channels coated with the nonpolar (a) and the moderately polar (b)
stationary phases, reprinted with permission from [19].

Gl

Figure 5. Left: (A) photograph of the MEMS column, (B) SEM of channels, (C) manifold packaging, and (D) connection
to the micro-column. Right: Separation of test, reprinted with permission from [21].
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Stationary phase Usual applications

Alumina Alkanes, alkenes, alkines, aromatic hydrocarbons (C1-C10)
Silica gel Hydrocarbons (C1-C4), inorganic gases, volatile ethers
Carbon Inorganic gases, hydrocarbons (C1-C5)

Carbon molecular sieves Oxygenated compounds (C1-C6)

Molecular sieves (5X, 13 X) Hydrogen, oxygen, methane, permanent gas, halocarbons

Table 1. Illustrative examples of some adsorbents and usual applications.

Figure 6. Left: Photograph of different components of miniaturized GC, right: Stainless steel meshes to keep the sta-
tionary phase particles in the column, adapted from [23].

Some separations require the use of packed columns: permanent gases, unsaturated isomers
of light hydrocarbons, and standardized methods (ASTM E260, NF ISO 17494, etc.) [23].
Although these columns remain effective, their implementation in reduced sizes, low effi-
ciency, and the pressure generated in the column are the main obstacles to their use.

4.3.3. Carbon nanotubes

Soon after their discovery in 1991 [24], carbon nanotubes (CNTs) received much attention
because of their unique geometry, chemical stability, and high surface-to-volume ratio.
Stadermann et al. [25] successfully used single-wall carbon nanotubes (SWCNTs) as a sta-
tionary phase by means of CVD in a microfabricated GC column (Figure 7). Following on
from their study, the team developed a new process to produce a highly uniform mat of CNT
stationary phase [26].

SWCNTs demonstrate a good ability to be used as stationary phase in gas chromatography to
separate alkanes and other analytes. It can be used as is, and no functionalization is required.
However, their performance is limited by the fabrication difficulty. CNTs are deposited only
on three sides of the column’s channel (silicon) leading to peaks broadening. Additionally,
columns with CNTs suffer from poor separation of high-boiling compounds, which is often
attributed to the thickness of the CNT layer.
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Figure 7. Left up: SEM image of the old CVD process to produce SWCNTS, left down: SEM image of the new CVD
process lead to obtain a “mat” of SWCNTs, right: Separation chromatogram of n-alkanes with SWCNTs, reprinted with
permission from [26, 27].

4.3.4. Sputtering

Sputtering is widely used in electronics for deposition of metals and dielectrics. Vial et al.
[15] use this technique to provide solid and porous stationary phase. By varying the duration
of the sputtering process, sputtered silica layers of different thicknesses were produced. For
example, silica layer having 0.75 um thickness produced 2500 theoretical plates for hydrocar-
bon separation (Figure 8). At the opposite, producing a thicker layer leads to loss separation
efficiency (number of plates). To overcome this, the same group used a semi-packed column
with high aspect-to-ratio pillars [13].

In that case separations were greatly improved because retention increased and efficiency was
close to 5000 theoretical plates m™. The same group tested various targets such as graphite
and alumina to separate light hydrocarbons [13, 16]. However, alumina requires a tedious
activation step before using.
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Figure 8. Left: Fast separation of linear hydrocarbons with a silica sputtered MEMS column, middle: Micro-pillars covered
with sputtered silica, right: SEM picture of graphite-sputtered layer deposited on the inner wall of a micromachied
column, reprinted with permission from [14, 17].

157



158 MEMS Sensors - Design and Application

4.3.5. Gold layers

In the separation sciences, nanoparticles have been used as stationary phases to provide
high separation efficiency for a variety of analytes. Because the nanoparticles are too small
to be packed into the column, they are usually used as pseudo-stationary phase to enhance
separation [27, 28]. Gold nanoparticles have become increasingly popular because of their
long-term stability, high surface-to-volume ratio, and ease of chemical modification. The use
of gold enables a variety of functional groups to be incorporated into the monolayer [29].

Agah’s group introduced in 2010 a new stationary phase based on deposing gold by elec-
troplating followed by its functionalization [30, 31]. The thickness and the regularity of the
layer are customized by varying the current density. Additionally, they used a multi-cap-
illary microfabricated 25 cm column to separate hydrocarbons yielding 20,000 plates m™
(Figure 9).

Although such results were promising, a disadvantage is that nonselective deposition meant
that the fabrication process required “mechanical” removal of gold from the upper surface.
This step could damage the very thin fluidic channels. To resolve this problem, Shakeel et al.
[32] proposed two different ways, highly reproducible, for the deposition of gold:

¢ Self-patterning gold on the vertical sidewalls only (varying electroplating conditions)
* Double-doped self-patterning to cover the interior surfaces of the channel (three silicon sides)

The use of gold stationary phases has furnished interesting results. However, uniformity and
quality of deposition depend on the deposition conditions. Additionally, this stationary phase
is not suitable for light hydrocarbons separation.

4.3.6. Ionic liquids

Ionic liquids constitute a group of organic salts with a particulate specification. They are
liquid below 100°C and consequently liquids at room temperature. Ionic liquids are polar,
nonflammable, chemically inert, thermally stable, easy to synthesize, and already used in con-
ventional gas chromatography [33, 34]. Additionally, their selectivity can be tuned by altering
the constituent cation or anion, and hence there is more than 300 commercially varieties.

Figure 9. Left: Cross-section of a single side-wall with zoom (thickness of the gold layer, middle and right: Thiol
deposition using single and double doping methods respectively, adapted from [33].
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Figure 10. Left: Separation of a 15-compound mixture using (a) [P66614][NTf2]- and (b) [BPyr][NTf2]-coated columns,
right: Up schematic diagram of the measurement setup, right down optical micrographs of the uncoated micro-column.

Zellers’ group [35] was the first team to use ionic liquids in miniaturized gas chromatography
by coating a rectangular column as a second dimension in a GC x GC system. Two years after,
Agah'’s group [36] successes integration of ionic liquids for high-performance separation of
complex chemical mixtures (Figure 10).

Ionic liquids can be easily statically or dynamically coated (immobilized). However, two
points should be highlighted:

* Due to the vast number of ionic liquids, no correlation between the stationary phase and
the group of analytes to be separated is known.

* Like normal polymer coating, homogeneity of the coating is not systematically reported.
Moreover, no one can be sure that the coating thickness is homogeny along the column.

4.4. Geometry

In conventional gas chromatography, used columns are tubes functionalized by a stationary
phase having length ranging from 10 to 100 m. To obtain an excellent column, few parameters can
be optimized: length, inner diameter, film thickness, and the coiling radius [37]. Theory of chro-
matography predicts an increase of efficiency, while the diameter of a capillary column decreases.
However, with the emerging of “planar columns,” other parameters appear (Figure 11).
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Figure 11. Illustration of some geometrical parameters related to MEMS columns.
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Figure 12. Left: Photograph showing three different micro-column (a) serpentine, (B) circular-spiral, and (C) square-
spiral. Adapted from [39],middle: Section of an open and a semi-packed columns, adapted from [40], right: Multi-
capillary MEMS column, adapted from [41].

The effect of microfabricated columns’ geometries on separation performance was compared
by Radadia et al. [38]. In fact, three configurations were tested under isothermal and temper-
ature-programmed mode: serpentine, circular-spiral, and square-spiral (Figure 12). Although
all the geometries have similar gas permeability, it is shown that the serpentine columns show
higher separation plate numbers (lower band broadening) for retained solutes in isothermal
mode of operation compared to circular- or square-spiral configurations. Additionally, in
temperature-programmed mode of operation, the serpentine design yields higher separation
numbers (peak-to-peak resolution) compared to spiral configurations. These performances
were attributed to the more favorable hydrodynamic flow.

To increase the efficiency and the surface-to-volume and the loadability without scarifying
inlet pressure, a new class of gas chromatographic column was introduced in 2009 by Agah’s
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group [39]. This “semi-packed” column contains embedded 20 pm square posts along the
length of the channel paced at 30 um (Figure 12).” This novel configuration enhances both
the sample capacity and the separation efficiency compared to the open rectangular columns.
Furthermore, due to the uniform spacing and distribution of the posts, these columns have
lower-pressure drops and eddy diffusion as compared to conventional packed columns.

