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Chapter 1: fntroduction

1.1 Electronic Beam Steering

Electronic beam steering is widely used in areas such as reconfigurable wireless and

satellite communication networks and aeroplane rcdar. Allowing an anterura to electronically

scan has many benefits, including fast scanning, the ability to host multiple antenna beams on

the same arÍay, eliminating mechanical complexity and reliability issues.

Beam steering is achieved by linearly varying the phase between adjacent antennas

arranged in an array. The phase variation can be achieved by using phase shifters and

operating the array at a fixed frequency. Therefore, phase shifters are devices in an

electronically scanned array that allow the antenna beam to be steered in the desired direction

without physically re-positioning the antenna. So they are critical elements for electronically

scanned phased anay antewras, and typically represent a significant amount of the cost of
producing an antenna array.

Figure 1.1a shows two antenna elements fed with the same phase and Figure 1.lb shows

the same antenna elements fed with different phase. The shifted phase of each element causes

the waves to interfere and gives the maximum gain in the desired direction. By simply

commanding different phase shifts to the various elements across an arÍay, the beam can be

steered very rapidly as opposed to mechanically scanned antennas.

10



RF micro-electro-mechanical system (RF MEMS) technology has received a lot of
attention in recent years due to the promise of extremely low loss components, lack of
undesirable intermodulation distortion and high isolation. Several different types of MEMS

phase shifters have been investigated in recent years [2]-[6].

1.2 Thesis Objectives

The objective of this thesis is to design and fabricate a MEMS based reconfigurable

microstrip device, which can be used for phase shifting, gain control, or other effect. The

phase shifting effect will be of primary discussion in this thesis. The proposed phase shifter is

fabricated in the ground plane beneath a microstrip transmission line. An illustration of the

simulated structure is shown in Figure 1.2. A micro-spring supported rectangular copper

membrane is fabricated within each aperture of the defected ground structure. This

membrane is smaller than the aperture, and so a double thin C-shaped slot surrounds the

copper membrane around its perimeter. In this thesis, electromagnetic simulation and

mechanical modeling are researched in order to optimize membrane size to maximize phase

shift and to understand the phase shifting mechanism. This device is based on the concepts

originally developed by Leili Shafai as part of her Ph.D. research and transferred to industry

(Infomagnetics Technologies Corp - IMT) for further development. Appendix D lists her

original publications on this subject and subsequent IMT report, who's geometric studies of

the double C-shaped slot formed the starting point for the design of the device presented in

this thesis.

11
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The proposed phase shifter is fabricated in the ground plane beneath a microstrip

transmission line. An illustration of the simulated structure is shown in Figure 1.2. A micro-

spring supported rectangular copper membrane is fabricated within each aperture of the

defected ground structure. This membrane is smaller than the aperture, and so a double thin

C-shaped slot surrounds the copper membrane around its perimeter.

Actuation of the membrane away from the transmission line enables active control of

transmitted signal phase. Actuation of the membrane is achieved by applying DC voltage to

an electrode below the membrane. Figure 1.3 shows the side view schematic of the designed

phase shifter including the microstrip line on a glass substrate, the silicon wafer upon which

the micro-spring supported membrane is fabricated, and the electrode below the membrane

that is used to deflect it away from the microstrip line. A 30¡rm high rectangular air gap in

the glass exists on top of the aperture. The purpose of this air gap on the final device is to

prevent the membrane from sticking to the glass substrate when in a flat position.

Figure 1.2; An illustration of the designed structure.
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1737 glass.0.5mm

The main scopes of this thesis include achieving high structural flexibility, fabrication of
the device, simulating phase shifting mechanism of the designed structure and testing the

device as a microstrip phase shifter.

1.2.1 High Structural Flexibilify

High flexibility of the structure decreases the required actuating voltage of the phase

shifter. Reducing the actuation voltage may not only broaden the range of the possible

applications, but also significantly enhance the performance of the device. In the design of
this thesis, micro-springs are used to increase the flexibility.

The flexibility of micro-springs is extensively studied in this thesis and a detailed

mechanical model for a micro-spring is also presented. The obtained model is analyzed with

a program written in Matlab, and the results are compared with the experimental

measurements.

1.2.2 Fabrication of the Device

The fabricated device is constructed as follows. The 44O transmission-line is fabricated

from 0.8¡rm thick copper on a dielectric glass (Corning 1737, thickness 0.5 mm, e,:5.7), and

the ground plane with a rectangular aperture is fabricated from 1¡rm thick copper on the other

side of the glass. Copper metal is deposited using thermal evaporation. The micro-spring

supported membrane is fabricated on a silicon wafer, which is etched from the backside to

free the membrane and the supporting micro-springs. A i0 nm thick aluminum film is used to

adhere the copper to the silicon wafer. The copper coated wafer is placed in contact with the

T3

nR+?!FtÍ'F,?t

Glass Insulator,0.lmm

Spring Membrane Spring

Figure 1.3: Side view schematic of the designed structure.

Air gap,30pm
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ground plane of the glass substrate such that the membrane is aligned with the aperture. An

electrode is placed underneath the silicon wafer to electrostatically pull down the membrane.

A 100¡rm thick glass insulator is located between the wafer and the actuation electrode (see

Figure 1.3).

1.2.3 Phase Shifting Mechanism

The phase shifting mechanism of this design is the result of the contribution of two

phenomenons. First, when the membrane is actuated away from the substrate, an air gap is

introduced between the membrane and the substrate l7l. This has the effect of locally

changing the substrate effective permittivity. Second, the size of the slot dimension in the

ground plane is changed as the membrane is actuated downward. The substrate's effective

permittivity determines the signal propagation speed over the membrane, and the slot in the

ground plane is a discontinuity in the signal return path. The existence of the slot in the

ground can generate a resonance phenomenon and so there is a frequency band at which S21

is significantly reduced. In addition to producing the stopband, the propagation constant also

increases in its passband, which again results in a change in signal propagation speed. The

effect of membrane size and deflection on the phase of the signal, have been studied using

High-Frequency Structure Simulator software HFSS [S]. The studies showed that changing

the effective permittivity of the substrate above the defected ground plane is responsible for

effective slot reconfiguration. Experimental testing of the device has also been performed

using Network Analyzer and the measured results were compared to the simulation results.

L.3 Organization of Thesis

Chapter 2 will cover the background theory of microstrip transmission lines and the

literature review of defected ground structures, the effect of dimensions of a slot in the

ground plane on the microstrip signal and different types of MEMS phase shifters.

Background theory of micromechanical modeling will be discussed in chapter 3. This

chapter will focus on mechanical equations of motion, spring constants of a serpentine

spring, and residual stress issues.

l4



Chapter 4 will introduce some micromachining techniques, which can be used to fabricate

the designed micro-structure of this thesis.

Fabrication steps of the designed micro-spring supported membrane and the microstrip

line followed by the images of the fabricated devices will be shown in chapter 5. A novel

technique for restoring an all-focused microscopic image will be also introduced in this

chapter.

In chapter 6 the spring constant of the designed structure will be derived first and

actuation mechanism and some design limitations will be discussed. The simulation of

structure flexibility and experimental results of membrane deflection test will be finally

shown.

The proposed MEMS phase shifter of this thesis followed by EM simulation and

experimental results will be discussed in chapter 7 and finally Chapter 8 is the conclusion

and future work.

Background theory of transmission lines and the equivalent circuit models are discussed

in Appendix A.

Appendix B is about our proposed novel method for restoring an all focused image of the

fabricated micro-structure of this thesis, from several out of focus images.

The result of S parameter measurement of a thick micro-spring supported membrane is

shown in Appendix C.

Appendix D is the authorization to show information contained in reference #38.
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Chapter 2: Microstrip line and MEMS Phase Shifters

Introduction

As was mentioned in chapter 1, the objective of this thesis is to design and fabricate a

micro-spring supported membrane for reconfigurable defected ground microstrip phase

shifter. The membrane is fabricated in a defected ground plane of a microstrip line. In this

chapter a brief introduction about microstrip lines and defected ground structures will be

presented and the effect of dimensions of a slot in the ground plane of a microstrip line on the

signal will be discussed. Different types of available MEMS phase shifters will also be

reviewed. The background theory of the transmission line and microstrip lines will be

discussed in Appendix A.

2.1 Microstrip Transmission Lines

Microwave integrated circuits use planar transmission structures like microstrip lines as

the basic building block. Their planar configuration implies that the characteristics of the

element can be determined by the dimension in a single plane. When the impedance can be

controlled by dimension in a single plane, the circuit fabrication can be conveniently carried

out by techniques of photolithography of thin films. There are several transmission structures

that satisfu the requirement of being planar. Microstrip line is the most popular of these
I6



structures. As shown in Figure 2.1, a microstrip line structure consists of a thin plate of low-

loss insulating material called the substrate covered with metal completely on one side (i.e.

ground plane) and partly on the other side where the strip conductor is printed. The signal

line consists of a strip conductor of width w and thickness r, sitting on a dielectric substrate of

height h andpermittivity e . The line widths and substrate thickness are small while the line

lengths are generally a significant fraction of a wavelength. More detail about equivalent

circuit model of the microstrip line is covered in Appendix A.

2.2Defected Ground

The micro-spring supported membrane is fabricated inside an aperture in the ground plane

so called "defected ground plane". The area of the rectangular membrane is smaller than the

aperture so a thin slot surrounds the membrane around its perimeter. From conventional

signal integrity point of view, a slot in the ground plane is a discontinuity in the signal return

path [9]. The existence of a slot in the ground plane causes two effects; resonance

phenomenon, and slow wave propagation.

Figure 2.1: Schematic of a microstrip line

{ir**nr} plarr*

2.2.1 Resonance

The schematic of a mirostrip line over a slot is shown in Figure 2.2. The existence of the

slot in the ground can generate a resonance phenomenon and at the resonance frequency S21

t7



is significantly reduced. It is assumed that this phenomenon occurs because the return current

flowing along the ground plane makes a detour around the slot, as shown in Figure 2.3.In

other words, the detour of the return current causes a delay in the phase, and if the delay

causes 180'phase change, then Szr ofthe line would be reduced [10].

Figure2.2: Schematic of a slotted ground microstrip line [11]

Figure 2.4 shows the relation between the slot length and the resonance frequency. It was

found that the resonance frequency and the slot length are inversely proportional to each

other [10].

{-

Figure 2.3: Signal return path.
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Figure 2.4: Frequency characteristic of 52l when the slot length was changed [1 0]

2.2.2 Slow \ilave Propagation

*2(l

*25

It was shown that defected ground planes in addition to producing a stopband, also change

the propagation constant (B) in its passband [12]. The phase characteristic of the defected

ground plane can be used to design phase shifters. Elamaran et al [12] proposed photonic-

bandgap (PBG) based phase shifters. Photonic band gaps are periodic structures on the

ground plane that have been shown to produce frequency dependent amplitude characteristics

on microstrip circuits. Figure 2.5a shows the schematic of the microstrip line over a PBG

ground and Figure 2.5b shows phase lag versus number of PBG. As the number of PBG

periods increases, the phase lag increases as well.

80 mr-65 ram 50 rlrq 35

23
huc¡rcy{ttlã)

Figure 2.5: a: Schematic of a PBG ground microstrip line, b: Phase lag versus number of PBG period [2]
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2.2.3F,ffect of Slot Dimensions on the Signal

The concepts presented in this section were originally developed by Leili Shafai as part

of her Ph.D. research. Appendix D lists her original publications on this subject and

subsequent IMT report, and includes her authorization for their reproduction in this thesis.

The effect of a single slot in the ground plane (see Figure 2.6) on the return loss (S n),

insertion loss (Szr) and insertion phase (S21) have been studied bV [38]. The parametric result

for a 100Q line over a 0.5mm wide slot at 5GHz for different slot lengths is shown in Table

2.1. Table 2.2 shows the result of varying the slot width while the slot length is 1lmm. In all

these cases, the differential phase shifts are refened to the no slot case.

SIDE VIE1r'/

Slot
n¡idû. S*

Slot
lcngth. $

,.2 Class, l¡
LrL
T

Ground ¡rlanc

Micnrstrip Iine

Figure 2.6: A microstrip line over a single slot
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Table 2.1: Parametric study for transmission line over a slot on the ground plane line impedance Zo:100 Q,

L=50 mm S*=0.5 mm, and F5 GHz [38].

51ot

lcngtlr
S¡ (rnm)

t
J

5

.S¡r {tlB)

q

Table 2.2: Parametric study for the transmission line over a slot on the ground plane, Zo=100Q, 51 :1 lmm, and

È5GHz [38].
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According to these two tables, increasing the width and the length of the slot increases the

differential phase, however the impedance match deteriorates (S r r increases) and insertion

loss increases.

Figure 2.7 shows a microstrip line over a double-slot in the ground plane [38]. By

increasing the inter slot spacing, the impedance match first improves then starts deteriorating;

insertion loss first decreases then starts increasing, and the differential phase shift increases

(see Table 2.3).
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Table 2.3: Parametric study for a transmission line over a double slot on the ground plane, Zo:100 line, L=50

mm, Sw:0.50 mm, Sl:11.00 mm, and t5 GHz [38].

Figure2.7: Microstrip line over double-slot [38].
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The slot dimensions and spacing of S*=0.5mm, Sr:11mm, and 5o:6 mm, showing a good

impedance match level, and low insertion loss found from Table 2.3, werc used to simulate a

membrane like slot by bending the slot shape into a C-shaped, as shown in Figure 2.8 [38].

The slot length, 5l:2.50+6+2.50:11 mm, and inter-slot spacing, Sp:6 mm is still the same,

while the edge-to-edge slot distance is Ms=1mm.
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The study in [38] shows that bending the slots into a C-shaped is negligible on impedance

match, insertion loss, absolute phase, and the differential phase shift. In other word, the phase

shift properties are still the s¿Ìme as in Table 2.4 for 5o:6 mm case.

