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ABSTRACT

AN ELECTROMAGNETIC MEMS-BASED RESONATOR
DESIGN FOR CATHETER TRACKING IN MRI

Using Magnetic Resonance Imaging (MRI) in minimally invasive medical proce-
dures has many advantages, such as the elimination of ionizing radiation and increased
soft tissue contrast. However, the lack of MRI-compatible catheters is a significant
issue for MRI-based endovascular applications. In this thesis, we present design, fab-
rication, and characterization of MEMS resonator structures, which are intended to
be used in a catheter tracking system for MRI. The actuation mechanism is based on
Lorentz force, where a driving current carries the position information for the catheter.
Novelty of this work is the utilization of the huge DC magnetic field present in MRI
for actuation, which leads to a low-power solution. Moreover, using optical techniques
to transfer the signal to the outside of the MRI environment eliminates the use of
metal wires, which cause heating problem in MRI. We designed devices for two differ-
ent optical readout methods, namely laser Doppler vibrometry (LDV) and diffraction
grating interferometry (DGI). The necessary theoretical background for the design
along with the analytical calculations is given in this thesis. Dynamic characteristics
of resonators are also investigated by FEA simulations. A three-mask procedure is
developed to fabricate the devices and the details of the fabrication process in clean-
room are explained. We achieved to define grating elements with 4 pym period and
50 % fill factor, which is the highest resolution required for the fabrication of the de-
vices. In characterization stage, the dynamic characteristics of the fabricated devices
are obtained. The results show that the devices can indeed be actuated by Lorentz
force and the produced mechanical signal can be detected using optical methods. We
measured the signal-to-noise ratio to be at least 20 throughout the frequency range of

interest, for 0.13 T magnetic field strength and 0.4 mA rms driving current.



OZET

MRG ICIN KATETER TAKIBI AMACLI
ELEKTROMANYETIK MEMS-TABANLI RESONATOR
TASARIMI

Damar i¢i tibbi miidahaleri manyetik rezonans goriintiilleme (MRG) altinda yap-
mak bir¢cok acidan avantajlidir. Bu konuda, MRG uyumlu kateterlerin eksikligi 6nemli
bir sorundur. Bu tez ¢aligmasinda, MRG uyumlu kateter takibi amaciyla gelistirilen
MEMS rezonator yapilarinin tasarim, iiretim ve karakterizasyonuna deginecegiz. Bu
yapilar i¢in tahrik mekanizmasi Lorentz kuvvetine dayanmaktadir. Kuvveti olugturan
akim kateterin yer bilgisini tagimaktadir. Bu caligmanin asil ozgiin yoni ise tahrik
mekanizmasinda MRG cihaz igerisindeki manyetik alandan faydalanilmasidir. Bu
halihazirda var olan ¢ok giiclii manyetik alanin kullanilmasi diigiik gii¢ kullaniminin
oniinii agmaktadir. Bununla birlikte, MRG disina sinyalleri optik yontemlerle ak-
tarmak, metal kablo kullanimini onleyerek, bu hatlardaki isinma probleminin oniine
gecmektedir. Bu calismada lazer Doppler titresimol¢timii ve kirinim 1zgarasi girigimol-
¢imii yontemleri iizerinde durulmaktadir. Bu konuda gerekli teorik bilgi tezde ve-
rilmigtir. Yapilarin dinamik ozellikleri sonlu eleman analizi simiilasyonlar: ile ince-
lenmistir. Uc maskeli bir iiretim siireci gelistirilmis ve temizodadaki siirec agiklanmugtir.
Sonug olarak bizim icin gerekli en yiiksek ayrinti seviyesi olan 4 um periyot ve %50
bosluk degerine sahip kirinim 1zgaralar1 bagariyla tiretilmigtir. Karakterizasyon agama-
sinda yapilarin dinamik karakterleri tespit edilmistir. Sonuclar yapilarin elektromanye-
tik tahrik mekanizmasi ile c¢aligabildiklerini ve bunun optik olarak algilanabildigini
gostermektedir. Ilgilenilen frekans arahginda, 0.13 T manyetik alan ve 0.4 mA rms

akimi i¢in, igaret-giriilti oran1 20 tustii olarak olgiilmiigtiir.
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1. INTRODUCTION