Among the shape of the column and implemented pillars or none, some researchers tried
different layouts including width modulation [40], multi-capillary [41], and partially buried
channel [42].

4.5. Resistive heating

The major goal of GC method development is to minimize the analysis time with desired
resolution for accurate qualitative and quantitative analysis. Additionally, fast analysis time
means also bring the system back to its initial state (for another cycle). For conventional GC,
the column is placed inside an oven and heated using a bare resistive metal wire positioned
at the back of the oven. Heating rate for the entire GC analysis is between 30 and 60°C/min
when cooling down after running a sample takes approximately 5 minutes. Slow heating and
cooling are due mainly to the large total thermal mass of the oven making it unsuitable for
separations in fast GC.

Microfabricated columns hold a promise for field applications, as they feature fast analy-
sis time, low power consumption, and easy portability. Although the conventional oven has
often been used to evaluate to MEMS column performance, heating element is directly incor-
porated on this plan columns. Because of the high thermal conductivity of silicon, localized
heaters are usually deposited on that side to achieve reasonably uniform temperatures across
the silicon chip (Figure 13).

Patterned resistive metal layers can be deposited on the surfaces of column substrates to
form robust micro-heaters with good thermal conduction, wide temperature range, and
extremely low thermal mass. Deposition is performed by various methods such as sputtering
or CVD. The resistance temperature detector (RTD) is one of the most accurate temperature
sensors. Not only does it provide good accuracy, but it also provides excellent stability and
repeatability. Platinum (Pt) is often used in RTDs, and the thin metal film can also function as
the heater and temperature sensor simultaneously, which is advantageous for system integra-
tion compared to external heaters [13, 43].

Figure 13. Examples of various deposited platinum resistance for sensing and heating the column, adapted from [14, 44].
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Instead of using only platinum as metallic resistance, deposition of various metals was
reported: chromium/gold film (Cr/Au) or titanium/platinum (Ti/Pt). Intimate contact between
the heater and the column allows extremely high heating rates (1500°C/s) [44]. Depending
on the thickness and size of the chip, a heating power consumption can be as low as 4 W/m.

In gas chromatography, separations are performed by temperature programming starting
from lower to upper. For continuous monitoring or on-site analysis, GC system should be
cooled to the initial state to start a new cycle. Peltier coolers are widely used in miniaturized
GC. Also, the column can be set at sub-ambient temperature to retain volatile compounds, for
example. This is an advantage compared to conventional GC systems which require liquid
carbon dioxide or nitrogen.

5. Detectors

After separating the compounds, a detector is used to monitor the outlet stream from the
column. Detection in analytical microsystems is a subject of paramount importance. Indeed,
detection has been one of the main challenges for analytical microsystems, since very sensitive
techniques are needed as a consequence of the ultrasmall sample volumes used in micron-
sized environments.

The flame ionization detector (FID) is the most popular and widely used detector for the
analysis of trace levels of organic compounds. Its success is based on outstanding properties,
such as a very low minimum detectable limit, a high sensitivity, and a broad linear measure-
ment range. Kuper’s team works on miniaturized planar FID since 2000 where the oxygen-
hydrogen flame burns inside a glass-silicon chip (Figure 14) [45].

At the opposite of FID, thermal conductivity detector (TCD) is a nondestructive system. It
measures the difference in thermal conductivity between pure carrier gas and the carrier gas
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Figure 14. Left: Photography of a micro-FID on a PCB adapted from [47], right: A suspended micro-TCD, adapted
from [48].
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contaminated with the sample components. Miniaturization of TCD started with the first
micro-GC in 1979, and since then several studies have been published in this area [46, 47].

Many sensors such as chemiresistor array and metal oxide (MOX) sensors have been reported
for chip-based GC. The response mechanism of these sensors mainly relies on the impedance
changes. Typically, a chemiresistor consists of a conductive or semiconductive polymer or
emulsion and organometallic compounds [48, 49].

6. Integrated analytical systems

The development of MEMS gas chromatographic components is in progress at several labora-
tories and universities. Some characteristics of miniaturized GCs are listed in Table 2.

At this stage, microfabrication is an attractive option for the development of greatly improved
instruments, and many investigations have been reported. However, there are no portable
devices able to work anywhere, making accurate, automatic, and continuous analyses of gas
samples.

Features— |reference Sampling and Separation Detection Products to be separated
injection
Sandia National MEMS cavities MEMS spiral Chemiresistor, C5-C12 polar and nonpolar
Laboratories [51] columns coated surface acoustic compounds
(2004-2010) with PDMS, wave (hydrogen’)
WAX, etc. ycrog
uGC system CNR-IMM ~ MEMS cavity 0.5 m square- Metal-oxide Benzene, toluene,
[52] (2009) filled with spiral column,  semiconductor ethylbenzene, xylenes (ambient
quinoxaline packed with air’)
Carbograph
uGC system Arizona Stainless steel 2-19m Quartz crystal Benzene, toluene,
State University [53] tube packed with commercial fork detector with  ethylbenzene, xylenes (ambient
(2013) Carbopack columns imprinted polymer  air’)
(MIP)
Intrepid GC University =~ Combinationof 1 m MEMS Chemiresistor array  Explosives vapors (ambient
of Michigan WIMS [54]  stainless steel column (PDMS air’)
(2013) tube and MEMS  coating)
elements
Zebra GC system MES cavity 2 m MEMS UTCD embedded in  Benzene, toluene,
Virginia Tech [55] (2015) with embedded column (PDMS  the column tetrachloroethylene,
pillars (Tenax TA  coating) chlorobenzene (helium’)
coating)
UGC system University =~ MEMS cavity 10 m Homemade PID 26 VOCs (helium cartridge’)
of Michigan WIMS [56] filled with commercial
(2016) Carbopack column

‘carrier gas.

Table 2. Comparison of some portable GC systems.
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C2V Company released its first commercial micro-GC product (model C2V-200) in 2010. The
platform, based on cartridges, allows hybrid integration of components such as sensors and
valves to be assembled together with reduced dead volume. Integrated microchip technology
combined with narrow bore capillary GC columns results in a higher performance for lower
costs. The C2V-200 micro-GC is designed for ease of use, reduced maintenance, and low gas
consumption. Exchangeable column cartridges, with integrated heating zones, can be easily
installed (up to 4) with a different column and detection method. This modular setup allows
the ability to monitor a wider spectrum of gas components in the same timeframe of 10 to
60 seconds [50].

7. Conclusion

The concept of micro-gas chromatographs demonstrates the potential of mobile devices in
various fields related to analytical chemistry such as oil and gas, air analyses, defense, food
processing industry, etc. New instrument designs and component manufacturing methods
are coming on line that will result in the development of a new generation of high-perfor-
mance, moveable, and miniaturized instruments for high-performance gas chromatography
(HP-GC). The use of microelectromechanical system technologies for the manufacturing of
microfabricated gas chromatographic components results in very small, autonomous, and
low-cost instruments. Completely autonomous GC instruments require no daily maintenance
and can be placed in remote locations for long-term service. This requires battery operation,
wireless communications, and freedom from tanks of compressed gases. To this end, work
is in progress to develop a high-performance micro-GC that will have acceptable volume. To
achieve complete autonomy, vacuum outlet GC should be used with ambient air as carrier
gas. In addition, remote battery charging with radiofrequency transmission will be feasible.
The use of ambient air as a carrier gas poses several challenges. First, some stationary phases
rapidly decompose in air. Poly(ethylene glycol) is a good example. In addition, particulate
material and water vapor may need to be removed. Sensor array detection also is needed
because these devices can be microfabricated with very low dead volumes; they require no
support gases for their operation, and they can be fabricated with a variety of selectivities,
which can be used for vapor recognition and for the deconvolution of overlapping peaks. This
can reduce the resolution requirements for the column. Sensors and detectors usually have
lower sensitivity than detectors incorporated in laboratory gas chromatographic instruments.
Low detector sensitivity, coupled with the very low concentrations often associated with air
monitoring, requires the use of a preconcentrator for sample enrichment prior to separation
and detection. More energy is then needed to heat the preconcentrator to release the adsorbed
sample. It seems that one way to solve these problems is a future integration of the instrument
on a single chip, focusing each device to one field of application instead to make universal
apparatus emulating conventional gas chromatographs.
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Abstract

In this chapter, an electromagnetic induction-type MEMS air turbine generator that
combined with the MEMS technology and the multilayer ceramic technology is pro-
posed. Three types of MEMS air turbine generators that included the different bearing
systems, shape of the rotor and shape of the magnetic circuits are discussed to achieve
the high output power. In the MEMS air turbine, the purpose is to achieve high-speed
rotational motion. As a result of the comparison between the different structures, a rim-
type rotor and a miniature ball bearing system showed the high rotational speed than a
flat-type rotor and a fluid dynamic bearing system. The maximum rotational speed of
the fabricated air turbine was 290,135 rpm. Moreover, it is important to introduce the
magnetic flux to the magnetic circuit. By the multilayer ceramic technology, the three-
dimensional coil in miniature monolithic structure was fabricated. The magnetic core
that was designed to introduce the magnetic flux showed the low magnetic flux loss. The
fabricated MEMS air turbine and the multilayer ceramic magnetic circuit were combined,
and the miniature electromagnetic induction-type generator was achieved. The output
power was 2.41 mVA, when the load resistance and the output voltage were 8 Q and
139 mV, respectively.