Table2.4: The transmission line over a dual C-shaped slot on the ground plane, Zo=100Q line, L:50 mm,

3*=0.50 mm, S¡:11.00 mm, 5o=6 mm, M,:l mm, and È5 GHz [38].

Dual C-shapod Slut

Figure 2.8: line over a double C-shaped slot [38].

2.3 Microstrip Phase Shifter

so

Phase shifters are the devices in an electronically scanned array that allow the antenna

beam to be steered in the desired direction without physically re-positioning the antenna. So

they are critical elements for electronically scanned phased array antennas, and typically

represent a signiflrcant amount of the cost of producing an antenna afiay.

There are a number of approaches utilized to design and produce phase shifters

depending upon the application. Pin-diodes, field effect transistors and fenite type of Phase

shifters have been extensively used in phased-array systems. In most applications solid state

phase shifters are more convenient and cost effective, however, they have limitations in

power level, especially for analog type.
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A moderate amount of dc power that a pin diode phase shifter consumed is 3-10 mW,

which results in low-loss designs, especially at X-band frequencies. FET-based phase shifters

consume no dc power and can be integrated with low-noise or medium-power amplifiers on

the same chip, thereby reducing the assembly cost of phased-array systems. However, they

introduce a lot of loss in the front end, around 4-6 dB at l2-I8 GHz, and 8-9 dB at 35 GHz

for 4-bit designs [2].

2.4 MEMS Based Phase Shifter

MEMS technology has received a lot of attention in recent years due to the promise of

extremely low loss components, lack of undesirable intermodulation distortion and high

isolation. Despite all these advantages, MEMS switches have a slow switching time in

compare to the solid state-base devices.

MEMS switches result in lower loss phase shifters at any frequency, especially from 8-

120 GHz. The average loss of a MEMS phase shifter is -0.9 dB at 10-14 GHz, which is a 3-4

dB improvement over comparable on-wafer designs using FET switches. This translates to a

6-8 dB improvement in a radar or two-way telecommunication system. The improvement is

quite high for Ka-band (35 GHz), V-band (60 GHz), or W-band (77 GHz,94 GHz) systems

(see Table 2.5). This means that one can eliminate one (or more) amplifier stage in the

transmit/receive (T/R) chain, thereby resulting in a dc power reduction of 20-100 mW per

element at X- to V-band frequencies [2].

Table 2.5: Average on-wafer loss for RF MEMS and GaAs-FET phase shifter

Freq.(GHz)

X-band(10)

Ka-band(35)

V-band(60)

Several different types of MEMS phase shifters have been investigated. t2l-t61. They will

be discussed in the following sections.
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W-band(94)

Loss RF MEMS (dB)

-0.9 to -1.0

-1.7 to -2.0

-2.3 to -2.6

-2.6to -3.0

Loss GaAs FET (dB)

-3 to -4

-6 to -7

-8 to -9

-9 to -10



2.4.1 Switched Line Phase Shifters

The most common MEMS based phase shifters are the switched line phase shifters which

utilize the switched-delay line technique by routing RF signal either to transmission lines of

different path lengths, or transmission lines of different delay networks. The switching is

controlled with integrated RF MEMS switches. An example of a RF MEMS switch is shown

in Figure 2.9. This switch is a MEMS cantilever, which is pulled down using one of the

actuating mechanisms (i.e., electrostatic, thermal, pneumatic, magnetic, and piezoelectric) to

make contact between the two signal lines. The switch is open in its rest position. Figure 2.10

is an illustration of the switched line MEMS phase shifter using RF MEMS switches.

Ë
tr

ú

Figure 2.9: A cantilever beam used as MEMS switch [37]

Figure 2.10: MEMS switched line Phase shifter by routing the signal to lines of(a) different length, (b) different

delay networks [2].

2.4.2 DÙITL Phase Shifter

A distributed MEMS transmission line (DMTL) phase shifter has been implemented by

fabricating MEMS bridges above a coplanar transmission line [4]. The idea is to load a T-line
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periodically with MEMS bridges (i.e., capacitances) and, by controlling the bridge height, the

distributed capacitance on the line, phase velocity, and phase shift can be varied, thereby

resulting in relatively long phase shifters. Figure 2.11 shows the equivalent circuit model of a

DMTL phase shifter and Figure 2.12 is the top view of a DMTL phase shifter.

Transmission l-ine

R¡ sL

* u* I çÐ (MF[4s ÇåFanríve s\'vtlchi

o I * t*t*JDiscrelc taratilor ar stuþi

Figure 2.1 l: Equivalent circuit model of a DMTL phase shifter

70 g¡

Feed

Figure2.12: Top view of DMTL phase shifter.

2.4.3 Reconfigurable Ground Plane Microstrip Phase Shifters

A reconfigurable microstrip phase shifter has been recently presented [3],[13]. In this

design micromachined comrgated membranes are fabricated in the ground plane below the

transmission line and a pull down electrode is located below the membranes to provide

electrostatic actuation. Line impedance is modified by actively controlling the spacing

between the transmission line and the membranes on the ground plane. Thus, controllably

reducing substrate effective dielectric constant, and introducing a phase shift on the

transmission line signal. While MEMS switches commonly are limited in power handling

ability, the reconfigurable ground plane presented in [13] is not so limited. In addition, with
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the ground plane situated between the transmission line and the membrane pull down

electrode, the RF signal is isolated from the actuating electrode.

The cross section view of this phase shifter and the transmission line over three corrugated

membranes are shown in Figure 2.13. The corrugated membrane used in reconfigurable

ground plane microstrip phase shifter in [13] did improve the flexibility compared to the flat

membrane design, but still very high voltage is required to actuate the membranes away from

the transmission line and introduce the desired phase shift on the signal in the microstrip line.

For instance, in order to achieve 56.49" phase shift at 32.3 GHz, a voltage of 500 V was

applied to the pull down electrode below a 10 mm membrane [3].

Microstrip line

0',.1imm.4F.45

Figure 2.13: (a) The cross section view of the reconfigurable microstrip phase shifter, (b) Transmission line

over three corrugated membrane(top view)

(b)

n



Chapter 3I Background Theory of Mechanical

Modeling

Introduction

As described in chapter 1, one of the objectives of this thesis is to achieve high structural

flexibility in order to lower the actuation voltage. In this thesis a micro-spring supported

membrane is used to increase the flexibility of the structure. In this chapter, mechanical

equations of the spring system, free body diagram and the static spring constant will be

discussed. This chapter will be focused on mechanical modeling of a micro-spring supported

membrane, which is the geometry of the designed structure in this thesis. The equations in

this chapter will be used in chapter 5 to find the spring constant of the designed structure.

3.1 Mechanical Equation of a Spring System

Mechanics may be defmed as the science, which describes the conditions of rest or motion

of bodies, under the action of force. The mechanics of rigid bodies is divided into static and

dynamics. The static deals with bodies at rest, and the dynamics deals with bodies in motion.

Actual structures and mechanics, however, ate never absolutely rigid and deform under the

loads to which they are subjected. But these deformations are usually small and do not

28



appreciably affect the conditions of equilibrium. Deformation is important as far as the

resistance of the structure to failure is concerned, which is the part of the mechanics of

deformable bodies [16].

The potential energy of a spring system, arising from conservative forces is defined as

equation (3.1):

v:+): )' ki¡Q{r¡
2Lti=tZt ¡=r

where Q¡are the generalized coordinates and k¡ are stiffness coefficients [17].

Consider a rigid rectangular plate suspended by springs (see Figure 3.1). There are three

directions of motion, x, !, z, and three angles of rotation 0, 0, 4, for the suspended plate.

(3.1)

Potential energy stored in the springs is determined by summing the contributions of each
spring [17].

Figure 3.1: Schematic of a rectangular rigid plate.
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, =+(0,. + k,!' + k,z' * n,{e' * t,{A' . orTr')

Here k,,k, and k, are the spring constants in the x,y andz directions, respectively. In this

analysis the spring force is assumed to vary linearly with displacement. However nonlinear

spring forces can be modeled by substituting the stiffness coefficients that are the function of

position in equation (3.2).

The expression for potential energy of the spring system solved for each of the six

coordinates, results in the following equations:

F, = krx

F, = kr!

Fr: krz

t, = krl?r0

rr = krI-?*Q

rr = krl?*tþ

Where Fr, Fy, F", Te Tø Tv are the external forces and torques that act on the plate.

3.2 Rigid Body in Equilibrium

(3.2)

A rigid body is in equilibrium when the external forces acting on it form a system of

forces equivalent to zero. The following equations represent the conditions for the

equilibrium of a rigid body.

)F=0 2M=X(rxF)=Q

Equation (3.10) expresses the fact that the components of external forces in the x, y, and z

directions are balanced. Equation (3.11) shows that the moments of the external forces about

the x, y, and z axes are balanced [16].
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>F.

2M,

-0
:0

In solving a problem concerning the equilibrium of a rigid body, it is essential to consider

all the forces acting on the body. Omitting a force or adding one, would destroy the

conditions of equilibrium. Therefore the first step in the solution of the problem should

consist in drawing a free body diagram of the rigid body under consideration.

3.3 Linear Spring Constant Analytic Method

In the bulk of this section, the analytic method for deriving the static spring constant of a

serpentine spring will be discussed. Figure 3.2 shows a rectangular membrane connected to

four serpentine springs.

ZFr=g 2F"=g

2M u:g 2M, =g

(3.10)

(3.1 1)

The simulation and modeling described in this thesis involves vertical motion of a

suspended rectangular plate. Therefore, only displacement from bending and torsion in z

direction is considered in the analysis and deformation from shear, beam elongation and

beam shortening is neglected.

The algorithm of calculating the z-direction spring constant of this structure is as follows

U7l:

Figure 3.2: Serpentine springs connected membrane
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r) The problem is simplified considering the geometric symmetry. This configuration is

made from four springs and has two-folded symmetry. One spring only needs to be

analyzed and the resulting spring constant is one-fourth of the total spring constant.

Boundary conditions at the end of the spring are identified. Structure symmetry is

important in determining the boundary conditions. A schematic of a spring is shown

in Figure 3.3. The end of the spring has a guided-end boundary condition, where only

motion in the preferred direction is allowed. This means that displacement and

rotation of the spring end are constrained to be zero, except in the direction of the

applied force (z direction in this analysis).

2)

3) The spring is divided into beam segments (Figure 3.4), and the free body diagram is

drawn (Figure 3.5).

Figure 3.3: Guided-end spring.

V
Z

a

In Figure 3.5 the horizontal beams "connectors" are indexed from i:l to n and the

vertical beams "span beams" are indexed from j:l to n-1.

-l
'1,

Figure 3.4: beam segments

I
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4) The boundary condition at the end of each beam is determined, by solving the

equations of rigid body in equilibrium: ZF:0, 2M:0 and ZT:0. According to the

free body diagram in Figure 3.5, F= is the force applied from the deflected membrane

to the end of spring and To and Moare the external torsion and moment respectively.

The moment and torsion of each beam segment are calculated as a function of

position along the beam segment.

s)

Figure 3.5: Free body diagram

Mo,i= M"-F,lE+e-\a]

r.¡=r.-(oP)*,

M t,j = (-\' r" - F,Ë +(11g)*,

4,, = (-t)'( iF,a- Mo)

; i:1-n

; i:1-n

; j:1-(n-t)

; j:l-(n-l)

(3.t2a)

(3.12b)

(3.12c)

(3.12d)
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6) The total energy in the spring is:

u:'ï r'( *".,' * Tn.,'

?tr o \281,.. zGJ.

where G is the torsion modulus of elasticity, and -Iis the torsion constant [17]. By

solving the three following equations:

AU
Qo: *:tt

AU
ao: 

^:r't^ðuÒ_:-" aF-

the z-direction spring constant is found (k,:F/ô=) U7l.

3.4 Intrinsic Residual Stress Issues

dE+ àï',(#-.*)"

The analysis described in the previous section does not account for any intrinsic residual

stress on the structure. Residual stress is developed during the fabrication of most

microstructures and typically presents most of the major challenges in developing these

devices. Under this stress, thin-film structures can experience undesirable deformations,

which may be signifrcant. Additionally, many MEMS devices must satisfy very stringent

requirements for reliable performance, including being planar over the circuit underneath it.

Any undesirable buckling or curling may easily deteriorate the performance of the device, or

lead to the complete failure of the device.

In general, thin-film stress is complicated and heavily depends on the specifics of the

fabrication process. There is also very little information for metallic microstructures built by

thin-films depositions and effective ways that can control its stress and/or its effects. This

section introduces the most important stress-related challenges.

Equation (3.15) shows a first-order approximation of the total stress in a film. Where å is

the film thickness andy is the coordinate across the film thickness, with its origin at the mid-

plane of the film. This equation implies that the total stress can be expressed as a
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superposition of the constant mean biaxial stress (positive or negative depending on whether

the film is in tension or compression) and a gradient stress about the mid-plane (see Figure

3.6) t20]. The effects of the mean biaxial stress and the gradient stress are analyzed in the

following subsections.

Ohd=oo+ "'(+)

Figure 3.6 :Thin film residual stress approximation

3.4.1 Biaxial Residual Stress

Figure 3.7 shows the schematics of fixed-frxed beam, guided-end beam and cantilever

beam. The biaxial residual stress increases the spring constant of a fixed-fixed beam

significantly, but since the cantilever beam is not frxed at one end, any residual stress within

the film is released and the spring constant does not contain a residual stress component [9].