Minimally invasive diagnosis and treatment methods are very advantageous,
when they are compared to their traditional counterparts, which involve cutting all tis-
sues starting from the skin to the target one. Among many minimally invasive medical
techniques, catheter based endovascular applications form a very important group and
they are becoming more and more common with new developments [1]. Catheters are
biocompatible devices, which can be inserted to the body via certain ducts or blood
vessels to perform various medical procedures. One extremely important point about
the minimally invasive surgical operations which involve catheters is that the location

of the catheter inside the body should be known with a very high accuracy.

There are several commonly used medical imaging methods, such as ultrasound
imaging (US), X-ray fluoroscopy (XF), computed tomography (CT), and magnetic
resonance imaging (MRI). Among these methods, XF is widely used for catheter based
endovascular applications [1]. However, there are many problems associated with using
XF imaging method. The most significant problem is that the patients are exposed to
ionizing radiation during the imaging procedure [2,3]. Although the medical staff can
be protected from the radiation by wearing copper vests during the operations, these
heavy vests cause orthopedic complications. In addition to this, the accumulation of

small doses of radiation in time can lead to health problems.

MRI is more advantageous than XF in terms of many aspects. First of all, MRI
does not utilize ionizing radiation, which causes the problems that we mentioned for
XF [4]. Secondly, MRI has much better soft tissue contrast and the contrast agents
used in MRI are less toxic than the ones used in XF. Finally, MRI has the capability
of producing three-dimensional (3D) images; whereas most XF systems produce two-
dimensional (2D) ones, because they are acquired by projection operation [5,6]. There

are many publications in the literature about minimally invasive operations which

utilize MRI [7-25].



Although MRI has many advantages, the lack of MRI-compatible catheters pre-
vents it from being the ultimate imaging choice for minimally invasive operations.
The strong radio frequency (RF) pulses in MRI cause heating problems for conductive
wires, which can be on dangerous levels for the patient [26-30]. On the other hand,
the catheters which are made of materials that are not affected by RF pulses are very

hard to detect in the final image.

This thesis work is a part of a TUBITAK project (grant EEEAG 111E197),
which tries to realize an interventional MRI compatible catheter tracking system.
Before going any further, it is essential for the reader to understand the basic working
principles of MRI [31] and how these can be related to determining the position of the

catheter.

In MRI, an image is constructed by using the electromagnetic radiation, which is
emitted by stimulated nuclear magnetic dipoles in the presence of an external magnetic
field. Although any nucleus with non-zero magnetic moment can be chosen for imaging,
Hydrogen (H) nuclei are used; since they are abundant in human body and emit
relatively strong signals. When there is no external magnetic field in MRI machine,
the net magnetization of H dipoles is zero, because they are randomly oriented. When
the external DC magnetic field is activated, some of H dipoles align with the field and
precess with respect to it. The frequency of precession, called the Larmor Frequency
(fLarmor), depends on the external field strength (By) and the gyromagnetic ratio of

the nucleus (v) according to Equation 1.1.

fLarmor - ’VBO (11)

Gyromagnetic ratio for H is 42.6 MHz/T. The alignment of H dipoles causes a nonzero
magnetic moment (M) parallel to the direction of the field (longitudinal direction).
However, the net magnetization (Mxy) in the transverse direction (perpendicular to
the external field) is still zero, because the phase of precession is random for every H

dipole.



When H dipoles are excited by applying an RF pulse at their resonant frequency,
which is equal to the Larmor frequency; some of them align against the external field
and gain phase coherency. As a result of these, the net magnetization is flipped onto
the transverse plane. While H dipoles return to their equilibrium state, My decays
due to dephasing. The emitted signal during this process is called free induction decay
(FID) signal, which is a decaying sinusoidal at Larmor frequency. The rate of decay

depends on the type of the tissue.