Keywords: electromagnetic induction type, multilayer ceramic technology, air turbine
generator, ferrite, milliwatt level

1. Introduction

Micro elector mechanical systems (MEMS) are used for various fields. The most conven-
tional field is a miniature electronics field as sensors. These are made from single-crystal
silicon. Characteristics of the MEMS are a fine pattern, a high accuracy, and a high-aspect
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ratio. MEMS process is based on the integrated circuit (IC) production process, and it can
form a fine pitch pattern on a planer silicon structure. Moreover, the high accuracy and the
high aspect ratio pattern are realized by a Bosch process [1]. By this process, it is possible to
form miniature mechanical parts and fabricate an acceleration sensor, a gyroscope sensor,
and so on. The miniature sensors progress a miniaturization of an electronic device, and it
supports an information society. To realize the Internet of Things (IoT) society, the miniature,
an enormous amount of the sensor is required, and these are usually produced by the MEMS.

One of a field of the MEMS process, the mechanical field is researched because it can form a
miniature high aspect ratio pattern. Miniature MEMS actuators are researched for miniature
mechanical systems [2-5]. Moreover, attention is paid to microrobots that have miniature sili-
con mechanical components. These robots have miniature body structure and miniature actua-
tor [6-9]. The miniature actuators and the miniature robot can be used for the medical field.
The miniature structure can work in the narrow space such as inside of a human body. For
example, an endoscope microrobot has been researched [10].

The MEMS can realize the development of the information society and the medical field.
However, a miniature power source is required for the electronic device such as the sen-
sor, the actuator and the microrobot. Conventionally, a lithium-ion-secondary battery is used
as the small- and high-power density source, but it is too large for these electronic devices.
Moreover, the power density of the lithium-ion-secondary battery is approaching to the theo-
retical limit. Therefore, the MEMS power generators have been studied for miniature power
supply system. To keep a micro scale, many researchers use a piezoelectric vibration power
generator [11, 12]. It uses only a material characteristic without complex mechanical structure.
However, these generators harvest the force to move the device by the environmental vibra-
tion, and then, its power is too small to be used for main power source.

On the other hand, ultra-micro gas turbine (UMGT) that used an electrostatic type was
reported by the MIT group [13]. It was a remarkable generator because of its extremely high
energy density in small size. The advantage of the electrostatic-type power generator is
that the components are based on planar structure, and it is easy to fabricate by the MEMS
process. A lot of studies on the electrostatic-type MEMS generator have been reported [14].
However, it shows charge saturation and high internal impedance; as a result, an output
current of the electrostatic-type generator becomes small. For this reason, an electromag-
netic induction type that is usually used a commercial size generator has been studied in
the MEMS generator. The electromagnetic induction type shows low output impedance and
high output power.

The conventional electromagnetic induction-type generator has a magnet, moving part
such as the turbine structure, and a magnetic circuit including a magnetic core. The wind-
ing wire magnetic circuit forms a three-dimensional coil structure. In the MEMS process,
the miniature moving part can realize, but it is difficult to form the three-dimensional struc-
ture coil by using the MEMS process. Therefore, the planer structures such as a spiral,
a meandering or equivalent shape are employed for the electromagnetic induction-type
MEMS generator. The complex three-phase coil pattern made from a copper conductor that
was arranged on a plane substrate has reached milliwatt to watt class [15, 16]. However,
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the planar structure coil requires the large area if the turn number increases because the
conductor patterns extend parallel on the surface. Also, it is difficult to use the magnetic
material. Therefore, to catch the magnetic flux, long length coil is required. As a result, it
shows high internal resistance and small output power. In order to realize the miniature
electromagnetic induction-type generator, the miniature three-dimensional structure coil
that has the magnetic core is required.

The multilayer ceramic technology is suitable for forming the miniature three-dimensional
structure coil. This technology is the fabrication technology of a miniature electronic compo-
nent like a multilayer ceramic inductor. It can form a three-dimensional circuit pattern inside
a ceramic material. A ferrite ceramic material shows excellent magnetic property, and the
multilayer ceramic technology will realize the miniature monolithic structure that has the
three-dimensional structure coil and the magnetic core.

In this chapter, the miniature electromagnetic induction-type air turbine generator is pro-
posed and developed. The proposed generator is combined with the miniature MEMS air
turbine structure and the miniature multilayer ceramic magnetic circuit. To achieve milli-
watt-level output power, it is required that high rotational speed of the rotor. Therefore, the
air turbine is discussed optimization of a rotating structure. The various complex structure
multilayer ceramic magnetic circuits are proposed. The proposed magnetic circuits are dis-
cussed and optimized the shape to catch the magnetic flux. Moreover, the fabricated air tur-
bine generator demonstrates the rotational motion and power generation.

2. Design and concept of MEMS air turbine generator

2.1. Electromagnetic induction-type MEMS air turbine generator

The electromagnetic induction type is employed for developed MEMS air turbine generators.
Proposed MEMS air turbine generators are combined with the MEMS mechanical parts and
the ceramic electronic part. In the MEMS air turbine structure, a magnet is connected to the
rotor. The rotor shows a rotational motion by the inletting fluid. This motion occurs the elec-
tromagnetic induction revolving-field.

The design concept of the air turbine is the high-speed rotational motion. The rotational struc-
ture at a bearing system and a rotor blade form are compared. In the bearing system, the fluid
dynamic bearing system and a miniature ball bearing structure are discussed. The rotor blade
forms influence the rotational motion. In this chapter, a flat-type rotor blade and a rim-type
rotor blade are compared. Therefore, three types of air turbine structures are designed and
fabricated. The design concepts of the ceramic magnetic circuit are a miniature three-dimen-
sional structure coil and the introduction of the magnetic flux. The magnetic material designs
of the circuit are analyzed, and these are compared. Moreover, the arrangement of the mag-
netic circuit is an important factor to the miniature electromagnetic induction-type generator.
The arrangement of the magnetic circuit is discussed as the generator that combined with the
air turbine and the magnetic circuit.
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2.2. Mechanical parts of generator

The mechanical parts of the generator are the air turbine structure. These are made from a
miniature silicon parts, and the miniature structure parts are fabricated by the MEMS process.
To achieve the high-speed rotational motion, two types of bearing system such as a fluid-
dynamic bearing system and a miniature ball bearing system are designed. The one of the
bearing system, a fluid-dynamic bearing system is employed. In the miniature structure, the
friction force influence to the rotational motion. Therefore, a contactless-type miniature bear-
ing system is advantaged for the miniature silicon air turbine. However, it is difficult to rotate
with stability by this method. Moreover, design of the air turbine will be complex because it
requires flow passages to rotating and floating.

Another one is the miniature ball bearing. It made from a mechanical process, and it can
suppress an eccentric motion of the rotor because the ball bearing holds the rotor directly.
The rotor and the magnet are held a shaft through the ball bearing structure. It requires the
initial torque to achieve the rotational motion, but it is desired a stable rotational motion and
the simple structural design. By using the miniature ball bearing, the rotational part and the
magnet part can separate.

The MEMS air turbine designs are shown in Figures 1 and 2. Figure 1 shows the flat-type
rotor blade and the fluid dynamic bearing system air turbine. Image (a) and (b) of the Figure 2
employs the miniature ball bearing structure for the bearing system. Image (a) uses the flat-
type rotor blade air turbine and (b) uses the rim-type rotor blade air turbine, respectively.