'fu'l ¿'M &'M \

-Ë.l
(3. 1 s)

Figure 3.7: (a) Fixed-fixed beam. (b) Guided-end beam. (c) Cantilever

a) Fixed-Fixed Beam

tro

The part of spring constant that is due to the biaxial residual stress within the beam is

derived from modeling the beam as a stretched wire. This model only applies for tensile
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stress. The total spring constant is the sum of the contributions from the beam stiffness and

the biaxial residual stress. For a load distributed across the entire beam, the total spring

constant is shown in (3.16)[19].

k : k' + k" = zznw(l)'+ 8o(1 -")r(l)

For the case when the residual stress within the beam is compressive, the model for k" is

no longer valid. The primary concern with compressive stress is the tendency for the beam to

buckle.

b) Guided-end Beam

The spring constant of guided-end cantilever under simultaneous axial tension (i.e. biaxial

residual stress) and concentrated transverse loading is shown in (3.17)[20].

kr=

In this equation P is the axial load (stress), I is the length of the guided-end beam and y is

defined as:

2(l - cosh (yl)) + yl sinh(yl)

yPsinh(yl)

where E is the young's modulus of the film

inertia of the rectangular beam cross-section

.3

n=(1,1, l-!,7,/o'*=+

P
EI.

(3.16)

where w is the width and r is the thickness of the beam.

and I, is the moment of inertia. The moment of

is given by [17]:

(3.17)

(3.18)

(3.1e)
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Figure 3.8 shows the variation of the normalized spring constant and the associated

actuation voltage (with respect to the spring constant and actuation voltage of zero axial

stress) for an axial tensile stress of 0-300 MPa. This figure clearly demonstrates the

considerable impact of the axial stress on the actuation voltage [20].

E
dt
É¡

æ
Lö
AÌ

Figure 3.8: Spring constant and pull-in voltage as a function ofaxial residual

stress for a guided-end cantilever with simultaneous axial tension and
concentrated transverse loading [20].

c) Serpentine Beams

The serpentine beams shown in Figure 3.9 exhibit higher flexibility in handling the biaxial

mean stress than the simple guided-end beam. In other words, as the number of beams is

increased the effect of biaxial mean stress on the z-directed spring constant is reduced [20].
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Figure 3.9: Serpentine beam
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As a result, such a spring can help release the axial beam stress along its long dimension

much more effectively than a spring with one beam [20].

3.4.2 Gradient Residual Stress

An unavoidable product of thin film deposition is the presence of a stress gradient in the

normal direction of beams. The stress gradient is due to the different deposition conditions

encountered by the bottom and top layers of a uniform beam, or to use multiple layers each

with different residual stress component. In most designs, it is important to reduce the stress

gradient because it results in positive or negative beam curvature (see Figure 3.10). However,

in some designs, the stress gradient is useful to expand the tuning range of electrostatic

actuators [21].

Figure 3.10: Effect ofshess gradient on beam curvature [19].

The resulting deflection at the tip of the beam is defined as:

. Ml2Lz-_
2EI

trË,.{*,o

where M is the bending moment due to a stress gradient, E is the young's modulus, 1is the

moment of inertia and / is the length of the beam.

6.+'.,,,.:

(3.20)
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Chapter 4: Micromachining Techniques

lntroduction

Micromachining is a term that refers to the fabrication of small mechanical structures

using the fabrication processes for integrated circuits. In this chapter some common

micromachining techniques will be briefly discussed. The micromachining techniques, which

were used in this project are as followed: lithography; wet etching of silicon, silicon dioxide,

aluminium and copper;thermal evaporation; and dry etching of silicon using XeF2 gas.

4.1 Bulk Micromachining

Bulk micromachining \¡/as developed during the 1970's as an extension of integrated

circuit technology. It refers to removing alarge, or bulk, portion of the substrate wafer and

was used for fabrication of three-dimensional structures l27l.In wet bulk micromachining,

features are sculpted from the bulk of materials such as silicon, quartz, germanium, SiC,

GaAs, InP and glass. Wet etchants can be used to sculpt materials isotropically or

anisotropically by dissolving material that is not protected by an oxidation layer. This process

is quite similar to typical IC fabrication processes, except that both sides of a material can be

etched to form a three dimensional object.

Since wet bulk fabrication of miniature components is highly researched and well

established by the IC industry, very controllable etch-stop techniques are utilized and it has

become a very popular technique for fabricating micromachines. As a result, it is possible to
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fabricate microstructures on a silicon substrate by appropriately combining etch masks and

etch-stop pattems with anisotropic etchants.

4.1.1Wet Etching of Silicon

Wet etching is the process of removing material by immersing the wafer in a liquid bath

of the chemical etchant. Orientation-dependent wet chemical etching is one of the basic

techniques in silicon bulk micromachining. Wet chemical anisotropic etching of single

crystal silicon is widely used in the fabrication of micron-sized mechanical devices and

systems. The anisotropy is obtained through the different etch rates that selected chemicals

exhibit against different crystalline planes. In silicon, the atoms laying on (1l l) planes

appear more densely packed than those on the (110) and (100) planes. As a consequence,

certain etching formulations are favoured inremoving atoms from (110) and (100) planes.

This result in the possibility of making V- or U-shaped structures, through an etch resistant

mask layer, which is usually made of silicon dioxide or nitride. A popular anisotropic wet

etching bath is obtained with a solution of 40% in weigth of potassium hydroxide (KOH) in

isopropyl-alchol (this acts as a "moderator", i.e. slows down the etch). In the literature etch

speeds of 6000 fumin at 80oC for (100) planes, 1000 Ä/min for (110) planes and 60 Ä/min

for (111) planes are reported[29].

If the etch rate in all directions (i.e. x, y, andz) is the same, the etch process is said to be

isotropic or non-directional. The etching of single crystal silicon, or polycrystalline and

amorphous silicon in HNA (HF, HNO3, and CH3COOH) etchant systems will result in such

profiles. Examples of isotropic and anisotropic etching of silicon are shown in Figure 4.1

[2e1.
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The etch rates of common anisotropic wet etchants for (100) and (111) planes are given in

Table 4.1 [30].

Table 4.1: Comparison of the etch rates of common wet etchants for different silicon crystal orientations.

Wet Etch

IoI
o
L
(

Iilfcl*¡¡r*r

Figure 4.1: Etchant Profiles [29]
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In some cases agitation is needed in order to remove the byproducts from the surface and

help the etchant molecules to react with substrate more easily. Agitation usually results in

higher etch rates and more uniform profiles. In order to control the etching process, there are

a variety of etch-stop methods to terminate etching at specified regions, such as high boron

doping of those regions, electrochemical etch stop, and P-N junction etch-stop however these

methods can not be applied to all etchants and may not be suitable for some applications.
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4.l.2Dry Etching of Silicon

Dry etching is usually preferred to wet etching due to its controllability. Dry etching is

usually done in a plasma environment, which is much easier to start and stop than immersing
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samples into wet etchants and, generally, there are many more variables for controlling the

etch process. Also, plasma etchants are usually less sensitive to the small changes of

temperature across the wafer. These reasons generally make plasma etching more reliable

and repeatable than wet etching. There are usually fewer particles in a plasma environment

compared to a chemical solution. Finally, plasma etching produces less chemical waste than

wet etch. The etching is performed by reactive ions that are generated in a plasma

environment. In fact, the only reason for plasma generation is breaking the bonds in

chemically stable molecules and producing ions from those molecules. Different gases are

used for plasma generation to etch the different materials that are commonly used in

microelectronics [3 1 ].

The widely implemented dry etching process in micromachining applications is reactive

ion etching (RIE). In this process, Ions are accelerated towards the material to be etched, and

the etching reaction is enhanced in the direction of travel of the ion. RIE is an anisotropic

etching technique. Deep trenches and pits (up to ten or a few tens of microns) of arbitrary

shape and with vertical walls can be etched in a variety of materials including silicon, oxide

and nitride. Unlike anisotropic wet etching, IUE is not limited by the crystal planes in the

silicon [32].

Xeon di-fluorine (XeFz) is a dry vapour-phase isotropic silicon etchant. An isotropic

etchant of silicon etches silicon uniformly in all directions. XeFz is a very selective silicon

etchant. It will not attack any of the common materials used in microfabrication, such as

chrome, copper, aluminum, silicon dioxide, silicon nitride, etc. However, when combined

with water vapour, XeFz will break down and form hydrofluoric acid (HF), which etches

SiOz.

4.2 Surface Micomachining

In contrast to the subtractive process of wet bulk micromachining, surface

micromachining is an additive process where features are built up layer by layer on the

surface of a substrate. Generally, poly-Si is used as the structural material and lithography

followed by etching is used to define the surface features in the x,y plane. The poly-Si

structure is then released by undercutting the material with wet or dry etching.
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There are three key challenges in fabrication of microstructures using surface

micromachining: control and minimization of stress and stress gradient in the structural layer

to avoid bending or buckling of the released microstrucure; high selectivity of the sacrificial

layer etchant to structwal layers and silicon substrate; avoidance of stiction of the released

microstrucure to the substrate 132].

By choosing appropriate deposition and doping parameters, the stress and stress gradient

in thin films can be controlled and optimized.

In both bulk and surface micromachining, removing the unwanted sections of a thin f,rlm

or substrate plays a very important role in microstructure fabrication. The etch depth can be

as deep as a few hundred microns. In such cases, choosing proper materials as the masking

layer and the etchant is critically important. The most commonly used materials for masking

are silicon dioxide and silicon nitride. Polysilicon or crystalline silicon is usually the material

that is needed to be, either completely or partially removed. Thus it is very important to use

an etchant, which is as selective as possible to silicon. Hydrofluoric (HF) or buffered

hydrofluoric acids are highly selective against silicon substrate.

There are different methods used to prevent the stiction and the most common one is to

use gaseous hydrofluoric acid and control the temperature of the substrate [32].

4.3 Oxidation

Oxidation of silicon wafers is used for passivation of the silicon surface or masking the

area, which is not to be etched. Silicon, exposed to the aft at 25"C, is covered by the 2 nm

layer of the silicon oxide (SiOz), so called native oxide. Thicker SiO2layers can be grown at

elevated temperatures in dry or wet oxygen environments. The wet and dry reactions are:

Si+2II.O-SiOz+H,
Si + O, -- SiOz

Thermal oxidation is the only deposition technology, which actually consumes some of
the substrate as it proceeds. The growth of the film is done by diffusion of oxygen into the

substrate, which means the film growth is actually downwards into the substrate. As the

thickness of the oxidized layer increases, the diffusion of oxygen to the substrate becomes
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more difficult leading to a parabolic relationship between

for films thicker than -100nm. A schematic diagram of a

shown in the figure below [33].

ä*ËOil8

4.4 Lithography

Lithography in the MEMS context is typically the transfer of a pattern to a photosensitive

material by selective exposure to a radiation source such as light. A photosensitive material is

a material that experiences a change in its physical properties when exposed to a radiation

source. If we selectively expose a photosensitive material to radiation by masking some of

the radiation, the pattern of the radiation is transferred to the material exposed, as the

properties of the exposed and unexposed regions differs. Figure 4.3 is an illustration of UV

exposure to a photoresist coated wafer.
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film thickness and oxidation time

typical wafer oxidation furnace is

Quartn tuhe

Figure 4.2: Schematic of a thermal oxidation system
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In lithography for micromachining, the photosensitive material used is typically a

photoresist also called resist. When resist is exposed to a radiation source of a specific a

wavelength, the chemical resistance of the resist to developer solution changes. If the resist is

placed in a developer solution after selective exposure to a light source, it will etch away one

of the two regions (exposed or unexposed). If the exposed material is etched away by the

developer and the unexposed region is resilient, the material is considered to be a positive

resist. If the exposed material is resilient to the developer and the unexposed region is etched

away, it is considered to be a negative resist.

4.5 Metal Deposition

One of the basic building blocks in MEMS processing is the ability to deposit thin films

of material. MEMS deposition technology can be classified in two groups; Depositions that

happen because of a chemical reaction; Depositions that happen because of a physical

reaction. In this thesis, physical deposition by means of thermal evaporation was used.

4.5.1 Thermal Evaporation

In evaporation, the substrate is placed inside a vacuum chamber, in which a source of the

material to be deposited is also located. The source material is then heated to the point where

it starts to boil and evaporate. The vacuum (about 10-6 - 10-8 torr) is required to allow the

molecules to evaporate freely in the chamber, and they subsequently condense on all

surfaces. Figure 4.4 shows a typical evaporation system.
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Metal vapour *.

This principle is the same for all evaporation technologies and only the method used to

the heat the source material differs. There are two popular evaporation technologies, which

are e-beam evaporation and resistive evaporation each referring to the heating method. In e-

beam evaporation, an electron beam is aimed at the source material causing local heating and

evaporation. In resistive evaporation, a tungsten boat, containing the source material, is

heated electrically with a high cunent to make the material evaporate.

. Subslrates
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Figure 4.4: Thermal evaporator
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Chapter 5: Fabrication Process

Introduction

In this chapter fabrication steps of the designed micro-spring supported membrane

followed by the challenges during fabrication will be discussed. Fabrication process of the

microstrip transmission line with the defected ground plane will be presented next. The

images of failed and successful devices will also be shown. The images of the non-planar

micro-structure are not focussed on all locations. This problem will be discussed in this

chapter and the novel method to extract an all-focused image from several out of focus

images is presented in Appendix B.

5.1 Fabrication of Micro-spring Supported Membrane

The micro-spring supported membranes were fabricated on a 400¡rm thick silicon wafer.

The wafer was oxidized in both sides for a thickness of 2 ¡rm.

v
2¡rm SiO2
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Figure 5.1: Oxidized silicon wafer

400¡rm Si
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5.1.1 Fabrication steps

l. Both sides of the wafer are first spin coated with photoresist. Backside of the wafer

was aligned to the mask shown in Figure 5.2 and was UV exposed.