In order to determine the position of the FID signal, gradient magnetic fields
(Barad), whose strength is a function of the position, are added to the external DC
magnetic field after the RF pulse is applied. Consequently, the frequencies of FID

signals (frp) become dependent on the position as in Equation 1.2.

fe () = 7(Bo + Baraa()) (1.2)

In conclusion, the frequency information can be mapped to the position one in MRI.
Our project also adopts this idea to find the position of the catheter. The operat-
ing principle the project, which encompasses this thesis work, can be summarized as
follows: There is a microsystem at the tip of the catheter, which transfers the fre-
quency information to the outside of the MRI machine via optical methods. Firstly,
the FID signal around the tip is received and down-converted by an optically pow-
ered CMOS module. Next, this CMOS module drives an RF MEMS module with the
down-converted signal as an electrical current. After that, the RF MEMS module con-
verts the electrical signal to a mechanical one and the latter is transmitted for further
processing via an optical readout method. In this thesis work; design, fabrication, and

characterization of RF MEMS resonators are done for these given tasks.

The actuation mechanism of MEMS resonators is based on the Lorentz force.
When the current and the magnetic field are positioned as in Figure 1.1 [1], the force
is induced in the out-of-plane direction. The main advantage of using this method

is that it allows us to utilize the huge DC magnetic field in MRI machine, which is



1.5 T or 3 T for clinical-MRI, thereby resulting in a low-power solution. Even weak
currents, on the order of 0.1 mA, can produce strong Lorentz force (39 nN for 130
pm-long bridge) under 3 T external field strength according to Equation 1.3, where
F7y, is the Lorentz force, 7 is the current, [, is the length of the resonator, and By is the

external field strength.

FL :er X BO (13)
Induced Force i(t)

; —>
Receiver P—
Circuitry

MR DC Magnetic Field (Bo)
\ Lo MEMS Bridge
MEMS Bridge \ —— Air gap
Driver
Anchor
it) y

Figure 1.1. Actuation mechanism for MEMS resonators.

In summary, the most important contributions of this thesis work to the litera-
ture are the utilization of MRI device’s external DC magnetic field for the actuation
mechanism and the use of optical methods for detecting the mechanical signal pro-
duced by the resonator structures. As it is mentioned, the main advantage of the first
one is decreasing the power consumption. In addition, the second one eliminates the

use of metal wires, which is problematic in MRI environment.

In general, it is possible to divide designs into two main groups. The first group
consists of micromirror resonators, whose deflection is read by optical means. In this
work, the emphasis is on laser Doppler vibrometry (LDV) method. The second group
is comprised of diffraction grating resonators. The optical readout method for this case

is diffraction gratin interferometry (DGI). These groups will be investigated in detail



in two individual chapters. These chapters explain the design procedure in terms of
theory, analytical calculations, device specifications and finite element analysis (FEA)
simulations. Chapter 4 discusses how masks are designed and the fabrication process
is conducted. Chapter 5 shows the characterization results for the fabricated devices.

Finally, Chapter 6 concludes the thesis and comments about the possible future work.



2. DESIGN OF MICROMIRROR RESONATORS

Since LDV method can detect velocity of a mechanical structure in the direction
of the reflected laser beam, our aim was to design resonators which have reflective
surfaces that can move in the desired - in this case out of plane- direction. Although
our different resonators have different geometry, the main idea is to have a clamped-
clamped approach with a reflective mirror in between. Figure 2.1 shows an example

of this type of resonators.

Figure 2.1. Clamped-clamped resonator with reflective mirror.

Note that the resonator has perforation holes in its mirror part. There are two
reasons why we decided to put these holes. These are reducing the air damping effect
and easing the removal of sacrificial photoresist layer under the structure, which will

be explained in detail in Chapter 4.

According to the actuation mechanism explained in Chapter 1, these micromirror
resonators are capable of generating out-of-plane movement given that there is current
passing through the structure and there is DC magnetic field parallel to the mirror

plane and perpendicular to the direction of current.