The air turbine parts of Figure 1 are seven silicon structural layers and the rotor that has the
magnet. The upper layers form the air passage structure. Through this passage, air is passed
to the stator and it generates the rotational motion of the rotor. The ring-shaped magnet is

A
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bearing system %
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Figure 1. Design of MEMS air turbine structure that has flat-type rotor blade and fluid dynamic bearing system.
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attached to the rotor and placed in a center of the stator. The lower layers form the passage for
the fluid dynamic bearing system. The shape of the lower layers that form the fluid dynamic
bearing system is bump structure. This structure realizes a short distance between the magnet
and the magnetic circuit. However, the gap between the magnet and the magnetic circuit is
more than 800 um. The designed flat-type rotor has the plate structure under the rotor blade.
The plate receives the air through the levitation passage, and then, the air is released from an
outlet. The rotational air through the stator is introduced to the center of the rotor, and then,
the air passed the same outlet. The designed dimensions of the air turbine are 3.0, 3.0 and
3.0 mm, length, width and height, respectively.

Designed turbines in Figure 2 have a difference at the arrangement of the miniature ball
bearing. The flat-type rotor blade (a) has one miniature ball bearing inside the air turbine
structure. The air turbine parts are made from 11 silicon layers and 3 silicon rotor parts. The
compressed air flows from side inlet, and the down flow air passes to the stator and the rotor.
The released air passes a top outlet. The dimensions of the miniature ball bearing are 2.0 mm
(outer diameter), 0.6 mm (inner diameter) and 0.8 mm (height), respectively. It is made by
a martensitic stainless steel. The rotor is putted on the ball bearing. The magnet is arranged
under the bearing structure. Then, these are connected to the ball bearing through the shaft.
The diameter of the shaft is 0.593 mm, the material is cemented carbide. The flat-type rotor
shape is the same design with the fluid dynamic bearing system air turbine. The magnet and
a magnetic yoke are combined to suppress a leaked magnetic flux. The ring-shaped magnet is
neodymium magnet 2-pole radial direction. Its dimensions are outer diameter 3.0 mm, inner
diameter 1.0 mm and height 0.5 mm, respectively. The ring-shaped magnet yoke is formed
by a silicon steel sheet. The dimensions of the magnet yoke are outer diameter 3.0 mm, inner
diameter 1.0 and height 0.38 mm, respectively. The size of the designed air turbine is 5.20 mm,
5.20 and 4.50 mm, length, width and height, respectively.

In the image (b) of Figure 2, two ball bearings are used for holding the rotor and the magnet.
The bearings are placed above and below the rim-type rotor. The air turbine structure is con-
structed by seven silicon layers, rotor and magnet supporting part. The air passage for rota-
tional motion of the rotor is formed around the rim-type rotor, and the compressed air flows
from side inlet to side outlet. Thickness of the rotor blade is 750 pm, and the rotor blades are
formed on the side wall of the rotor. The dimensions of the rim type are 5.20, 5.20, 4.60 mm
length, width and height, respectively. The ball bearing-type air turbine can separate the rotor
and the magnet because these are held by the shaft. Therefore, the gap between the magnet
and the magnetic circuit is shorter than the fluid dynamic bearing-type air turbine. The gap
dimension of the design (a) is 220 pm and (b) is gapless design.

The fine pattern of the rotor and each layer were fabricated by the photolithography process.
In this process, the miniature components were fabricated from single crystal silicon wafer.
Each silicon wafer for the parts was washed, deposited with an aluminum layer by physical
vapor deposition, and coated with a photoresist. The designed pattern was exposed to the
resist layer and developed by soaking in the developer. The aluminum layer on the speci-
men was then chemically etched, leaving an imprint of the designed pattern. The patterned
wafer was dry etched by high aspect ratio inductively coupled plasma etching combined with
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Figure 2. Design of MEMS air turbine structures (a) flat-type rotor blade and miniature ball bearing and (b) rim-type
rotor blade and miniature ball bearing.
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Figure 3. Fabrication process for miniature components of designed MEMS air turbine.

a Bosch process [1]. The parts were achieved after removing the aluminum and washing.
Through these processes, the silicon structural components were fabricated. The obtained
components were assembled by hand and alignment pin. Figure 3 shows the schematic illus-
tration of the fabrication process.

2.3. Electronic parts of generator

The electronic part for the electromagnetic induction-type MEMS air turbine generator is
the magnetic circuit. To achieve the miniature generator, the miniature magnetic circuit that
has a three-dimensional structure coil and a magnetic core for introducing a magnetic flux
is required. Moreover, low internal resistance is an important factor to achieve high output
power. Therefore, the three-dimensional coil pattern is required. The multilayer ceramic tech-
nology is used for the magnetic circuit. Optimization of the magnetic circuit design and the
fabrication process are explained.

Designs and analyzed results of the magnetic circuit for the miniature generators are shown
in Figures 4 and 5. Figure 4 shows designs for the fluid dynamic bearing system-type air tur-
bine generator. The shape of (a) is a step-wise shape, and (b) is a horseshoe-shaped structure.
These magnetic circuits have two-pole coil structures. Each pole has 12 turn coil structure, and
they are connected at the connecting layer. Therefore, the designed magnetic circuits have 24

177



178 MEMS Sensors - Design and Application

Magnetic
material layer

Magnetic
material layer

(a) - Coil layer (b)

_Cnnm*ciing

layer

Figure 4. Design of the magnetic circuits for fluid dynamic bearing system generator: (a) step-wise shape and (b)
horseshoe shape.

turn coil. The horseshoe-shaped circuit has only the coil layer and the connecting layer, and
the step-wise shape circuit has the magnetic material layer. When the magnetic circuit and
the air turbine are combined, the magnet inside the air turbine is placed between the mag-
netic material layers. The magnetic flux loss is compared between the magnetic circuits. The
results are shown in Figure 5. The magnetic flux is introducing from the magnet to magnetic
circuit in (a). On the other hand, (b) shows the magnetic flux loss more than (a). In the both
structures, the dimensions are 3.5 and 3.5 mm, length and width, respectively. The heights are
2.0 mm in the step-wise shape and 1.2 mm in the horseshoe shape.

The output powers of these designs magnetic circuit are compared. In this evaluation, a spin-
dle machine is used for power evaluations.

Figure 6 shows the around-type magnetic circuit. It is used for the miniature ball bearing-type
air turbine generator. Designed magnetic circuit is constructed by four pieces. The coil layers

(a) (b)

Magnet Magnetic flux loss

__ Magnetic / \5.1 _
T4, circuit T Magnetic
/ \ | =0} Jcircuit

[

Figure 5. Analyzed results of the magnetic circuits: (a) step-wise shape and (b) horseshoe shape.
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Figure 6. Design of around-type magnetic circuit for ball bearing-type air turbine (a) schematic illustration of circuit
design, (b) analyzed result.

are arranged in side parts, and these have 50 turns each other. The total number of coil turns
is 100 turns; these are bonded with the magnetic parts for introducing the magnetic flux. By
this process, the closed magnetic circuit is obtained. The magnetic parts are introducing the
magnetic flux from the magnet. In Figure 6, the analyzed result is shown in (b). By this result,
the magnetic flux through the magnetic parts were observed. Dimensions of the designed
circuit are 7.40, 8.50, 2.40 mm, length, width and height, respectively.

The magnetic ceramic material is low-temperature co-fired Ni-Cu-Zn ferrite with the perme-
ability of 900. The compositional ratio is 49.2 Fe,0,-8.8 NiO-10 CuO-32ZnO. The Ni-Cu-Zn
ferrite can be fired at around 900°C. Therefore, it is possible to use the low-resistance silver
conductive material.

The fabrication process for the miniature magnetic circuits is the green sheet process, that is,
the multilayer ceramic technology. In this process, the ceramic slurry was made for forming
a sheet structure. This sheet is called the green sheet. The slurry in our fabrication was made
of the mixture of the ferrite ceramic powder, binder, dispersing agent, plasticizer and organic
materials. The through hole for connecting the under layer was machined, and then the coil
pattern was printed on the ferrite green sheet by the screen printing technology. The material
of the coil pattern was silver paste as a conductor paste. The multiple sheets were stacked, and
the specimen was diced into the designed part. By using the magnetic ceramic for the green
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Figure 7. Schematic illustration of fabrication process for multilayer ceramic coil pattern.

sheet, the magnetic core is formed simultaneously. Through this process, the obtained speci-
men was a planar structure that had the miniature coil pattern inside the magnetic ceramic.
Figure 7 shows the schematic illustration of the fabrication process for the multilayer ceramic
coil pattern.