Figure 5.2: Back side mask (the location of the rectangular aperture of the defected ground plane)

2. The resist was developed and the wafer was rinsed with de-ionized water (DI). The

image of the mask in Figure 5.2, which defines the locations of apertures were

transferred to the wafer after this step. These apertures will then be etched through the

silicon wafer using KOH, which is an anisotropic etchant. The angle between (100)

and (111) plane is 54.7". So the size of the aperture in the backside mask was

designed larger than the size of the final aperture in the front side of the wafer by 2Ax

(see Figure 5.3):

'-cfË

Lx:
tan-t (54.7")

H

After etching the silicon wafer from the backside, for a depth of f{, the size of the

aperture in the front side of the wafer is2Ax less than the backside mask aperture.
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J. The oxide layer on the location of aperture was removed by immersing the wafer in a

buffered hydrofluoric acid (BOE) solution for 45 minutes. The front side oxide layer

was protected with photoresist and a black tape. The photoresist was then removed

using acetone. Figure 5.4 shows the location of the aperture after this step.

4. The silicon wafer was etched at the locations of apertures for a depth of 360¡.r,m, using

KOH at 80'C (see Figure 5.5). The KOH solution, which was used had an etch rate of

1.14¡.r,m/min for Si and an etch rate of 0.27¡tmlhr for SiOz. The etch rate

exponentially depends on the temperature and even a small change in temperature

may affect the etch rate. On the other hand increasing the temperature increases the

etch rate of SiOz with the faster rate than the silicon, so the oxide layer which was

used as a mask layer in this step, may be removed if the temperature is higher than

80"C. So a careful control of temperature is needed in this process.

5. Next the oxide layer at the front side was removed using BOE etching and the wafer

was cleaned from organics using a solution called piranha etch (sulfuric acid:

hydrogen peroxide is 3:l).
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6. In this step a thin copper film was deposited on the wafer using thermal evaporation

technique. Copper does not stick to the silicon strongly so an adhesion layer was

needed. 10nm thick aluminium was used as an adhesion layer. The substrate was

mounted in the evaporator's vacuum chamber and the chamber was pumped down to

high vacuum, typically 10-6-10-8Torr. At lower pressures the deposited film is more

pure. The evaporation system was used has two sources of evaporated material each

can be connected to the power supply to be heated. The first evaporating material (Al)

was wrapped around a tungsten rod and was connected to the power supply.

Aluminium evaporated and coated all surfaces within line of sight of the source,

including the substrate. The second evaporating material (Cu) was placed in the

tungsten boat and was heated to evaporate on to the substrate for a thickness of l¡rm.

So copper was deposited right after aluminium deposition without breaking the

vacuum.

Evaporation rate should be higher than the deposition rate of the background

particles so that the deposited film becomes less contaminated. On the other hand the

evaporation rate should be slow enough to let the molecules to find their strongest

bond to the substrate surface and result in a strongly bonded film. The deposition rate

of aluminium \ryas around 7 A"lsec and for the copper was 25 Ao/sec.

Evaporation rate is determined using a crystal thickness monitor. The crystal

thickness monitor uses a crystal resonator, which is mounted in the evaporation

chamber. The monitor drives and monitors the resonant frequency of the crystal.

Density and other parameters of the depositing film are entered into the monitor. The

monitor then measures the shift in resonance and calculates the rate of material

deposition. Figure 5.8 shows the evaporation system was used.

Figure 5.7: Front side was coated with Al+Cu.
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Figure 5.8: The thermal evaporator's main chamber. The metal sources are Aluminium on a Tungsten rod (left)

and Copper in a Tungsten boat (right) [29].

7. Photoresist was spun on the copper coated side and the front side of the wafer was

aligned to the mask shown in Figure 5.9 and UV exposed. The front side mask shown

in Figure 5.9 determines the locations and features of the micro-springs and

rectangular membranes. Perfect alignment is very important in this step. Dashed lines

in the mask help better alignment with the backside of the wafer.
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8. The resist was developed and the wafer was rinsed with di-ionized water (DI). The

image of the mask in Figure 5.9 was transferred to the copper film on the wafer after

this step. The wafer was then hard baked in an oven for 20 minutes.

The developing process should not take long and once all exposed photoresist are all

removed the wafer should be rinsed immediately, otherwise the developer solution

will start etching the patterned regions. Figure 5.10 Shows the result of
overdeveloping.

Figure 5.9: Front side mask (locations and shapes of micro-springs and membranes)

Figure 5.10: Images of overdeveloped wafers
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The resolution of the printer, which was used to produce the lithography mask was low

and features smaller than 21 pm with the distance of less fhat2l ¡rm apart, were merged (see

Figure 5.11).

So the final designed mask contained features larger than2l ¡rm with the distance of larger

than2l ¡.r,m apart to avid this problem.

9. In this step, copper and Aluminum films were etched at the locations, which were not

protected by the photoresist (white areas in the mask). Copper was etched using

copper etch solution and Aluminum was etched using BOE.

Figure 5. I I : Image of a photoresist patterned wafer with a failed mask

10. The remaining 40 ¡rm silicon under the copper film was etched using XeF2 gas to

release the microstructure.
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A typical XeFz etching system (Figure 5.13) consists of an etching chamber, an

expansion chamber, a mechanical rotary pump, a nitrogen source and a canister of

XeFz. First, the wafer was loaded into the etching chamber. Then the mechanical

pump was used to evacuate the etching chamber and the expansion chamber. Several

nitrogen purge cycles were then done to remove the water vapour from the etching

chamber. The released structure is shown in Figure 5.14.

4 Chamber

Nitrogen

The valves shown in Figure 5.13 are not variable valves (i.e. they switch on and off), so a

very high-pressure gas flow entered to the chamber each time we opened the valves. The thin

flexible copper micro-springs could not survive in this condition and they either broke or

buckled (see Figure 5.15). In this process, most of the short micro-springs (L < lmm) were

deformed whereas the larger micro-springs (L>lmm) all were broken showing the higher
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strength of the smaller device. In the flinal mask design the longest micro-spring was lmm

In order to solve the problem of high-pressure gas flow, an aluminium shield was placed

over the chamber opening to prevent the sudden gas flow to the chamber when the switch

was opened.

In the final design four wafers were used to fabricate four sets of different structures. The

f,rrst two wafers contained several different geometries for micro-springs all made of 1¡r,m

thick copper film. The second two wafers were designed to be made of 40 ¡rm layer of silicon

coated with l¡rm thick copper film. The membranes in the second two wafers were planer

and had less curvature but their flexibility were signif,rcantly lower than devices of the first

two wafers. The fabrication steps of these two sets of devices will be discussed in following

subsections.

5.1.2 Micro-spring supported membrane made of copper

In order to completely release the copper micro-springs and membranes from the silicon

wafer, the etch process should be done for about 4 hours and all the silicon underneath the

aluminum layer has to be completely etched away.In order to do so, we mounted the wafer

in the chamber with its backside faced to the top, and watched the backside of the membrane

with a microscope during the etch process. XeF2 gas etched the exposed silicon (i.e. the
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location of the aperture) and once all the silicon in those locations is etched,

layer can be seen. The image of a row of fabricated copper membranes is

s.t6.

As Figure 5.16 shows l pm thick copper membranes are not perfectly flat and they are out

of plane with respect to the substrate. This curvature is due to the stress gradient in the

copper film. The curvature caused the membrane edges to locate at worst 45¡"r,m below the

substrate.

5.1.3 Micro-spring supported membrane made of copper coated silicon

The second two wafers were fabricated of a layer of 40 ¡rm silicon with a thin copper

coated film (see Figure 5.17).

Figure 5.16: A set of l¡rm thick copper micro-spring supported membranes.

shiny aluminum

shown in Figure

Keeping a thick layer of silicon underneath the copper film causes the membranes to stay

flat with the substrate and also reduces the stress gradient in the micro-spring beams and the

membrane. However the flexibility of the structure is reduced signifìcantly. In this step, the
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wafer was mounted so that the copper coated side faces the top and the XeF2 gas attacks the

exposed silicon only from the top. Once the micro-springs were all released (i.e. before

attacking the gas to the silicon underneath the membrane) the etch process was stopped. So

the resultant wafer contains membranes, which consist of silicon layer, aluminum adhesion

layer and a copper film. Figure 5.18 shows the image of the 1mmx1.6mm membranes

fabricated using this method. We can see that the membranes are flat in comparison to Figure

5.16 and the micro-spring bars are less stressed.

Figure 5.19 is the image of 2mm x 2.6mm membranes, which did not survive in this step.

This is because of the factthat, the slot around the membrane has larger area to be etched by

XeF2 gas in compare to 1.6 x lmm structure and by the time all the silicon in that area is

removed, the XeFz gas attacked the silicon underneath the micro-springs and results in

relatively thin micro-springs. As Figure 5.19 shows the thin micro-springs attached to the

large thick membranes could not hold the membrane in the level of the substrate due to their

large mass and most of them are broken. A solution to this problem is to use another

lithography mask to pattern the 40 ¡.r,m thick silicon layer from the back and provide a

photoresist mask in XeFz etching process to protect the silicon undemeath the micro-springs.

Adding another lithography step, however, may result in a misaligned pattern. In addition,

Figure 5.18: Si+Cu micro-spring supported membranes measuring I x 1.6 mm.
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the wafer was thinned to 40 pm at the location of the device and putting it on the vacuum

chunk of the photoresist spinner may deform the thin wafer.

5.2 Fabrication of the microstrip transmission line

The microstrip transmission line was fabricated on dielectric glass (Corning 1737,

thickness 0.5 mm, er5.7). First the front side of the glass substrate was evaporated with

0.8pm copper metal while an aluminum mask was used to cover the unwanted areas (see

Figure 5.20).

Figure 5.1 9: Si+Cu micro-spring supported membranes measuring 2 x 2.6 mm.

The backside of the glass substrate was then evaporated with l prm copper metal while a

Zmm x2mm rectangular aluminium tape was masking the location of the aperture (see Figure

5.21). This copper layer is the ground plane of the microstrip line.

ll
Figure 5.20: Front side mask for the microstrip-line.
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After forming the ground plane, both sides of the glass substrate were black taped except

the location of the aperture and the substrate was placed in BOE solution. So the 2mm x

2mm aperture was etched and a 30¡rm deep air gap in the glass at the location of aperture was

formed. This air gap prevents the membrane to stick to the glass substrate when it is brought

into contact to the glass substrate in the experimental setup. Figure 5.22 shows the complete

microstrip line.

nrãitEmiã

I

Figure 5.21: back side mask for the defected ground plane.

Figure 5.22: Final microstrip transmission line with a 2mm x 2mm aperture in the ground plane.

1737 glass.0.5mm

5.3 Microscopic Imaging of Non-Planar Objects

Air gap,30¡rm
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-

'It
E 

-

As mentioned in section 5.1 most membranes are located below the substrate forming a

non-planar object. Microscopic imaging of a non-planar object requires several focal levels

and focusing to each of those levels result in an out of focus of the others. The image taken

therefore has only some areas in focus and the areas under the out of focus planes are either

blurred or even invisible. Figure 5.23 shows the images of a device taken using a light

microscope equipped with a CCD camera with different focal settings. The focused areas are
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shown in circles. A novel method was proposed in this thesis for restoring

image from several differently focused images without relying on any

microscope camera [35], [36]. Figure 5.24 is the final all-focused images

images of Figure 5.23.To find more details see Appendix B.

an all-focused

knowledge of

extracted from

Figure 5.23: Differently focused images of a micro-spring supported membrane under microscope

Figure 5.24: Final all focused image
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Chapter 6: Mechanical Simulation and Deflection

Testing

Introduction

In this chapter the spring constant of the designed micro-spring supported membrane, will be

discussed first. The equations found in chapter 3 will be simplified under some conditions, and

a simple mechanical model for micro-springs' spring constant will be presented. The

electrostatic actuation mechanism of the designed structure and the result of membrane

deflection testing and simulation will also be shown.

6.1 Linear Spring Constant Analytic Method

Figure 6.1 shows a rectangular membrane supported by four micro-springs, which provide the

flexibility of the designed structure. The goal is to find the displacement d, resulting from the

force, F applied in the appropriate direction. Only displacement from bending and torsion in z

direction is considered in the analysis.

In this analysis f,rrst the spring constant of a guided-end beam is calculated, then the spring

constant of a micro-spring composed of connected beams will be calculated. An approximation

will be then performed to simpli$, the spring constant of the structure to a series combination of
guided-end beams.
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6.1.1 Spring Constant for a Guided-end Beam

Figure 6.2 shows a schematic of a guided end beam having length L, width w, thickness t,

subject to a transverse force applied at its tip. The applied force (F(z)) at the end of the beam,

results in a shear force (V(z)) at the base of the beam which is equal to the applied force but in

the opposite direction. A bending moment is also generated at each point on the beam along the

x axis and is defined as the following equation:

Figure 6.1: Micro-spring supported rectangular membrane

where Mo is the external bending moment and ( is the distance from the guided end.

olrE+ x

v
z

M=Mo-FE

M(z)

L
Figure 6.2: Schematic ofa guided end beam subject to a transverse force

(6.1)
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The strain energy of the beam is found by integrating the strain energy density along the

beam.

where E is the Young's modulus of elasticity and I, is the bending moment of inertia about the y

axis. The moment of inertia of the rectangular beam cross-section is given by:

',= ï-':, f 
',',,ta'aY =#

,:ï!ffæ

The angle at the end of the beam, rp¿, is constrained to be zero.

a, : #: i#,ffi* : äi,M. - F,E).E : o

Solving for the bending moment gives:

FrLMî=: , M=Fr(Llz-E)"2

Displacement at the end of the guided-end beam is obtained using equation (6.6).

ô, : # : t##" : 
+ [rI - * ae = yn

Spring constant is calculated simply by dividing the applied force by the displacement. So the

spring constant of a guided-end beam in z direction is:

(6.2)

w F, lzûIy Ewt3
'-z 

ô_ Ë Ë

(6.3)

(6.4)

(6.s)

(6.6)

(6.7)
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6.1.2 Spring constant of a micro-spring

Figure 6.1 shows a membrane, which is anchored to the substrate through micro-springs,

forming a kind of fixed-fixed bridge. The spring constant for a fixed-fixed structure can be

modeled in two parts. One part is due to the stiffness of the bridge which accounts for the

mechanical characteristics such as Young's modulus, E, and the amount of inertia, L The other

part of the spring constant is due to the biaxial residual stress within the structure and is a result

of fabrication process. As described in section 3.4.Ic, as the number of spring beams increases

the effect of residual stress component on the spring constant decreases. Although the structure

shown in Figure 6.1 is a fixed-fixed type, the residual stress is absorbed by flexible micro-

springs. In this analysis the residual stress component of the spring constant is neglected.