Since the mechanical signal produced by a resonator is strongest around the
resonance peak and gets weaker as frequency is farther away from the peak, it is hard

to detect a useful signal throughout the whole frequency range of interest using only



one resonator. Therefore we designed resonator families which have different resonators
that are connected in series. Due to this series connection approach, all resonators
are actuated by the driving signal at the same time. These resonators have different
geometry, which leads to different resonance frequency values. These resonance peaks
are distributed such that the produced mechanical signal never drops below a certain
threshold. By using an LDV spot which is big enough to cover all the resonators,
we plan to detect strong signal for the whole frequency range. An example of such a

family can be seen in Figure 2.2.

Figure 2.2. Series connected micromirror resonator family.

In the following subsections, we are going to investigate theoretical background,
analytical calculations, properties of different families, and finite element analysis

(FEA) simulations. We are going to finish the section with a conclusion.



2.1. Theoretical Background

In this section we are going to start with the mechanics of double-clamped beam

with a central mass. After that we will continue with squeeze-film air damping.

2.1.1. Mechanics of Double-Clamped Beam with a Central Mass

In this discussion, our aim is to find the out-of-plane displacement function, w(z),
for a double-clamped beam with a central mass and the spring constant in the central
part of the structure. Since the central mass is generally much wider and/or thicker
than the supporting beams, we are going to assume that the beams have negligible
mass compared to the central part and the latter one is doing a transversely translating
motion without bending. The top view and the cross sectional view of the resonator
structure along with the necessary dimensions, forces, and moments can be seen in

Figure 2.3 and Figure 2.4, respectively.

«re mo>
ZFO 1 Mg Fo
T |
0 a X

Figure 2.4. Cross-sectional view of double-clamped beam with a central mass.



We start with the general relation for bending moment of beam structures [32],
M(z) = —EIw" (2.1)

where F is Young’s Modulus, [ is moment of inertia of the beam, and w is the dis-
placement function in the z-direction with respect to . For a beam with a rectangular

cross section of width b and thickness ¢, the moment of inertia is [32]

_bt?

=
12

(2.2)
If we write the bending moment with respect to an arbitrary point x on the left beam,

we obtain
M(z) = —mo + xFy (2.3)

where myq is the restrictive moment and xF is the moment due to the supporting
force. Since there are two clamped ends, the supporting force is equal to half of the
weight of the central mass which is M;g/2, where M, is the total mass and g is the
gravitational acceleration. Using Equations 2.1 and 2.3 we have

B,

x M,
D w"'(z) = —my + 1J

2

The boundary conditions for this differential equation are w(0) = 0, w’(0) = 0, w'(a) =

0, and w”(a/2) = 0. Using w”(a/2) = 0 in Equation 2.4 we have

M,
mo = fa (2.5)
Ebt? a
_ " — _ 2
60" (2) =(z-3) (2.6)



Integrating both sides with respect to x yields

Ebt3 ?  ax
_ - .0
A R S
Using w'(0) = 0 we get
Cl = 0
Ebt? 5

—BMtgw’(x) =z’ —ax

Integrating one more time with respect to x yields

Ebt? (2) 3 ar?
— w(xr) = — — —

+

Using w(0) = 0 we obtain the displacement function

Cy,=0

3a
2

Mg
Ebt3

w(z) = z*( x)

10

(2.7)

(2.8)

(2.10)

(2.11)

(2.12)

Note that this function is valid for x values, which are on the left beam. Figure 2.5

shows the tendency of this function depending on z. Since we assumed that the central

mass moves without bending, the displacement of mass can be expressed as

a3Mtg
w@) = S

(2.13)

We can also relate a spring constant for the central mass for the forces that perpen-



11

dicular to the plane.

F
k= — 2.14
j (214
In this case the force is the weight of the mass. Therefore
2E0t?
k=" (2.15)

Note that the spring constant would be the same if we started our discussion for an

external force instead of just the weight of the mass.

0.9 B

0.8 b

0.6 1

0.5 B

w(x) Normalized displacement

O 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Normalized position (x/a)

Figure 2.5. Tendency of w(x) depending on .

2.1.2. Squeeze Film Air Damping

As mechanical devices change in size, the forces acting on them also change,

but the rate depends on the type of the force. Volume forces like gravity and inertia
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are proportional to the cube of the scaling factor; on the other hand, surface forces
like viscous force are multiplied by the square of it. Therefore, compared to the
conventional machines, surface forces have much greater effect on MEMS devices as
the size of the structures decreases. The surrounding air acts as an obstacle to the

movement of the MEMS device and affects the dynamic behavior of it.