In order to combine the MEMS air turbine, more complicated structure is required. Each part
was combined for the design structure. After that, the specimen was fired in the electric fur-
nace. In the around-type coil, the pieces were firing. After that, the pieces were combined
because a shrinkage process deforms the ceramic coil. Through these processes, the objective
structure was completed. A schematic illustration of the combined process for the complex
structure coil is shown in Figure 8.

Dicing to
designed
alnlm I.:mnn:ttmg_
coil pattern
Laminating
magnetic

material
sheets

Figure 8. Schematic illustration of the combined process for the complex structure coil.
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2.4. Experimental procedure

The combined MEMS generator was evaluated on the output power. The compressed nitro-
gen gas was injected to the MEMS generator. The rotational speed and the output voltage
were measured. Load resistances were connected to the ceramic magnetic circuit. The output
waveform was measured by an oscilloscope.

3. Results and discussion

The fabricated MEMS air turbines and the multilayer ceramic magnetic circuits were evalu-
ated. The combined electromagnetic induction-type MEMS air turbines were evaluated on the
power generation.

3.1. Fluid dynamic bearing system air turbine generator

The fabricated components of the fluid dynamic bearing system air turbine and the assembled
MEMS air turbine are shown in Figure 9. Designed dimensions and the measured dimensions
are shown in Table 1. As a result, it is found that the error was less than 5 pm.

Figure 10 shows the fabricated multilayer ceramic magnetic circuits. The dimensions of the
step-wise shape multilayer ceramic circuit were 3.40, 3.47 and 1.88 mm, length, width and
height, respectively. Inductance and DC resistance were 5.35 pH and 0.53 2. The dimensions
of the horseshoe shape circuit were 3.25, 3.49 and 1.34 mm, length, width and height, respec-
tively. Inductance and DC resistance were 5.85 uH and 0.94 Q.

The result of the power generation experiment by the spindle machine is shown in Table 2. The
load resistance of 1 ) was connected to both magnetic circuits. The rotational speed of
the spindle machine was 300,000 rpm. By the results, the maximum output power of the

Rotor Stator

Figure 9. Fabricated fluid dynamic bearing system air turbine components.
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Design dimension (um) Measured dimension (um)
Rotor diameter 1580 1578.27
Stator diameter 1600 1603.32

Table 1. Dimensions of the MEMS air turbine components.

FA9 mm

3. A0 mm
| .il.'-f 'ﬁl 'm

Figure 10. Fabricated multilayer ceramic magnetic circuit: (a) step-wise shape and (b) horseshoe shape.

step-wise shape was 1.47 mVA, and the output power of the horseshoe shape was 0.72 mVA. The
step-wise shape magnetic circuit showed the larger output power than the horseshoe shape
magnetic circuit. It is agreed from the result of the analyses. Therefore, it is found that the mag-
netic material surrounding the magnet improved the output power.

The fabricated MEMS air turbine and the multilayer ceramic magnetic circuit were com-
bined. Figure 11 shows the MEMS air turbine generator and its output voltage waveform.
The step-wise shape magnetic circuit that shows the internal resistance of 1.05 Q) was used.
The dimensions of the MEMS air turbine generator were 3.50, 3.47 and 3.86 mm, length, width
and height, respectively. The maximum rotational speed was 30,000 rpm on the condition
of 0.28 MPa. The load resistance of 1 Q2 was connected to the output of the magnetic circuit.
The maximum output voltage and the output power of the generator were 1.32 mV and 1.74
UVA, respectively. In the rotational motion, the fluid dynamic bearing system air turbine rotor
showed the eccentric motion.

3.2. Miniature ball bearing air turbine generator

The fabricated components and the assembled structure of the flat-type rotor blade air turbine
are shown in Figure 12. Dimensions of the structure were 5.23, 5.20, 4.51 mm length, width
and height, respectively. Figure 13 shows the fabricated components and the assembled struc-

Output voltage [mV] Output power [mVA]
Step-wise shape 26.8 1.47
Horseshoe shape 384 0.72

Table 2. Power generation results of fabricated magnetic circuit using spindle machine.
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Figure 11. Fabricated MEMS air turbine generator and its output voltage waveform.

ture of the rim-type rotor blade air turbine. Dimensions were 5.24, 5.37, 4.64 mm length, width
and height, respectively. These fabricated MEMS air turbine were evaluated on the rotational
speed. The rotational speed was measured by a hall sensor. The comparison of the rotational
speed is shown in Figure 14. The flow rate changed from 0 to 1.0 I/min. at pressure of 0.3 MPa.
Experimental result shows that the rim-type system had a superior potential to the planar type.
The flux change dependents the rotational speed because the magnet attached to the rotor. The
high rotational speed air turbine is advantage for high output power. Therefore, to achieve high
output power, the rim-type air turbine was employed the generator.

The fabricated multilayer ceramic magnetic circuit was shown in Figure 15. Dimensions of
the circuit were 7.40, 8.47, 2.36 mm, length, width and height, respectively. The measured DC
resistance was 2 Q.

The fabricated rim-type air turbine and the magnetic circuit were combined. Figure 16 shows
the combined electromagnetic induction-type MEMS air turbine generator. Dimensions of the
generator were 7.40, 8.47, 5.82 mm, length, width and height, respectively. When the maximum

Combined MEMS
air turbine

Figure 12. Fabricated components and assembled structure of flat-type rotor blade air turbine.

183



184  MEMS Sensors - Design and Application

efoll Hol - BFAW

Rim-type rotor

o

-

Top surface . Bottom surface

Figure 13. Fabricated components and assembled structure of rim-type rotor blade air turbine.

rotational speed was 290,135 rpm, the inlet flow was 2.4 I/min and the pressure was 0.3 MPa.
The output voltage and the output power at each load resistance are shown in Figure 16. The
maximum output power was 2.41 mVA when the load resistance was 8 (2, and the output volt-
age of 139 mV was shown. The output waveform at the load resistances was 8 and 1 kQ), as
shown in Figure 17.

The output voltage V = R I is given by the following equation: (1) when the load resistance
R, is connected to the generator and the current I flows through the circuit. In this equation,
it is necessary to consider the influence of the voltage drops by the self-inductance L and the
internal resistance r of the connected magnetic circuit.

V = R I = Ndg/dt-iwLl-7l (1)

150,000

#Rimtype @ Planar type
120,000 &
90,000 P

60,000 4

Rotational speed [rpm]

30,000
...I.

Flow rate [(.2 l/min / div]

Figure 14. Comparison of rotational speed.
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42.36 mm

Figure 15. Fabricated multilayer ceramic magnetic circuit.
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Figure 16. Output voltage and output power at each load resistance.

The magnetic flux passing the magnetic circuit is ¢. N is the turn number of coil. L is the mea-
sured value at the equivalent frequency of 290,135 rpm (impedance analyzer: Agilent 4294A),
and it was 241 pH. When the R, was 1 k(), the voltage drop due to self-inductance and the
internal resistance become small because the current carrying the circuit is sufficiently small.
Therefore, the output voltage is approximated by dg/dt. The surface magnetic flux density
of the permanent magnet and the magnitude of the magnetic flux on the magnet surface are
0.159 T and 0.375 uWb, respectively. Theoretical value if the all flux enters in the circuit, the
output voltage was calculated to be 570 mV. Compared with the output voltage that con-
nected 1 kO, 36% of the maximum magnetic flux contributes to the actual power generation.
On the other hand, when R, of 8 Q) was connected, the reactance of wL is calculated 7.3 Q. As
a result, values of wL and r are close to R, and their influence appears. The absolute value of
the output voltage is estimated as Eq. (2).

| V| =(Ndp/dtR)/[(R +7)?+w?L2] " @)
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Figure 17. Output waveform at the load resistances were (a) 8 Q and (b) 1 kQ.

The calculated result of Eq. (2), IVI becomes 367 mV. If the contribution rate 36 % of the
magnetic flux to this result, |V| become 132.12 mV. It almost coincides with output voltage
at 8 ohm (Figure 17(a)).