Springs are energy storage elements analogous to electrical capacitors, and in this simple

case, laws for calculating equivalent spring rates are the same as the laws for calculating

equivalent capacitance. Springs are in parallel if they undergo the same deflection and are in

series if they support the same loading. Figure 6.3 shows the parallel combination of springs Sl

and 52, in series with 53. The resulting spring constant is calculated using the following

formula:

1

-=K,o, (Kr, + Krr)
1+-

K,,
èK,o,ot=ffi

*
Figure 6.3: series and parallel combination of 3 springs.

(6.8)
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Series combination model of cantilevers and columns "connectors" for x-direction spring

constant of a spring had been presented in [ 8], however this model does not represent a correct

model for the spring.

A cantilever is a beam, which is fixed at one end and the other end is completely free to

move. The spring constant of a cantilever is four times less than guided-end beam (see equation

6.e),

Kr-rorot:#

A spring is composed of connected beams and the boundary conditions are no longer that of

the cantilever, so modeling them as cantilevers is not a correct approximation. The comparison

of experimental results with simulation results based on this model will be shown in section 6.4.

In this thesis the spring constant of the micro-spring is derived by considering the guided-end

boundary conditions for connected beams.

In order to derive the spring constant of a micro-spring, the problem is first simplif,red

considering the geometric symmetry. Boundary conditions at the end of the spring are identified

(i.e. guided-end boundary condition) micro-spring is divided into beam segments and the free

body diagram is drawn.

The moment and torsion of each beam segment are calculated as a function of position along

the beam segment (see section 3.3 for more details).

(6.e)

a

.I
'1.

Figure 6.4: beam segments

I

65



Mo,¡: M" - F,IE+ (; - l)a]

r.,i:r.-(ry)*,

M u. j : (-Ð' r" - F,g +f 
r * (- l)' 

)o-,'l 2 )""
4' = (-r)'(iF,a- Mo)

In order to simplify the above equations, the bending moment of the

"connectors" and the torsion of the long beams are neglected. This assumption

following conditions:

a) The connectors are fabricated short in compare to the length of the span beams (acb).

Making this assuption it can be assumed that short connectors do not bend and will

only transfer the force and the moment to their adjacent span beams. In the designed

structure of this thesis, the length of the connectors at longest is a:56¡rm and the length

of the span beams at shortest is b:350¡rm, which yield to the ratio of a/b of 0.16 at the

worst-case scenario. So this assumption is valid.

: i:l-n

; i:l-n

; j:t-(n-t)

;i:1-(n-t)

b) There is no significant elongation of the spring length along x-axis when beams are

deflected in z direction.

Deflecting the spring in z direction also causes the connectors of the springs to

elongate and the span beams to deflect in x direction (see Figure 6.5). However this

elongation of the total spring length is too small in compare to the deflection in z

direction and for the worst-case scenario shown in Table 6.1 Ax-0.1 7 Lz. According to

Table 6.1 the elongation of the spring is only 0.06 of the length of the spring itself, so it

can be neglected.

Table 6.1 : Dimension of the beams in the designed micro-spring.

(3.14.a)

(3.r4.b)

(3.14.c)

(3.14.d)

short beams

is valid under

La

56 pm

Lb

350 ¡rm

x0

280 ¡rm

z

100 ¡rm

^x
17.3 ¡rm

Lxl Lz

0.17

Âx/xo

0.06
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Lu

Æ'*' x0 'l r,
Âx = X,-Xo

(b)

Figure 6.5: Elongation of the spring in x direction. (a) Deflection of the membrane in z direction. (b) Spring

exposed to F". (c) connector elongation and beam bending along x axis.

c) There is no internal torsion introduced to the span beam segments. In other words, the

span beams are deflected in the linear regime of motion.

The deflection equation for the spring is derived from differential equations assuming

small deflections and angle of rotation. This assumption is more than 10o/o in error for

deflections greater than 30o/o of the beam length (see Figure 6.6 [17]). Consider a

membrane supported by micro-springs containing four span beams each 350¡rm long

(i.e. the shortest case in this design). In order to deflect the membrane for 100 pm (at

most), each micro-springs span beam has to deflect only for 25gm to provide the total

100 ¡rm deflection. This translates to 7%o of the beam's length and small deflection of

each span beam.
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The free body diagram can be then drawn as Figwe 6.7. Note that the torsion at the end of

each connector (To,¡) provides bending moment for the long beam attached to it.
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Figure 6.6: Comparison between the exact and linear theory of deflection versus force
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The simplified equation for torsion and moment of each connector is as followed:

Mo.¡ :0

r.:r.-(*P)*,

The simplified equation for torsion and moment of each span beam is as follows:

Tø,,:0

Mo.i =(-t)'r"- F,Ç+(tg)t, ii =t-(n-t)

The bending moment at the end of the span beams can be written as:

Mø,j = ML- F,E

;i:l- n

;i:1- n

ML =çt)ir..(b!o¡*,

M'o is the external moment at the end of span beams. The energy in the spring therefore can

be written as followed:

tj =l-(n-l)

U = \ ¡t' 
Mzt'¡ 

O*
?"0 2EI-

(6.10)

where E is the Young's modulus of elasticity and 1, is the bending moment of inertia about the

x axes. The moment of inertia of the rectangular beam cross-section is given by equation (6.13):

ij:l-(n-l)

t, : I!1,ï, f|,1 r,' a,a* : +

(6.10)

As equation (6.12) shows, the energy stored in this system equals to the summation of the

energy of guided-end beams discussed in section 6.1.1.
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The angle at the end of the micro-spring, 06,is constrained to be zero.

0o = # :i,'f +1Y.:,' oe= + \,'i ,*t - F,E)aE = 0" aML ?"o EI, AML - EI.1 o

Solving for the bending moment gives:

M[=+ , M=F,(Lut2-E)

Displacement at the end of the micro-spring is obtained using equation (6.16).

ô, = #= 7'l#ftæ = ++'{,+ - Ð' dE = H
which results in the z direction spring constant shown in equation (6.17).

¡(z,n:#
The equation shown in (6.17)

beams as followed:

l$tnlj
t-

l(zsn I Kzr-ø,o^ Ewt3

So using the assumption just discussed, the span beams of a micro-spring can be modeled as

guided-end beams and micro-springs can be modeled as a series combination of "n" guided-end

beams.

The structure shown in Figure 6.1 contains four micro-springs, which undergo the same

deflection, so they are in parallel. For a structure u¡ith "m" identical micro-springs in parallel

and each has "n" identical guided-end beams in series the spring constant is shown in equation

(6.14)

(6.t7)

can be also derived for a series combination of guided-end

(6.1s)

(6.1e).

Kr-,o,ot:#

- [(zso = 
u'-,!r'

'nL

(6.16)

(6.18)

(6.1e)
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6.2 Electrostatic Actuation Mechanism

Electrostatic actuation of the structure is provided by applying a DC voltage to a pull down

electrode below the flexible membrane. The cross section of the structure is shown in Figure

6.8a. The micro-spring supported membrane is fabricated on a 0.4 mm thick silicon wafer and a

0.1 mm thick glass is placed between the pull down electrode and the silicon substrate as an

insulating layer. Simple mechanical model of this structure is shown in Figure 6.8b.

ü'rt'rfiffiAF $

The membrane is modeled as a movable plate of a capacitor connected to a spring, and the

pull down electrode is modeled as the fixed plate of the capacitor. Applying a DC voltage to the

electrode produces electrostatic force, which provides the mechanical movement of the micro-

spring supported membrane (i.e. movable plate of the capacitor) towards the electrode. If
fringing fields are neglected, the electrical energy stored in a parallel plate capacitor is:

(a)

Figure 6.8: (a) Schematic of the designed structure. (b) Mechanical model

777777
Pull dot¡rm decüode

(b)

#prlng

where C is the capacitance, V is the voltage, and d is the distance between the plates. Force is

determined by the differentiation of equation 6.20:

'flvft*va&zï*pâæftæ

Ë!æts'ostæflo Foncp

W =LCv'-e'eo' 
Vz

22d (6.20)
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where F is the applied force, z is the vertical deflection e"o is the effective dielectric constant

and A is the area of the membrane. This dielectric constant arises from the stacked glass and air

layer between the lower plate and the upper plate.

ôW e"uAVz
H 

-_

2d2

Equating the applied electrostatic force with the mechanical restoring force due to the

stiffrress of the structure (F:kÐ, equation (6.23) is achieved.

t oire po*g"f =
go;, +[tsto* - t",r)\ 

ø- O )

S -AVzF - "n =kô' elec - 
Zdz

In this equation /c is the spring constant

the amount of membrane deflection.

6.3 Design Factors and Limitations

(6.21)

As the equation (6.19) indicates the spring constant of the structure is proportional to

Young's modulus, E, width of the beams, w, thickness cubed of the beams, t3,and. inversely

proportional to the number of the beams, n, and the length cubed of the beams, IJ. So by

decreasing the thickness and the width and by increasing the number and the length of the

beams lower spring constant can be achieved. Therefore in microstructures, long, thin, and

n¿urow beams are required in order to increase the flexibility. However, fabrication process and

external forces impose limitation on beam dimensions.

of the micro-spring supported membrane, and ó is

(6.22)

(6.23)
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6.3.1 Limitation on beam dÍmension and number

There are limitations in increasing the length and the number of beams. Distributed forces,

arising from weight of the beam, voltage between the beam, stress in the fabricated film and

substrate and fixed charge in the substrate below the beam impose limitations on beam length.

As the beam length and number are increased, these forces eventually cause the beam to bend

significantly.

Long beams are difficult to release using wet etching because the surface tension from liquid

is high and can break the long beam. Dry etching is an alternative, to eliminate the surface

tension.

Stress in the film is another issue, which imposes limitation on the beam dimension. Copper

coating of the silicon wafer in this project was done by thermally evaporating copper onto the

silicon wafer in a vacuum chamber. Condensation of evaporated copper at the near room

temperature results in mechanical stress in the copper film. Residual stress in thin films can

cause unwanted buckling or bending of released structures.

6.3.2 Voltage control issue

The required voltage to actuate a membrane is shown in equation (6.24). Lower voltage can

be achieved by decreasing the spacing between the electrode and the membrane "d' and spring

constant "k", and increasing the area of the membrane o'A" and dielectric constant of the

insulating layer " e"¡j'.

Figure 6.9: 3D view of a spring

(6.24)
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Figure 6.10 shows the plot of the applied voltage versus the amount of membrane deflection

for a lpm thick rectangular membrane measuring lxl.6 mm supported by four micro-springs

each has three beams measuring 56 x 500 xl ¡.r,m in width, length and thickness respectively.

The plot shows two possible membrane positions for every applied voltage. This is a result of

the membrane position becoming unstable at two-thirds of its initial position'þ", which is due

to positive feedback in the electrostatic actuation. This can be understood by considering the

electrostatic force in terms of electric field applied to the membrane.

100

s80
o

.=
o60
E'
IEË
o

20

QEr"t"" = 
2

0t
0

Figure 6.10: The plot of applied voltage versus the amount of membrane deflection

Unstable Region

where p is the charge on the membrane and micro-springs and E:V/d is the electric field due to

the applied voltage. When the constant voltage source is increased, the force is increased due to

an increase in the charge. Simultaneously the increased force decreases the membrane height,

which in turn, increases the capacitance and thus the charge and the electric field. At two-thirds

the zero-bias beam height, the increase in the electrostatic force is greater than the increase in

100 150

Deflection in micron
200

(6.2s)
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the restoring force, resulting in the beam position becoming unstable and collapse of the beam

in down-state position.

By taking the derivative of (Iu) with respect to the membrane height and setting thaf to zero,

the height at which the instability occurs is found. lf ô:do-d and do is the initial distance

between the electrode and the membrane (i.e. at zero bias), the height at which the instability

occurs is found to be exactly two-thirds the zero-bias beam height (see equations (6.26)).

ðv a(_ - _t
ðd - ad\

2kd2 @o - d)

t"t A

+ 2dod - 3d2: Q -¡ O :?0,

)='

6.4 Experimental Results of Membrane Deflection Test

ffirro,d-3dz¡=s

As described in section 6.1.2, the spring constant of a membrane supported with m micro-

springs each contains n span beams in z direction is found using the following equation:

t¿ _ mEwt3
" z-total - nI]

The response of micro-spring supported membranes with different micro-spring geometries

under electrostatic actuation was simulated using equations (6.19) and (6.24) and also tested

using the measurement setup shown in Figure 6.11.

An actuating electrode is placed below the membrane and a 100¡.r,m thick glass was used as

the insulating layer. The membrane was fabricated on a 400¡lm thick silicon substrate, so the

spacing between the electrode and the membrane in rest position is about 500¡rm. Power from

the positive power supply lead was connected to the top of the wafer. The microscope was
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focused on the center of the membrane at2}}xmagnification. If the membrane were to deflect,

the image of the membrane would move out of focus. Deflection test was performed by

increasing the voltage and at each interval the microscope was refocused. The micrometer on

the microscope's focus dial was used to determine the vertical distance traveled (with an enor

of 2¡.rm).

Figure 6.12 shows a membrane measuring 1.6 mm x I mm x l¡rm, supported by 4 micro-

springs. As Figure 6.12c shows, micro-springs contain one guided-end beam measuring 700 x

28 x l¡.r,m and two guided-end beams of 350 x 28 x 1¡rm. The beams are connected through the

connectors measuring 56 x 56 x 1 ¡.r,m. The membrane is located 29pm below the substrate at its

rest position, due to the stress in the copper film (see section 3.4), so the initial spacing between

the electrode and the membrane is 47lpm.