Structures moving in air already encounter with drag force damping, but things
become more complicated as they get close to another surface, such as the substrate.
Because of the squeeze film action of the air between these surfaces, there exists another
damping mechanism and it can be stronger than the drag force of the air [33-36]. This
mechanism is called squeeze film damping and it becomes more significant as the gap
between the surfaces gets smaller and width of the device gets larger. Squeeze film
damping is the dominant damping mechanism for MEMS devices which have large
plates that move against a trapped thin air film. Consequently, it affects the dynamic

behavior of the structure greatly.

The damping pressure between two plates has two components. The first one is
due to the viscous flow of air when the movement of the structure pushes the air out
of or sucks it into the gap and called the viscous damping force. The other component
is the elastic damping force, which is caused by the compression of the air film. At low
frequencies, the air film is not significantly compressed; therefore the viscous damping
force dominates. The viscous damping force is proportional to the velocity of the plate.
At high frequencies, the air fails to escape the gap, hence it is compressed. In this case
the elastic damping force dominates. This force is proportional to the displacement
of the plate. There is a frequency, at which the viscous damping force is equal to
the elastic damping force. This frequency value is called the cut-off frequency (w,.) of

squeeze film damping.

The viscous damping force has a related damping coefficient ¢4 and the elastic
damping force has a spring constant k. associated with it. Both of these variables are

functions of the vibration frequency. The governing equation for the dynamic behavior
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of the vibration system can be written as
mz + caz + (ke + ko)z = Fysinwt (2.16)
where m is the mass, z is the displacement of mass in the z-direction (direction normal
to the plane), ko is the spring constant of the mechanical structure, and Fj is the

amplitude and w is the angular frequency of the driving force. The solution to this

differential equation is

2(w) = Apsin(wt + @) (2.17)
where the amplitude Ay is
F, 1
Ay =12 s (2.18)
M\ (w2 — w?)? + %
and the phase difference ¢ is
Cqw
p = —arctan (w2 — ) (2.19)
where
ke + k k.
w? = (ke o) _ Wi+ — (2.20)
m m

Since both k. and ¢4 -consequently w,- are functions of w, the dynamic behavior of the
vibration system depends heavily on the ratio of the natural vibration frequency wy
and the cut-off frequency of squeeze film damping w.. Now we are going to investigate
three different cases; where the ratio is much smaller than unity, close to unity, and

much greater than unity.

If the cut-off frequency is much larger than the natural vibration frequency, the

viscous damping constant cg is almost constant and the elastic force is negligible.
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The gas film is incompressible and the dynamic behavior is determined mostly by
the damping ratio (. Figure 2.6 shows the underdamped, overdamped, and critically
damped cases [37].

-
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Figure 2.6. Dynamic behavior of the vibration system for wy < w..

When wy is comparable to w., the most interesting dynamic behavior occurs.

Figure 2.7 shows the frequency response of the system [37].

Because of the strong damping effect at cut-off frequency, the amplitude declines
as w,. approaches w. The ratio of k./ko determines the amount of the decline. Fre-
quency and amplitude of the resonance peak depends on c4. In this condition, both

viscous and elastic components play important role on the dynamic behavior.

In the third and the final case, where wy > w,., the spring constant of the
structure is much greater than that of the elastic damping. The amplitude of the
frequency response decreases as w approaches w,., however the effect is not significant
since k. is relatively small. As seen in Figure 2.8, there is a resonant peak at a frequency

which is slightly higher than the natural vibration frequency due to the elastic damping
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Figure 2.7. Dynamic behavior of the vibration system for wy ~ w,.

force [37]. Since the viscous damping force is small at high frequencies, the resonant
peak is generally high. As a result, when wy > w,, the effect of both the elastic and

the viscous damping is slight.