In the electromagnetic induction type, the magnetic circuit occurs a braking torque to the per-
manent magnet. However, the rotational speed of Figure 17(a) and (b) shows almost equal.
Therefore, the braking torque by current is sufficiently small in this turbine structure. The
magnetic flux density from the magnetic circuit can be calculated at Eq. (3).

B = pu,u NI (3)

The vacuum permeability and the ferrite relative permeability are expressed in y, and (. As
a result, B is calculated as 1.96 mT. The maximum braking torque occurs when the magneti-
zation of the permanent magnet and the magnetic flux density of the magnetic circuit cross
perpendicular. If all the magnetic flux contributes, the braking torque is 42.9 pNm. This value
is considered as sufficiently small value.

4. Conclusions

The electromagnetic induction-type MEMS air turbine generator was proposed. In this chap-
ter, three types of MEMS air turbine generators that included the different bearing systems,
shape of the rotor blades and shape of the magnetic circuits were discussed to achieve the
high output power. In the MEMS air turbine, the purpose was achieving high-speed rotational
motion. The magnetic circuit required the miniature structure that had the three-dimensional
coil, magnetic core and magnetic flux introduction design. Therefore, the multilayer ceramic
technology and the ferrite ceramic were used. One of the developed air turbines employed
the fluid dynamic bearing system and flat-type rotor. In the miniature structure, the contact-
less-type miniature bearing system is advantaged because the friction force is impact issue.
Moreover, two types of magnetic circuits for the fluid dynamic bearing turbine generator
were compared with the magnetic flux loss. By the power generation experiment, the step-
wise shape circuit that had the magnetic material introducing the magnetic flux from the
magnet was suitable to the generator. The fabricated MEMS air turbine generator showed the
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output power of 1.74 uVA, when the rotational speed was 30,000 rpm, the output voltage was
1.32 mV and the load resistance of 1 QO was connected. However, it showed eccentric motion
because it was not supported by structurally. Therefore, another one of the air turbines used
the miniature ball bearing system. The developed ball bearing air turbines were compared
with the rotational speed between the different rotor blades. As a result, the rim-type rotor
blade showed high rotational speed than the flat-type rotor. Moreover, the ball bearing-type
air turbine could separate the magnet from the rotor. Therefore, the short distance between
the magnet and the magnetic circuit was realized. The shape of the magnetic circuit was
around type that had the magnetic flux induction parts. To evaluate the power generation, the
rim-type air turbine and the around-type multilayer ceramic magnetic circuit were combined.
The maximum rotational speed was 290,135 rpm. The output power of fabricated MEMS air
turbine generator was 2.41 mVA when the load resistance was 8 (2 and the output voltage of
139 mV was shown. By these results, the milliwatt-level MEMS air turbine generator was real-
ized by the high-speed rotational motion structure that had the rim-type rotor blade and the
miniature ball bearing system, and by introduction of the magnetic flux.
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Abstract

As the form factor of microelectronic systems and chips are continuing to shrink, the
demand for increased connectivity and functionality shows an unabated rising trend.
This is driving the evolution of technologies that requires 3D approaches for the integra-
tion of devices and system design. The 3D technology allows higher packing densities as
well as shorter chip-to-chip interconnects. Micro-bump technology with through-silicon
vias (TSVs) and advances in flip chip technology enable the development and manufac-
turing of devices at bump pitch of 14 um or less. Silicon carrier or interposer enabling 3D
chip stacking between the chip and the carrier used in packaging may also offer probing
solutions by providing a bonding platform or intermediate board for a substrate or a
component probe card assembly. Standard vertical probing technologies use microfabri-
cation technologies for probes, templates and substrate-ceramic packages. Fine pitches,
below 50 um bump pitch, pose enormous challenges and microelectromechanical system
(MEMS) processes are finding applications in producing springs, probes, carrier or sub-
strate structures. In this chapter, we explore the application of MEMS-based technologies
on manufacturing of advanced probe cards for probing dies with various new pad or
bump structures.

Keywords: wafer and package test systems, MEMS technology, interconnects,
interposer, wafer probes

1. Introduction

Increased connectivity and functionality is driving the evolution of 2D technology toward
3D technology for integration of silicon devices and system design. This technology is
becoming a scaling engine for silicon technology [1] allowing higher packing densities and
shorter chip-to-chip interconnects. Shrinking die dimensions and pitch pose challenges on

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN



190 MEMS Sensors - Design and Application

the probing and test side of the equation forces development of newer probes, interposers,
interconnects and robust assembly systems [2, 3]. As 3D IC packaging is becoming mature,
there is a strong push toward 3D IC Si integration. In a 3D IC integration, some of the
chips, a microdisplay, microelectromechanical systems (MEMSs), memory, microproces-
sor, application-specific IC (ASIC), micro-controller unit, digital signal processor, micro-
battery and analog-to digital mixed signal are combined and stacked in three dimensions
[4, 5]. These system and component level challenges are being addressed by silicon carri-
ers or 3D-stacking, interposers, substrates and newer probe materials by MEMS processes.
Developing a common intermediate board for a substrate or space transformer and probe
card assembly will help solve technical challenges and reduce cost of test in both wafer
and package level testing. An optimal design, which includes the IC design, the automated
test equipment (ATE) test cell and the probe card solution, of the test flow between wafer
sort and final test can yield benefits. Standard vertical probing technologies use microfab-
rication technologies for probes, templates and substrate-ceramic packages [6]. Pitches
below 50 um pose enormous challenges on fabrication of probe card components and
nanotechnology and MEMS processes are required for producing probes, carrier or sub-
strate structures for precision requirements. Probe structures must be designed with preci-
sion and their power delivery properties must be optimized. Advanced probe cards must
be able to support high-speed testing and cold and hot temperature cycle testing with
precision contact capability. They also need to address contact challenges for multi-row
pads/bumps, full array Cu-pillar micro-bumps with various solder-bump metallurgies at
temperature. Application of various technology approaches in test systems against the test
requirements of silicon logic or memory or mixed signal devices is discussed.

2. Trends in silicon and systems for test

The cost of scaling is rapidly increasing and the expected development cost for system-
on-chip (SoC) for 10 nm is 400M USD and for 7 nm it is projected to be approaching 600M
USD [2]. This means that it requires multibillion dollar lifetime revenue to be economically
feasible per design. System solutions need to balance performance, power and cost. The
industry of moving to 3D architectures adds challenges in variability in manufacturing
next generation devices, requires more stringent variability control by data analytics and
Industry 4.0 applications [7]. Advanced packaging also adds multiple levels and variabil-
ity can happen across multiple die, as memory chip stack with through-silicon vias (TSVs)
placed on a logic device which is integrated to a substrate with copper pillar bumps, SnAg
bumps or micro-bumps. At 10 nm process node, 3D TSVs are projected to be at 6 um
diameter with depth of 55 um [2]. Logic-memory integration improves the bandwidth and
provides higher performance per watt while SoC partitioning increases yield and helps
cost optimization. In a total package stack-up, thin silicon layers become an issue due to
low-k modulus reliability while the substrate can become subjected to a thermal mismatch
stress and induced warpage problems, as well as routability issues.
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The cost is increasing with decreasing pitch, increasing probe count and increasing parallelism.
The area-array type of logic test is challenging below 100 pm bump pitch and push for MEMS
type of probe solutions are required to scale with the technology. Design for tests (DFTs) with
wrappers are targeted to reduce number of I/O’s that need to be contacted during test. Also, the
ability to reuse testers is also studied to lower the total cost of test. A test system architecture
with vertical style probe card is shown is Figure 1. In the system, ST stands for space trans-
former, multilayer ceramic substrate (MLC) and device under test (DUT).

When the roadmaps for probe card requirements are reviewed, there are many critical test
system parameters that must be considered especially for large-sized highly parallel cards.
They are mainly:

¢ Controlled overdrive

* Reduced temperature drifts

¢ Planarity self-adjustable function

¢ Low voltage test operation

* Reduced pad damage and increased uniformity
* Less particle generation

¢ Smart repair concepts

¢ Expanded temperature range

¢ Diagnostic functions on probe cards
* Smart alignment features

* Cost efficiency

e Lower lead times

Tester interface Hardware/Stiffener Ca
“-___ p

PCB ; | | \
Support Plate
WalenDUT — [ NN ——

Figure 1. Probe card system architecture is shown.
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3. Probe technology and designs for fine-pitch probing

Cantilever probing technologies, both traditional and MEMS-style cantilever, have limitations
for multi-DUT probing at 50 um or below. Wafer test becomes challenging because of design
complexity of devices. For instance, one limit is the number of rows of bond pads that can be
tested at one time, dependent heavily on pad density. Another parameter of a design test limi-
tation with cantilever-style technologies is the corner keep-out in device layouts. Yet another
requirement of this mode of technology is the need for skip DUT configurations, compromis-
ing test stepping efficiency.