The copper micro-spring supported membrane \ /as thermally evaporated on the silicon

wafer, which was coated with an adhesion layer of aluminum. Thermal evaporation is not a

76

Figure 6.1 1: Deflection measurement set up [29]



very controllable process therefore the resulting coating does not have a uniform mechanical

characteristic over the wafer. In addition the wafer was mounted on an aluminum plate, which

is not in a perfect contact with the wafer at all locations, and results in different thermal

conductivity from the silicon wafer to the aluminum plate. This causes the copper layer to be

coated with different condition in different locations, and results in varied mechanical

properties of the copper layer such as Young's modulus, E, at those locations. In this thesis

E:128 GPa [33] is used as a standard value for the simulation.

Figure 6.13a and b, show measured and simulated force and voltage versus membrane

deflection respectively. Simulation was performed for two cases; Cantilever based and guided-

end based models. Cantilever based simulation was done using the concept of series

combination of cantilevers as a model for a micro-spring (see equation 6.9) and guided-end

based simulation was performed by considering the series combination of guided-end beams for

the micro-spring model (see section 6.19). As shown in Figure 6.13, guided-end based model

almost fits the measurement curve, whereas cantilever-based simulation is off by a factor of 4

as predicted earlier in section 6.1.2 of this thesis. The measured spring constant of this structure

is 0.033 N/m.

Figure 6.12: (a): Lithography mask of the tested structure, (b) fabricated structure (c) geometry of the micro-spring

(a) (b)

700pm

(c)
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Figure 6.14 shows another membrane measuring 1.6 mm x I mm x 1¡rm, supported by 4

micro-springs. The dimension of the long span beams are700 x 28 x 1¡rm and the shorter

beams are half in length (see Figure 6.14c). The position of this membrane at rest is l8 ¡,r,m

below the substrate, so the initial spacing between the electrode and the membrane is 482p,m.

Figure 6.15, shows the measurement and guided-end based simulation results. The measured

spring constant of this structure is 0.0128 N/m
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Figure 6.14: (a): Lithography mask of the tested structure, (b) fabricated structure (c) geometry of the micro-spring
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Figure 6.15: (a): Force versus deflection. (b) Voltage versus deflection
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6.5 Discussion

Guided-end based model showed a good agreement with the measurement results.

However there is about 6%o deviation from measurement data, likely due to imperfect

fabrication, measurement error and uncertainty in the value of young's modulus for copper in

the simulation. As it is shown in Figure 6.13 this deviation forthe device shown in Figure

6.12 is higher at higher deflection regime, possibly due to nonlinear deflection regime of the

micro-springs.
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Chapter 7 z Micro-spring Supported Membrane for

Reconfigurable Defected Ground Microstrip Phase Shifter

Introduction

In this chapter the proposed MEMS microstrip phase shifter of this thesis will be discussed.

Phase shifting mechanism of the designed device will be explained and the electromagnetic

simulation using High-Frequency Structure Simulator software HFSS [8] will be shown. EM

simulation of the device focuses on the study of the effect of membrane size and deflection on

the phase of the signal. Experimental testing of the device has also been performed using

Network Analyzer and the measured results will be compared to the simulation results.

7.1 Characteristics of the Device

A reconfigurable defected ground microstrip phase shifter using micromachined copper

membrane supported by micro-springs is proposed in this thesis. The proposed phase shifter

acts as a reconfigurable double C-shaped slot, which is fabricated in the ground plane beneath

a microstrip transmission line. An illustration of the simulated structure is shown in Figure

7.1. Rectangular apertures are first fabricated in the ground plane beneath the transmission

line, forming a defected structure. A micromachined rectangular copper membrane is

fabricated within each aperture of the defected ground structure. Flexible copper micro-

springs attach the membrane to the ground plane. This membrane is smaller than the aperture,
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and so thin C-shaped slots surround the copper membrane around its perimeter. Simulation

results of the device performance in terms of phase shifting showed that as the rectangular

membrane is deflected away from the transmission line, higher shift in the signal phase is

achieved. Analog phase shift control is achieved by electrostatically actuating the flexible

membrane away from the transmission line. Membrane is actuated using a pull-down

electrode placed below the micromachined membrane (see Figure 7.2). A 30¡rm high

rectangular air gap in the glass exists on top of the aperture. The purpose of this air gap on the

final device is to prevent the membrane from sticking to the glass substrate when in a flat

position.

Figure 7.1: Illustrations of the phase shifter concept. (a) Schematic showing the micro-spring supported

membrane in the ground plane. (b) Schematic showing the structure with a transmission line over it.

(a)

l737,glass;0.5nm

Figure 7.2: Illustration of the electrostatic actuation mechanism. The pull-down electrode is located below the

ground plane membrane.
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7.2 Phase Shifting Mechanism

The proposed phase shifting mechanism is the result of contribution of two phenomenon;

changing the effective permittivity of the microstrip transmission line, and reconfiguring the

slot dimension in the ground plane.

When the membrane is actuated away from the substrate, an air gap is introduced between

the membrane and the substrate. This has the effect of locally changing the substrate effective

permittivity. The effective permittivity value determines the signal propagation speed (see

equation (7.1).

u= c l"[Ç

(7.r)

The effective permittivity is found using the equation below.

€ 
";,t ¿;,t,-,;"(t ^,, 

+ t*u,-,,")

€ oirtdi"lu"tri" * t di"truriJ oi,

(7.2)

c-u eJl: -

The dimensions of the slots in the ground plane are changed as the membrane is actuated

downward. As was mentioned in section 2.2, the existence of the slot in the ground plane

causes the slow \¡/ave propagation and varying the slot dimensions changes the differential

insertion phase of the signal. If there is a way to reconfigure the slot dimension a phase shifter

can be formed. This phase characteristic of the defected ground plane was used as the second

contribution of the phase shifting mechanism in this thesis.

7.3 Electromagnetic Simulation

The geometry shown in Figure 7.3 was modeled using HFSS [8]. As it is illustrated the

micro-spring supported membrane is located inside an aperture, with the long length being

along the travel of the transmission line above it. The transmission line was 44 Ç2, and

measured 5 cm long with the rectangular aperture containing the membrane located in its

centre. Copper metal, measuring I pm thick was used for the transmission line, ground plane,
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and micro-spring supported membrane. The glass substrate between the transmission line and

the ground plane was 0.5 mm thick with an er: 5.5 and a 30¡rm high rectangular air gap was

also considered in the glass on top of the aperture, as was mentioned in section 7.1.

In the simulations, all conducting metal was copper, measuring I pm thick (used for the

transmission line, ground plane, membrane and micro-springs).

7.3.1 Effect of Slot Size on Signal Phase

The amount of phase shift was studied for different membrane length. As the length of

the rectangular membrane decreases, the inter slot spacing decreases, the width of the slot

around the membrane (W.) increases and the effective slot length (L.) decreases. The study

shows that this results in an increase in resonance frequency and a shift in the phase of the

signal. Figure 7.4 shows 52¡ magnitude and phase versus frequency for different membrane

length (L). As Figure 7.4a shows the resonance frequency for L: 1.8 mm is about 15 GHz

and for L:l mm is about 22 GHz.It means that as the membrane length decreases the

resonance frequency increases. As shown in Figure 7.4b, the differential phase also

increases as the membrane length is decreased. According to this figure the phase

difference between L:lmm and L: 1.8 mm, at the stop band edge frequency (which in this
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Figure 7.3: (a) 3D illustration of the simulated structure, (b) Top view
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thesis it is defined at Szr:-ldB) of L:l.8 mm case is about 50". Thus by reconfiguring the

size of the rectangular membrane or in other words, reconfigure the slot dimensions, phase

shift is introduced to the signal on the transmission line.

(a)

(b)

Figure 7.4: (a) S21 Amplitude for different membrane length. (b) S21 phase for different membrane length.

'20qä

7.3.2 Correspondence of Membrane Deflection with Slot Size Reconfiguration

Vertically deflecting the membrane away from the transmission line also causes the phase

shift in the signal and a shift in the resonance frequency. In order to flrnd a relationship

between the membrane deflection and the slot reconfiguration a study was performed for
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lmm and l.6mm long membranes. Figure 7.5a shows a rectangular membrane with

w:L:lmrn in the flat position (no deflection) and Figure 7.5b shows a rectangular membrane

with the L:l.6mm and w:lmm, deflected down 60¡.lm away from the transmission line. As

Figure 7.6 illustrates, these two cases result in the same Szr characteristics. It means that by

deflecting a l.6mm long rectangular membrane by 60 ¡.1m, the dimensions of the slots (i.e.

width "Vy'.", effective length "Lr" and inter spacing"L") are reconfigured to the case when a

lmm long rectangular membrane is flat in the aperture. So deflecting the membrane

downwards causes an effective change in the slots dimensions surrounding the copper

membrane, and so causes an associated phase shift in the signal.

Figure 7.5: Rectangular membrane in the ground
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Figure 7.6: Comparison of two cases: a l.6mm long membrane with 60pm deflection, and lmm long membrane

at the flat position (a) 52¡ amplitude o(b) (a) 52¡ phase
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7.3.3 Effect of Membrane Deflection on Phase

The performance of the micro-spring supported membrane was studied as a function of

membrane vertical deflection away from the transmission line. The membrane measuring

w:lmm and L:1.6 mm has been chosen inside an aperture of 2mm x 2 mm for study.

Simulation results are shown in Figure 7.7 for four cases: Flat is the case when the

membrane possesses zero vertical deflection, 1O¡rm, 30¡,rm, 60pm and 100¡rm are the cases

when the membrane is deflected 1O¡rm, 30¡rm, 60pm and 100prm below the ground plane

level, and away from the transmission line respectively and aperture is the case when there

is no membrane inside the hole.

(a)
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Figure 7.7: (a) Simulated Szr Amplitude for different membrane length. (b) Simulated 32¡ phase for different

membrane deflection away from the transmission line (c) top view of the simulated structure.
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The performance of this phase shifter device is dependant on operational frequency. As

shown in Figure 7.7a, Su for the flat case starts decreasing from I4.ZGHz. This is the point
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where resonance begins to happen. We can see that the resonance frequency of the structure

shifts to the higher frequencies as the membrane deflects further away from the ground plane.

As Figure 7.7.b illustrates the amount of phase difference increases by membrane deflection

and the rate of this increase is higher at frequencies closer to the resonance frequency. So the

highest phase shift that can be achieved without considerable loss in the signal is at the

beginning of the stopband edge where in this thesis it is defined as when Szr is about -1d8.

As shown in Figure 7.7 as the membrane is pulled down towards away from the transmission

line, the response of the structure (i.e. Szr magnitude and phase) approaches the case where

there is only an aperture in the ground plane.

Figure 7.8b, shows the phase difference of each case relative to the flat case and Table 7.1

shows the simulated data at the stopband edge of the flat case (14GHz).lf the membrane is

deflected for 100¡rm, a phase sift of 42.3o can be achieved at the stopband edge where Szr is

still about only -ldB. The inconsistency of Szr values (a large change from -0.9d8 to -0.2d8

from Flat to -1O¡rm deflection) can be due to simulation inaccuracy in the HFSS software.
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Figure 7.8: Simulation results of (a) 52r magnitude, (b) Phase difference relative to the flat case

Level
pm

É'ãqu"n"vrclå

Szr

(dB)

Flat

t4

-10

Sn
(dB)

-0.9

-30

-60

-0.2

-100

-t4.1

ÂQzr

-1.0

Hole

-16.7

-1.2

-1.2

-12.9

0

-0.6

-10

18.7

-9.7

34.1

- l0.s

38.9

42.3

s0.8

88



7.4 Measurement

The micro-spring supported rectangular membrane shown in Figure 7.9 was fabricated and

tested as a reconfigurable ground plane phase shifter. Four micro-springs were used in the

final fabricated device in order to improve its mechanical stability.

Figure 7.9: Image of the fabricated (a) micro-spring supported membrane (b) transmission line over it.

7.4.1 Experimental Set Up

The fabricated devices including copper coated silicon wafer containing the micro-spring

supported membrane, and microstrip glass substrate containing a 44Q transmission-line on

the front side and a ground plane with a 2mm x 2mm aperture and a 30pm high air gap on the

backside were set up as followed: The copper coated wafer was placed in contact with the

ground plane of the microstrip transmission line substrate such that the 2mm x 2mm aperture

in the ground plane was aligned with the micro-spring supported membrane of the copper

coated wafer. An electrode is placed underneath the silicon wafer in order to provide the

electrostatic actuation of the membrane. A 100¡rm thick glass insulator is located befween the

wafer and the pull down electrode (see Figure 7.10).

The microstrip transmission line ends were connected to the ports of the network analyzer

in order to measure the magnitude and phase of the RF signal. The pull down electrode was

connected to a DC power supply to provide the electrostatic actuation.

(a) (b)
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Figure 7.1 0: Experimental set up.

7.4.2Microstrip Line with Continues Ground Plane

1737 glass,0.5mm

During device testing, it was discovered that the dielectric glass used r¡/as very lossy at the

tested frequencies. Figure 7.11 shows Szl and 51¡ amplitude versus frequency forthe 44Q

microstrip transmission line on this glass substrate. For this measurement, a continuous

ground plane was formed by bridging the 30pm high air gap with a copper coated silicon

wafer (see Figure 7.12). Figure 7.11 illustrates the high Szr loss due to the glass substrate.