Vertical style technology approaches allow more rows of peripheral pads and array patterns
for contacts. Images of probe cards of a traditional cantilever, vertical and MEMS-memory
types are illustrated in Figure 2. The market for devices with multiple peripheral pads is
moving to finer pitches and the demand for higher levels of parallel testing is increasing for
such logic configurations. These requirements are driven by higher I/O requirements, smaller
device dies, longer test times and more challenging cost of test economics. It is required to
probe devices at higher levels of parallelism and finer pad pitches. Pads can be arranged
inline, dual or multi inline rows or staggered pads. This design space is typically not address-
able by standard vertical, advanced memory cards or standard cantilever cards but a new seg-
ment for advanced fine-pitch MEMS type probe technologies. Major product families in this
space at increasingly higher parallelism requirements are high-end ASICS, SoCs/high level
digital signal processor (DSPs) and low-end DSPs/low-end microcontrollers.

Cantilever probe cards are used in addressing 1-row peripheral multi-DUT or 1-2 row periph-
eral layouts of pads on devices, as shown in Figure 3. Probe card with 2-row cantilever probes

Figure 2. Cantilever, standard vertical and MEMS type probe cards.



MEMS Technologies Enabling the Future Wafer Test Systems
http://dx.doi.org/10.5772/intechopen.73144

is illustrated on the right. There are significant limitations to standard cantilever probes tech-
nologies as the number of rows or DUTs rises. For three rows of pads, a vertical style tech-
nology is needed for efficient probing, as shown in Figure 4. Traditional vertical buckling
beam style probes of three different diameters (4-mil, 3-mil and 2-mil) which address different
device pitch requirements in wafer test are also shown. MEMS-vertical technologies enable
probing of full arrays, as shown in Figure 5, that are typically not feasible with conventional
vertical probe technologies.

Probe action, scrub mark size and depth must be precisely controlled to prevent damage to
bond pads, typically Al or Cu, and low-k dielectrics during wafer probe. Fine-pitch probing
requires precise control of alignment at pad sizes smaller than 40 um.

Cantilever probe and pads 1-row peripheral 2-row peripheral 2-row probes

Figure 3. Cantilever design and contact pad layouts.

Vertical probes 3-row peripheral layout 3 different vertical probe styles

Figure 4. Vertical probes, 3-row peripheral layouts on a device and illustrations of three different vertical probe designs
on a wafer.
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MEMS probes Array layout

Figure 5. MEMS-vertical probes for contacting an array of bumps.

The contact model for vertical probe contacts is different than cantilever-style beams. Scrub
marks generated by cantilever beams by design are typically longer than marks by vertical
probes. Accurate guiding of probes permits finer controls and precise scrub marks for verti-
cal. The tolerances on guiding holes as well as probes are critical for positions.

Figure 6 illustrates results of deflection and stress simulations for the models of cantilever
probe designs and MEMS-cantilever probe designs exhibiting deflection upon pad contact
and generating scrub motion on probe tips. MEMS-cantilever type designs are well suited
for memory device testing up to 1-4 touchdowns for 300 mm wafers with probe counts up to
60,000 probes.

Vertical buckling beam model and MEMS-fine pitch vertical probe design contacts and simula-
tions of deflection under load are shown in Figure 7. Vertical probes are typically manufactured

Cantilever probe
MEMS-cantilever probes

Figure 6. Cantilever probe design (conventional) and MEMS-cantilever probe designs showing deflection and scrub on
pad during contact.
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Vertical probes MEMS-vertical probe

Figure 7. Vertical buckling beam probe design and MEMS-vertical probe designs showing deflection and contacting a
pad/bump.

from Paliney 7™ or BeCu materials by stamping a wire version followed by a final finishing
process. MEMS-vertical or cantilever probes are lithographically produced and involves many
process steps typical in MEMS technologies. Different types of nickel alloys (Ni-Co and Ni-Mn)
are commonly used for MEMS spring or probe manufacturing. Probe tips may be coated with
harder alloys for better lifecycle, which may involve Pd and Pt alloys such as PdCo, Ptlr, PtNi,
Rh or hard gold and other alloys. It should be noted that MEMS-based vertical technology has
an edge over buckling beam technologies for design flexibility for highly parallel peripheral
devices as well as the accuracy of scrub signatures required for smaller pad sizes.Flip chip
type area-array applications such as microprocessors, graphics chips and microcontrollers, are
addressed by traditional vertical or MEMS-style vertical probe technologies. Figure 8 shows
MEMS probe products, advanced vertical probe technologies for testing full area-array (A)
or testing multi-row peripheral or partial arrays (B) and advanced cantilever types for testing
memory devices (DRAM or flash).

The electrical contact resistance measurements for MEMS-vertical probe technology as
illustrated in Figure 5 were performed on various emerging bump types. Figure 9 pro-
vides the eutectic bump resistance measurements done by MEMS-vertical probes on a test
system.

The contact resistance (Cres) was indicated to be stable at 25 um overdrive (3 gf) for all tip
sizes (9, 12, 16, 36 um) studied. The Cres is the path resistance including connections from
tester to the probe tip. The effective contact resistance of just the bump and the probe tip is
estimated to be less than 0.2 Ohms.

The contact resistance on copper pillar bumps is illustrated for MEMS-vertical technology in
Figure 10. It that shows the Cres with 12 um probe tips is much higher than those from 9 um
tips. For probes with 9 um-tips, Cres was stable at 50 pm overdrive (5-6 gf). The copper pil-
lars are much harder than eutectic or Sn-Ag type bumps, therefore it requires higher forces to
establish good contact. However, the probe tips remain much cleaner in life testing on copper
pillars compared to solder-based bumps.
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Figure 8. MEMS type advanced vertical probe technologies are used for (a) full area-array, (B) peripheral-rows or

partial-array and (C) advanced cantilever probes for inline memory testing.
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Figure 10. The eutectic bump resistance measurements done by MEMS-vertical probes on a test system are shown.

4. Next generation interconnects and substrates for probing systems

Higher levels of system integration and new IC technologies allow placement of significant
test resources on the probe card, such as caps or resistors to very close proximity to the DUT,
device supplies, digital channels and analog test circuitry, to improve signal integrity and
performance. This capability helps overcome some test limitations, and make it possible to
add RF test structures, and circuits enabling high-speed loop-back solutions. These solu-
tions help in the cost-effectiveness of the test strategy. Advanced probe cards have to be
designed to support high-speed testing and cold and hot temperature testing (from 55 to
150°C). Providing robust precision contact capability enables reliable contacts on smaller die
sizes with better signal fidelity. Probe structures can be manufactured in a cost-effective way
by MEMS methods to enable scaling to a finer bump pitch well below 50 um area-arrays.
Probe repair concepts are available on a restricted basis and this capability usually strongly
requested by wafer test houses when high number of touchdowns on wafers is required.

4.1. Space transformers

Substrates are typically perform the function of space transformers in advanced probe cards,
routing fine pitch of a device to a larger pitch of a PCB and tester boards in wafer test sys-
tems. Although the probe count is very large, memory type probe cards can handle 200mm
or 300mm wafers due to device geometries with 1 or 2 row peripheral layouts. Space trans-
former in this case is typically a single-layer thin film on MLC.

Space transformers need to be able feature following requirements to support next genera-
tion advanced probe cards: (1) very low pitch fanout (30 pum), (2) high frequency operation
with a high bandwidth of 3 GHz, signal length matching, low crosstalk for analog and digital
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signal, shielding, (3) high pin counts for dense device designs (> 5000), (4) large arrays, (5)
path resistance <2 Ohms, (6) no skip DUT and (7) peripheral device test with ore than 3 rows
of pad per side and array configuration. Some of these requirements may not possible with
MLC ceramic manufacturing with extra polyimide (PI) layers. Multilayer organic substrate
(MLOs) is lower cost versions, but also have similar geometric and process limitations along
with some thermal test restrictions.