This loss also increases with frequency.

nñtñãtnã

¡r-ll
Sprîng Membrane Spring

Air.gap, -ì0¡rm

Figure 7.1l: S¡¡ and 52¡ ffi€âsurements forthe transmission line.
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Figure 7 .12: Tested microstrip Iine with continues ground plane

7.4.3 Microstrip Line with the Proposed Phase Shifter in the Ground Plane.

1737 glass,0.5mm

The experimental set up of Figure 7.10 was used to test the fabricated device. The tested

membrane was located29pm below the ground plane level when at rest (0V actuation). The

out of plane position of the membrane is due to two downward pulling forces; mechanical

stress in the micro-springs supporting membrane, and electrostatic charge in the 100¡rm glass

insulator above the pull down electrode. So the initial position of the membrane in this

experiment is -29¡rm.

Figure 7 .l3and Figure 7.14 show the experimental results of applying 0, 70,90 and 100

V to the pull down electrode underneath the membrane in order to deflect the membrane

away from the transmission line. As it is shown Szr in all cases follow almost the same

slope as the transmission line, up to the resonance region. It means that this loss is due to

the glass substrate and not the defected ground plane. As it is illustrated in Figure 7.l3athe

resonance frequency shifts to the higher frequencies as the membrane is pulled further

away from the transmission line by applying higher voltages. This corresponds to the

simulation results shown in Figure 7.7a. At 100V, the membrane unexpectedly snaps much

of the way down to the insulating glass over the pull down electrode. Due to this large

deflection, the measured response approaches the case where there is only an aperture in

the ground plane. This similarity to the Aperture case within the tested frequency range is

in agreement with the simulation results of Figure 7.7a.

IilEtE¡llÍilttlt

Air gap.30prn
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It is shown in Figure 7.13a that the resonance frequency of the 0V case has been shifted to

a higher frequency in comparison to the simulation results of Figure 7.7a for the Flat case.

This is due to the membrane residing29¡tm belowthe groundplane level at 0V actuation,

which almost corresponds to the 30pm deflection case in simulation result of Figure 7.7a. A

very good agreement was achieved between the simulation of the flat case and the
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measurement of the 0V actuation case for a fabricated device, which stayed flat with the

substrate. See Appendix C for more details.

Figwe 7.I4a shows 52¡ phase for different applied voltage and Figure 7.I b shows the

amount of phase shift achieved with respect to the initial position of the membrane at 0V. We

can see that the phase difference increases as higher voltage is applied. Measurement results

are shown in Table 7 .2 for selected frequencies.
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Figure 7.14: (a) measured 52¡ of different applied voltages, (b) Phase difference relative to the initial level at 0V.
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Substrate loss effect limits the operational frequency range, which was found by HFSS

simulation. As was discussed in section 7.3.3, the highest amount of phase shift that could be

achieved without considerable loss in the signal is at the stopband edge frequency. According

to simulation the amplitude of Szr was still high enough to operate at this frequency whereas

experimental result for the substrate used shows a very low value for Szl at the stopband edge

frequency due to the glass substrate loss. In Table 7.2, A,þ21is the phase difference between

each case and the 0V case and ASzl is the difference between the value of Szr for each voltage

case and the tested microstrip transmission line with continuous ground plane of section 7.4.2.

This value identifies the real stopband edge frequency in case of lossless substrate. Stopband

edge frequency is where Szl starts deviating from transmission line reference case (i.e. lASzrl

>1dB defined in this thesis).

Table 7.2 shows that the phase shift increases with increasing membrane deflection and

frequency. At l8.5GHz, LQzt is 35.8o with ASzr only shifted at worst -1.15d8 for the 0V case

in comparison to the transmission line reference case.

Table 7.2: Measured results for l.6mm x I mm membrane in 2mm x 2mm ground plane aperture at different

operational frequencies.

Freq.
(GHz)

Voltage
(v)

t4

0

Su
(dB)

70

16.1

90

-17.04

100

-17.85

Szr

(dB)

0

-t7.96

70

-t3.61

-s.02

90

18.5

-5.00

-18.22

100

ÂSzr

-5.00

-18.1C

(dB

0

-s.32

-17.14

0.17

70

)

-s.90

I 1.89

0.19

ÂÞ,
ldesreesl

90

-5.80

-19.15

100

0.r9

-5.75

-0.r3

-22.8(

-6.r2

-26.8i

-0.41

0

-r3.61

-7.81

-0.31

2.5

-7.37

-0.26

5.4
16.4

-7.09

-0.63

-7.10

-1.1 5

0

-0.72

J.J

7.3

-0.43

2t.9

-0.44

0

5.7

lt.7
35.8
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7.5 Effect of Permittivity Change on the Signal Phase

A study was performed on the effect of permittivity change caused by membrane

deflection on the signal phase. This study was done in order to better understand the

mechanism causing the apparent slot reconfiguration when the membrane is deflected. Four

cases were studid:

. Case 1: "Flat (e:5.5)" is the case when a micro-spring supported membrane is

located in a flat position with respect to the copper coated substrate and a

500pm thick substrate with a permittivity of 5.5 is placed above it.

. Case 2: "30¡tm deflection" is the case when this membrane is deflected 30pm

below the substrate and a 30pm air gap is introduced.

. Case 3: " Flat (e=4.4), t:530Fm" is the case when a flat membrane is below a

530prm thick substrate with a permittivity of 4.4 (i.e. the effective permittivity

of glass-air of case 2, found using equationT.2).

. Case 4: "TL (e=4.4), F530¡rm" represents a normal microstrip line on a 530pm

thick substrate with a permittivity of 4.4. This case is a model for a microstrip

line with the ground plane deflected 30¡,rm away from the substrate.

Figure 7.14a shows Szr magnitude of the mentioned cases. As it is shown in this plot,

S21 magnitude of case 2 approaches that of case 3. It is also shown in Figure 7.14b, that the

phase differences of these two cases relative to a normal microstrip line almost match.

These results indicate that the effective reconfiguration of slot size due to membrane

deflection appears to be due to a change in substrate effective permittivity.

Figure 7.14b shows the phase difference of the mentioned cases relative to a normal

microstrip transmission line on a substrate with a permittivity of 5.5. According to this plot,

case 4 results in only about 8o phase shift to the signal. This phase shift is almost constant

over the selected frequency range whereas the phase difference between the membrane

cases relative to a normal microstrip line increases with frequency. At the stopband edge

of the flat case, which is at 12GHz (i.e. where Szris about -ldB) the phase difference

between case I and case 2 is 24.5", which is almost 3 times higher than the phase

difference of case 4 relative to a normal microstrip line.
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This result indicates that the reconfigurable defected ground plane phase shifter of this

thesis performs significantly better than a simple transmission line with a reconf,rgurable

ground plane.
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Figure 7. l5: (a) S2r magnitude (b) Phase difference relative to a normal microstrip line on a 500pm thick

substrate with e:5.5

*q*Case 1: Flat (E=s.s)

#Case 2: 30um deflection (e=s.s)
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Chapter 8: Conclusion and Future Work

Conclusion

In this thesis, a micro-spring supported membrane for reconfigurable defected ground

microstrip phase shifter has been presented. The proposed phase shifter is a rectangular thin

copper membrane supported with flexible micro-springs, which is fabricated inside an

aperture in the ground plane, forming a naffow double-C shaped slot around its perimeter.

Analog phase shift control is achieved by electrostatically actuating the flexible membrane

away from the transmission line. Actuating the membrane away from the transmission line

reconfigures the slot dimensions and also change the effective permittivity therefore

introduces phase shift to the RF signal on the transmission line.

The micro-spring supported copper membrane was fabricated on a silicon wafer using

micromachining techniques. Copper deposition was done using thermal evaporation and

the structure was released using both KOH and XeF2 etching.

Structural flexibility of the designed device was studied and a series combination of

guided-end beams was proposed as a simple mechanical model for a micro-spring. The

proposed model was used to simulate the flexibility of the micro-spring supported

membrane and the result was in a close agreement with the measurement. This model was

also compared with the cantilever-based model in [18] and both measurement and the
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guided-end based model of this thesis show four times less flexibility than the cantilever-

based model.

Electromagnetic simulation of the designed device was also done using HFSS. The

effect of membrane size and deflection on the phase of the signal was studied. As the

membrane length decreases, the inter slot spacing decreases, the width of the slot around

the membrane increases and the effective slot length decreases. This results in a phase shift

of the T-line signal, and an increase of the frequency at which resonance occurs. Deflecting

the membrane away from the transmission line also increases the resonance frequency and

causes a phase shift to the signal. So actuating the membrane downwards was used as a

way to reconfigure the slot dimensions and to achieve a phase shift. The maximum phase

shift that could be achieved without considerable loss in the signal, was at the frequency

where Szl\ilas about -1d8. According to the simulation results, for a rectangular membrane

measuring lmm x l.8mm a phase shift of 42.3o at 14 GHz can be achieved by deflecting

the membrane by 100 pm.

The measurement was also performed using network analyzer and the results were

compared to the simulation results. The measurement results also showed that by

increasing the applied voltage (i.e. deflecting the membrane further away from the signal

line) the resonance frequency and the phase shift increases. There was a close agreement

between the measurement and simulation results. For a membrane measuring lmm x

l.6mm a controllable phase shift of 11.7o was shown at l8.5GHz with a ASzr of -l.15dB

compared to the transmission line reference case. At 100V the membrane snapped down to

the insulating glass and a phase shift of 35.8o was achieved.

Future work

As was mentioned in the thesis the fabricated copper membrane was not flat in respect

to the substrate due to the stress gradient. Depositing the copper using a low temperature

method such as electroplating or sputtering may result in a lower stressed copper film.

The lossy dielectric substrate used for microstrip testing resulted in a significant loss on

the signal of the transmission line. This could be solved by fabricating the microstrip line

on a low less substrate such as Teflon.
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One of the problems during EM measurement was sticking the flexible membrane to

the glass substrate due to the stored charges in the glass. In some cases, the electrostatic

force of the stored charges was so strong that even 120 V voltage could not release the

membrane from the glass substrate. A study has to be done on methods to prevent the

charges to be stored in the substrate or on different insulating materials with less stored

charges.

Electrostatic actuation of the membrane is limited by the unstable region described in

chapter 6. External circuitry of compensating capacitors could be used in order to increase

the stable region.

Mechanical stability of the structure and dynamics of the device in motion including the

effect of air damping, the speed of mechanical response and repeatability also need to be

studied.

Obtaining an electromagnetic model for the micro-spring supported membrane in the

defected ground plane of a microstrip transmission line which shows the relationship

between the slot dimensions and the wavelength of the signal, is also one of the future

works.
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Appendix A: Background Theory of Transmission Line

.A,.1 Transmission Line Theory

A transmission line may be defined as a system of conductors suitable for the conduction

of electric signals between two or more terminal. A transmission line in general is made of

two or more conducting strips or wires, separated by a dielectric material, and it supports

propagation one or more guided wave modes along its axis. The dominant mode of operation

can be assumed to be the quasi-TEM mode, where both electric and magnetic fields are

transverse to the direction of propagation (see Figure 4.1)

In many ways transmission line theory bridges the gap between field analysis and basic

circuit theory. The main difference between circuit theory and transmission theory is

electrical size. Circuit analysis assumes that the physical dimensions of a network are much

smaller than the electrical wavelength, while transmission lines may be a considerable
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fraction of a wavelength, or many wavelengths, in size. However the structures can be

analyzed using circuit theory concepts by breaking the problem into small parts so that the

circuit element dimensions will be much smaller than a wavelength. The transmission line

is defined by a series resistance per unit length R, series inductance per unit length L, shunt

conductance per unit length G, and shunt capacitance per unit length C. A small section of

transmission line with length dz thus has the following equivalent circuitl22l.

l. cl¿ f dz

The series inductance L represents the total self-inductance of the two conductors, while

the shunt capacitance C is due to the close proximity of the two conductors. The series

resistance R represents the resistance due to the finite conductivity of the conductors, while

the shunt conductance G is due to dielectric loss in the material between the conductors. R

and G therefore represent loss. The transmission line can be considered to be a cascaded

connection of infinitesimal length segments, where the electrical element values in each

segment are obtained by multiplying per unit length values with the infinitesimallenglh Az.

Applying the circuit theory to such a segment, wave equation for the voltage and

current are given by l22l:

Y-t'=) Ci {Iã ;F { {; dz I"{z- + rf:l;1.
Figure 4.2: Equivalent circuit for an incremental length of transmission llne.

{- dz --------.-,

#-vzvqz¡:s

#-v2I1z'¡:s

(4.1a)

(A.1b)

( .2)
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where y is the complex propagation constant, which is a function of frequency. q, and B

are the attenuation and phase constant, respectively. The propagation constant is one of the

main parameters characterizing a transmission line. In the lossless case, (i.e. ø = 0) the

propagation constant is purely imaginary, and it is determined by the phase constant B,

given by:

þ =+=î=*Jrc:iJi

where e" is the effective dielectric permittivity used in case of lossless dielectric substrates,

ø is the signal angular frequency, c is the speed of light in vacuum or air, z is the speed of

propagation along the line and finally, Â is the wavelength at the signal frequency. The

phase constant B represents the rate ofsignal phase change.

Traveling wave solution to (4.1) can be found as:

V(z):Vf e-n +Vo e*F

I(z):Ile-r +Ioe*F

where for the assumed frequency of operation, V and 1 are the total voltage and current

phasors respectively, (V; , I;) are forward and (V; , I;) backward voltage and current

incident traveling waves. The resulting voltage and current waves define the characteristic

impedance of the T.line via the ratio of the voltage to current amplitudes,

2^:vï ='4

(A.3)

R+ jaL
G+ jøC

L
C

(A.4a)

(A.4b)

(A.5)

t02



It is a property of the T-line and depends on the geometry of the line and the propagation

medium. Obviously, for the lossless case approximation in (4.5), the characteristic

impedance is purely real (i.e. the incident voltage and current are in phase). The diagram in

Figure 4.3 shows an impedance terminated transmission line along with the terminal

sources specifring the incident (V{) andreflected (Zf ) voltage waves.

z =0
I

-

t!
l¡t¡

In summary, a distributed equivalent circuit model of a transmission line is completely

characterized by its length /, its characteristic impedance Z 
", 

and its propagation constant

y, consisting of the phase constant þ, and for a lossy line, the attenuation constant a.

Figure 4.3: Diagram of a finite length transmission line

iz

Z.rT rl

l¡trz w

4.2 Scattering Parameters

A practical problem exists when trying to measure voltages and currents at microwave

frequencies because direct measurements usually involve the magnitude and phase of a

wave traveling in a given direction or a standing \r/ave. Thus, equivalent voltages and

currents and related impedance and admittance matrices become somewhat of abstraction

when dealing with high frequency networks [25]. So in high frequency work, two-port

networks are best characterized in terms of scattering parameters, rather than in terms of

the admittance or hybrid parameter representations that interrelate the actual port voltages

and currents. Scattering matrix relates the voltage wave incident on the ports to those

reflected from the ports.
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Consider the two-port network shown in Figure 4.4 where ø and ó represent normalized

incident and reflected power waves at a given port.

V*
a .._-

,lz,

where Zo isthe normalizing impedance, which is usually the system impedance.

b..

t\ -..-.--)

ül-

V-

E

A network can be completely characteÅzed by its scattering parameters, which establish

the relationships between the corresponding outward and inward power waves. This

relationship, written in a matrix form for a2-portnetwork is given by 122]:

Figure 4.4: Schematic of a2-port network

lll=lï ';ll?,

From the matrix equation (4.8), it is evident that S,, represents the ratio of the

reflected and the incident wave at the input port, when the output port is match terminated

(i.e. the wave reflected by the output øz: 0).Similarly, S, represents the ratio of the

wave transmitted to the output port and the incident wave at the input, when the output port

is match terminated. The other two coefficients of a2-port network, namely ^S,, and ,Sr,

can be obtained by match terminating the input port (ø,: 0), and finding the corresponding

ratios.

(A.6)

u,2

,r' ù2

(A.7)
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A..3 Microstripline

As shown in Figure 4.5, a microstrip line structure consists of a thin plate of low-loss

insulating material called the substrate covered with metal completely on one side (i.e.

ground plane) and partly on the other side where the strip conductor is printed. The signal

line consists of a strip conductor of width w and thickness /, sitting on a dielectric substrate

of height h and permittivity ¿ . The line widths and substrate thickness are small while the

line lengths are generally a significant fraction of a wavelength.

'r, 
=ltl

ør lo,_o

(4.8)

T-
I
T

Figure 4.5: Schematic of a microstrip line

A3.f Equivalent circuit model

Open structure of the microstrip brings some complications in microstrip analysis and

design. This is due to the fact that the presence of dielectric-air interface modifies the mode

of propagation in microstrip to a non-TEM mode. In fact the fringing components E and H

at the dielectric-air interface lead to the non-TEM nature of the microstrip mode. Since

these fringing field components are much smaller than the main field within the substrate
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below the strip, the departure from the TEM behavior should be small [25]. Due to the

quasi-TEM behavior, a distributed equivalent-circuit model can be used for describing the

thin film microstrrip line (TFMSL) with good accuracy. The circuit is shown in Figure 4.6

The elements of the equivalent circuit are related to different physical effects and can be

determined separately [25].

Capacitance and conductance are related to the elechostatic case and, thus, constant with

frequency (except for non-TEM contributions), whereas inductance and resistance are

determined by magneto-quasi static. Therefore, the latter quantities vary with the

longitudinal current distribution, which is frequency dependent due to the skin effect [25].

For the microstrip structures studied in this thesis, the insulating substrate is a

nonmagnetic material, while its dielectric permittivity is related to free space permittivity

by dielectric constant e, (i.e. € = t,Eo).

The general AC electromagnetic fields in a microstrip line are shown in Figure A.7.

Figure 4.6: Distributed equivalent-circuit model of the TFMSL.

IITÐ¿lËi,: ftùld

Figure A.7: Electric and magnetic fields in a microstrip line [25]
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In this general case, both electric and magnetic fields experience the change in angle at

the air to dielectric interface. When the substrate is a nonmagnetic material, only the

electric fìeld will experience the change in angle at the interface. Since the fields in a

microstrip transmission line are present both in the dielectric substrate and the air region,

the concept of the effective dielectric permittivity is introduced. The effective permittivity

value for a microstrip line can be estimated by empirical expressions, such as [22]:

, 
" = 4* u'= I 

(t *9!¡-i 11 Ê 

"< 
€,"22w

The effective permittivity value falls between the dielectric constant of the substrate and

the one of the air. The effective permittivity value determines the signal speed of

propagation, as per u = c I ,[e ". In reality, this approximation is valid only for lower

frequencies, where the fields are close to quasi-TEM approximation. Higher order modes

will only propagate at very high frequencies (w > )" 12) and are usually ignored except at

discontinuities.

The characteristic impedance of a microstrip transmission line 2", can be approximated

empirically by l22l:

z"=ftt"(Y.#)

Z"=

In the empirical expressions for the effective permittivity (4.9) and the characteristic

impedance (4.10), the strip conductor thickness is neglected because the strip conductor

thickness / << substrate thickness.

Theoretically, an inf,rnite straight transmission line propagating the dominant mode does

not radiate. However, as soon as some discontinuity appears along the line, higher-order

radiating modes are excited.
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4.4 Discontinuity

The discontinuities in a microstrip conductor come in the form of corners, gaps, open

ends, steps in the conductor width and so on. Discontinuities produce signal reflection,

radiation, higher order modes and surface waves. A discontinuity in the form of conductor

width step is shown in Figure A.8 along with its equivalent circuit [25].

k

Electric charges tend to pile up at the edges of a discontinuity, producing a local

increase of charge on the conductor [25]. The resulting effect can be modeled with a

lumped parallel capacitor in the equivalent circuit. A change in the cross section of the

conductor modifies the distribution of the current, producing a local increase of the

magnetic field. Magnetic energy is then stored, producing an inductive effect represented

by a lumped inductance in the equivalent circuit, shown in Figure 4.8.

Lt L2
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Appendix B: Extracting a Focused Image From

Several Out of Focus Micromechanical Structure fmages

8.1 Introduction

There are several focal planes in a microscopic image for objects that are non-planar.

Focusing an image considering a particular plane results in an out-of-focus image in the

areas located at other planes. Therefore, it is difficult to obtain an image with all planes in-

focus using microscopes. Image processing techniques are required to restore an all-

focused image from differently focused images.

In this work, we acquired several images of a micromechanical structure using a light

microscope equipped with a CCD camera with different focus settings as shown in Figure

8.1. We propose a novel method for restoring the in-focus image out of these images

without relying on any knowledge of the microscope camera.

8.2 Characteristics of the Images

Figure B.1 shows a copper membrane, which is attached to the substrate through

supported springs. The membrane is located 300 ¡rm below the substrate and as shown in

Figure 8.1, spring bars are bent in angle and attached to the membrane. The copper
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membrane is a reflective surface. It reflects the light illuminated by the light microscope

and causes the planar surfaces to shine very brightly and the bended beams to look dark. A

defocused object under a microscope is generally blurred and in some cases is even

completely invisible. It appears also larger than the actual size. The focused areas in each

image in Figure 8.1 are marked with circles. We can see that Figure B.la is focused on the

highest level of the structure that contains attached bars. Figure B.lf is focused on the

lowest level, which is the membrane. These images were taken using a microscope with a

magnification of 500x and focus steps of 50pm.

Figure 8.1: (aHÐ six differently focused images of a micromechanical structure. The focused regions are

marked with a circle in each image and the image size is 300 by 400 pixels.

8.3 Detecting Focused Pixels Using the Image Gradient

The focused areas are sharper in the image than the defocused areas, which appear

blurred or sometimes may not show at all.In a row that contains both, focused and out-of-

focused regions, we expect a sharp transition from background to the focused part, while
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this transition is smoother for defocused area and yields to a sloped line as can be seen in

Figure 8.2.

There are several techniques that can be used to determine the sharpness of an image.

For our approach, a threshold is applied to the derivative of the image to obtain the edges

of this derivative. The derivative of an image will have strong edges for focused objects.

By counting the number of pixels in the edges of an out-of-focus area, it can be seen that

the more bluning i.e. large standard deviation, this count will more likely be less than the

count of edges in a focused area. This counting is the metric used in order to assess the

amount of bluning. In this paper, the derivative is approximated using the Roberts

operator.

Next, the approach divides the input images into blocks and calculates their sharpness

as indicated before. For a given position, the blocks that have the maximum sharpness

among the corresponding blocks in other input images, are the ones used in the final image.
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Figure 8.2: The 245th row of the image shown in Figure ld.

8.4 Image Enhancement

One of the problems encountered when creating a complete focused image, is that the

bent beams are dark and the sharpness function does not detect enough transition between

these beams and the background in order to detect them as a sharp area. The marked area in

Figure B.3a refers to a focused area, which is not detected in Figure B.3b.

50 100 150 200 250 300
Pixel lndex
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Figure 8.3: (a) Image showing focused areas marked with a circle, (b) the result of applying the gradient to

(a).

In order to solve this problem image contrast enhancement is applied. This can be

achieved by applying a gamma function to each input image. As Figure 8.4 indicates, all

focused areas in Figure B.3a are now detected.

(a)

8.5 Size Distortion Effect

Figure 8.4: The result of applying the gradient to Figure al .3a after contrast enhancement.

(b)

Spreading ofthe defocused regions over the background causes the proposed sharpness

functions to detect a false sharpness value in blocks that contain those areas. As Figure B.5

shows, there are some enors in detecting the focused areas. The left arrows indicate the

areas which are selected from Figure 8.lf. On the right side of Figure B.5, we see that the

out-of-focus areas at the right side of Figure B.1a cause effors as those found in Figure B.5.

These false selections are due to the fact that the defocused areas in that image appear

bigger than the actual size. The locations of these errors are also different for different

block sizes.

In our proposed method the image is divided into blocks of different sizes. Then we

determine which image is the most focused one for each of these blocks and assign that

image to all the pixels in that block. This process is repeated for different block sizes to

provide a solution, which is independent of the block size.
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The most focused pixel then is defined by taking a vote for each pixel. The idea is to

find the maximum times each pixel is selected from a particular input image and assign that

image to that pixel. It means that the pixel has to be selected from the image whose vote in

this process has the largest count.

Figure B.5: The result of applying the gradient to detect the focused regions, the block size is 25. The arrows

show some of the errors.

8.6 The Proposed Method Algorithm

The final focused image is formed from the differently focused images using the

following two part algorithm.

Part 1: Identiffing the best focused location.

Load the differently focused images.

Apply the gamma function to each image.

Apply the gradient function to each image and obtain the binary image by

applying a threshold.

Divide each binary image into blocks of size n x m.

In each binary image, count the pixels with value 1, detected edges, within the

blocks.
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For a given block, the image that has the best focus for that block region is

the one, which has the highest count for that block region.

However, the above procedure has a problem with out-of-focus regions due to the size

distortion of the out-of-focus location. The error due to the out-of-focus size distortion is

solved using partz of the algorithm.

Part2z Removing the size distortion effect.

. Repeat part 1 for different arbitrary block sizes.

. Now the final image is formed pixel by pixel by identifuing the image, which

was selected as the most focused, the most often amongst the arbitrary block

sizes. This voting process, thus, identifies from which sub-image each pixel in

the final image is sourced.

8.7 Final Result

Figure B.6b shows the result of applying the gamma function followed by the gradient

applied to Figure 8.la. It can be seen that the focused parts are detected.

Figure 8.7 shows the result of dividing the image into blocks of sizes 10,20,25 and 50.

The assigned input images to the pixels are shown in different gray scale level. Each level

corresponds to one of the input images.

Figure 8.6: (a) the image, (b) the gradient.

(a) (b)
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After repeating steps of part 1 using different block sizes, it is time to find which pixels

are focused. This is achieved by taking a vote for the assigned input images to each pixel.

Figure 8.8 shows the final all-focused image. 
'We 

can see that there is less error due to out-

of-focus size distortion. Repeating the algorithm for more block sizes will result in a more

accurate result.

Figure 8.7: Assigned input images to the pixels when rhe block size is (a) 10, (b) 20, (c) 25, (d) 50.

(a)

(c)

(b)

An optimization algorithm has been also proposed for the block division process to

make it more intelligent and faster. For more details refer to [36].

Figure 8.8: The final all-focused image.

(d)
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Appendix C: testing the flat position of 2 x 2.8 mm

membrane under microstrip line

As was discussed in section 7.4.3, the tested membrane was located29 pm below the

substrate at 0V actuation case due to the mechanical stress gradient in the micro-springs

supporting membrane, and electrostatic charge in the 100¡rm glass insulator above the pull

down electrode. This leads to a decrease in the range of possible phase shifting. This

problem can be solved by reducing the mechanical stress of the copper film and decreasing

the flexibility of structure so that the electrostatic force of the stored charge in the glass can

be ignored.

Figure C.l shows a 30pm thick silicon micro-spring supported rectangular membrane

with l¡rm thick copper coating measuring 2 x 2.8 mm inside an aperture of 3 x 3 mm. This

membrane was fabricated using the method described in section 5.1.3. The stress in the

copper film was significantly reduced because the copper fîlm was attached to a thick

silicon layer, therefore the membrane is in almost flat position without any bending. The

flexibility of the structure was also reduced by a factor of 9000 (i.e. t3) so the actuation

voltage increases signifrcantly which is not desirable. This device was placed in the ground

plane of a microstrip line and Figure C.2 shows the measured result of 0V actuation case

and simulated result of the flat case. We can see that the measured and simulated results are

fairly matched.
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Figure C. I : Membrane measuring 2 x2.8 mm inside an aperture of 3 x 3 mm.
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Figure C.2: Measured (0V case) and simulated (flat case) values of S¡ ¡ and S21 for the device shown in Figure

c.l
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