MLS (multilayer substrate) is proposed as a type of silicon interposer manufacturable using
MEMS technology to reach these target requirements. Space transformer technology compari-
son is provided for fine-pitch probing applications in Figure 11. WST stands for wired space
transformer used in standard vertical probe cards. These are quickly changing with various
capability enhancing feature every year. WST, MLC and MLO are well established while MLS
and other high density ST scenarios are emerging. BGA and LGA stands for ball-grid array
or land grid array versions of MLC. CTE is the coefficient of thermal expansion of a material.

Substrate interconnect process flow is shown in Figure 12(A, B) for creation of a silicon inter-
poser with fine pitch and its bonding onto a MLC carrier. This type of a silicon interposer
allows for fine pitch top surface routing capability for fanout on a MLC. Silicon interposer
will have TSVs for connecting the top to bottom side. It features a probing contact pad on the

surface and a bump connection to 200 um-pitch MLC on the other side.
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Figure 11. The space transformer technology capabilities for advanced probe cards.
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MEMS wafer Dicing and sorting
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Figure 12. Substrate interconnect process flow is shown in (A) process steps for MLS and (B) substrate interconnect
features.

MLC process may involve ceramic manufacturing process and additional polyimide (PI) pro-
cess layers. Fine pitch on the surface is reached by stacking up three layers of PI. Vias on
ceramic layer are routed to pad locations. As the pin count is raised, thin film layer count
increases to match the required probing pads. In some cases as row count increases, then a
test scheme requires skipping a DUT due to such substrate density restrictions. 3-row pad
structure is shown in Figure 13 and the pin count versus the pad density is also shown.

4.2. Copper pillar bumps

The increasing requirement for more functionality in smaller packages forces trends
toward 3D packaging approaches for portability [8]. Higher routing density enabled by
finer pitch flip chip technology using copper pillars is highly desirable for lower costs and
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Figure 13. Density on substrates is illustrated for various configurations.

scalability. Copper pillar bumps typically consist of a copper base and a solder capped top
[6]. These copper pillars, sometimes called high pillars or micro-bumps, act as an inter-
connect structure which lowers stress on low-k layers in finer silicon nodes and increase
reliability. Use of such micro-bumps simplifies substrates for packages, thereby decreas-
ing cost, and allows natural migration toward TSV technologies of the future. On the
other hand, as the metallurgy of the bump structure changes from eutectic to lead-free
solders and more importantly to solder-cap on copper pillars with varying contact geom-
etries, probing very fine-pitch bumps presents new test, process and precision challenges
[8]. There is also an increasing trend toward performing the final test in wafer level to
reduce both cycle time and cost of test while moving to environment friendly manufac-
turing processes. It is important for IC design and packaging development and test engi-
neers to understand the material impacts of new wafer bumping system and technology.
They need to address both reliability and manufacturability of the entire process, which
includes test process development early in the cycle so that the overall system level cost
is optimized [8].

Probing of traditional solder bumps at 120 um pitch or above, whether eutectic, high-lead or
lead-free solder balls are performed typically by buckling beam/vertical technologies. The con-
tact area formed on the top of a round bump after a probe contact is related to the metallurgy
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and the mechanical properties of bump materials as well as the probe tip geometry and probe
force [6]. Fine-pitch technologies for ICs below 40-nm node are accelerating the move toward
copper pillar lead-free bumps and interconnections. Probing lead-free solder micro-bumps or
copper pillars at 40 um-array pitch requires MEMS-style probe technologies. There are many
known benefits of using copper pillars reported in the literature. Figure 14 shows images of
copper pillars and lead-free micro-bumps at 50 pm pitch. The bump profile on the right illus-
trates a minor scrub mark, 9 um wide, on top of the Cu-pillar. In this case, the probe makes
good and reliable electrical contact, however, the scrub signature is not easily seen on optical
images because of the hardness of copper. Figure 15 illustrates Sn-Ag based solder micro-
bumps on top a copper pillar before and after probing at 50 um pitch. The solder deformation
is observed on the probed bump on the image on the left side. The solder bumps on the left
are of eutectic type.

solder

hiatal laypar

I—
.
.

Figure 14. Images of copper pillars and lead-free micro-bumps at 50 um pitch. The profile shows the pillar bump after
probing with vertical MEMS probe technology.

Figure 15. Solder micro-bumps illustrated on the left have no copper pillar-base. Solder micro-bumps on top a copper
pillar before and after probing (on the right) at 50 um pitch.
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5. Final test and spring pins

The decision on how to partition test between wafer and package tests and where to focus
efforts to increase parallel testing is always on the agenda of test practitioners in the indus-
try. A wafer test probing is a short-cut in addressing both wafer test and package test, if it can
be a bundled solution for productivity of the test floors. This potentially reduces total cost
of test substantially. The trend nowadays is to focus on wafer sort in high parallelism mode.

The wafer level chip scale package (WLCSP) format has been rising and in the final test,
there is strong push for cost-effective RF testing solutions [9, 10]. The spring-pin technol-
ogy for the final test still inexpensive workhorse of the package test industry. The system
board level functionality is moving into package-level (SiP) or chip-level (SoC) implemen-
tations. The spring pins, are not scalable at fine pitches and will not support test speeds
necessary.

A socket-contactor design is proposed for reliable electrical contact and allows testing for
best wafer yields. This type of approach must replace known vertical probe technology
or membrane probe technology for testing wafer level packages. A novel contactor and
socket were designed for high performance and low-cost for use in wafer probe or final
test [11].

Figure 16 shows a socket test system overview showing a load-board and device under test
(DUT) with a ball-grid-array (BGA) in contact with traditional spring pins, that is, pogo
pins™. The DUT can be packaged as BGA with bumps or land grid array (LGA) and the
contactor pin geometry will change depending on the pad/bump materials and contact sur-
faces [11].

The proposed design of new contactor is illustrated in Figure 17 including a plunger, spring
wire and the socket with a retaining plate. The contactor consists of a plunger pin made of
beryllium copper and a braided stainless steel spring wire. The spring wire is typically cop-
per over-plated. The socket materials with retaining plates were made of FR4. The overall
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Figure 16. A pogo pin socket system overview.
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diameter of the spring wire section was 0.51 mm. The contactor has a 5 mm in uncompressed
total length including the plunger and the spring. The length of the spring wire section was
0.27 mm.

The measurement results in Figure 18 show the contact resistance behavior of the spring
assembly for S5304V/Cu plated with Ni/Au contacts in a 36-Pin test socket. SS304 stands
for stainless steel spring wire and Cu, Ni and Au are overplating applied to the spring
to improve the electrical performance characteristics. S parameter characterization has
shown better results than those of traditional spring pins. Figure 19 shows electrical simu-
lation results for pitches of 0.8, 1.6 and 2.5 mm are shown. Insertion loss was estimated
to be at -1 dB bandwidth as 5.025 GHz (A). Return loss of =16 dB at 4 GHz is illustrated
at (B).

The plunger pin and stainless steel spring wire can be manufactured with MEMS processes to
make them scalable to much finer pitches than these versions can support.

Figure 17. Prototype of new contactor design showing the plunger and the spring sections held in a retaining plate.

S5304V/Cu + Ni/Au Post

(mOhm)

C _Res

0 : : : : , i
0 5 10 15 20 25 30

Displacement (mils)

Figure 18. The contact resistance behavior if the plated spring contact.
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Figure 19. Simulation results for pitches of 0.8, 1.6 and 2.5 mm are shown. (A) Insertion loss, -1 dB bandwidth is
5.025 GHz (top). (B) Return loss of 16 dB at 4 GHz.

6. Conclusions

Wafer test systems and enabling requirements for effective testing of mixed signal, logic and
memory ICs were reviewed. TSVs and 3D packaging are evolving and making silicon inter-
posers available and high performance stacked die packages without wire-bonding. Silicon
interposers using TSV technology based on MEMS processes can be utilized in probe card
assemblies to enable next generation fine-pitch vertical probing. MEMS technologies are
being developed for manufacturing of novel high density substrates and fine-pitch probes
for cantilever as well as vertical probing. MEMS technologies already dominate the memory
test market. It is clear though the overall market is trending toward MEMS technologies and
purely vertical, cantilever, blade technology or others will shrink in probe card market and
advanced MEMS technologies will win.
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