2.2. Analytical Calculations

Although FEA simulations are extremely useful for designing MEMS resonators,
it is impossible to simulate every possibility, such as geometry and material differences.
Therefore one needs to find a good starting point before going into simulations and

analytical calculations are vital to find such a point.

For LDV compatible design, we had decided to have double-clamped beams with
a reflective central mass that has perforation holes, as in Figure 2.1. According to the
discussion in Section 2.1.1; for the resonator, whose top view is given in Figure 2.9,

the spring constant for the central mass moving in the normal direction to the plane
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Figure 2.8. Dynamic behavior of the vibration system for wy > w..

can be found as

(2.21)

where F is Young’s modulus and ¢ is the thickness of the structure, which is uniform

everywhere. On the other hand, the mass of the central part is given by
m = (b — 16a*)tp (2.22)
where p is the density of the material.

If we think about the structure as a spring-mass system, the resonant frequency

fres = %\/g (223)

1S
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Figure 2.9. Top view of double-clamped beam resonator with a central mass.

1 2Ewt?
= 2.24
J: 27r\/(b2 — 16a2)13p (2.24)

For the LDV compatible case, we wanted to have family of resonators, which
could cover the frequency interval of 1 kHz to 500 kHz. As a starting point, we wanted
to construct a resonator, whose resonant frequency is 200 kHz. For the dimensions that
are given in Figure 2.9, we chose b=40 ym, a=4 pm, t=1 pm, w=5 pum, and selected
aluminum (E=70 GPa, p=2700 kg/m?) as the structural material. Using Equation
2.24, we found that the length of one beam has to be 49.62 ym in order to assure that
the resonant frequency is 200 kHz. Note that this calculation does not take squeeze
film damping into account. After all, the intended use for this calculation is just to

find an appropriate starting point for the simulations.
2.3. Resonator Families

In this section, we are going to introduce different designs which are intended
for LDV optical readout method. We refer to every independently functional unit as
a resonator family, due to the fact that every unit consists of at least three resonators

which are connected in series. This number can go up to twelve in certain families.
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There are many common things among the families. First of all, the operating
principle that we explained in the beginning of Chapter 2 is the same for every family.
They all utilize series connected, out-of-plane moving resonators, which are covered
by a single LDV spot. Secondly, the structural material for all of them is aluminum.
Finally, the central mass part of every resonator of every family has the same top-view
geometry. As we mentioned before, the aim of having more than one resonator is to
cover a broader frequency range. This requires different resonant frequency values for
individual resonators in a certain family. Since the central mass is identical for all
resonators, we achieved to adjust resonant frequency values by shifting the length of

supporting beams of different resonators.

The reason why we have various resonator families is that they are optimized for
different purposes. There are two important factors that we take into consideration
while designing a family. These are film thickness and power consumption. Using
the same mask set, it is possible to fabricate MEMS structures with different film
thickness values, because film thickness is not determined by the layout but by the
material deposition process. Since both thick and thin films have certain advantages
and disadvantages, we decided to have optimum families for two different film thickness

values, which are 0.5 ym and 1 pm.

The second factor is the power consumption of the structure. While we were
designing the MEMS structures, the driving capability of the external circuit was
unknown. Therefore, we decided to optimize devices for three different peak current
values, which are 0.1 mA, 0.2 mA, and 0.5 mA. In most cases, resonators which
belong to low-power families have narrower supporting beams, because they have
smaller spring constant and easier to move. Having various designs for different peak
current values is especially beneficial to avoid drawbacks of nonlinear behavior of the
structures. It is possible that the resonant points for a certain family are shifted due

to nonlinearity, when the driving force is significantly different.

Our actuation approach assumes that the DC magnetic field and the direction

of current flow through the resonators are orthogonal to each other. However, this
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assumption may not always hold. In order to avoid parallel alignment of the current
and the magnetic field, we designed our families such that every resonator is used two
times with 90 degrees orientation difference, as in Figure 2.2. The obvious disadvantage
of this approach is that it results in too much area consumption. In order to have
smaller resonator families in addition to these, we also designed the same families
with non-repeating units. As it can be seen in Figure 2.10, the orientation is the same
for all the resonators and the angular difference compared to the previous case is 45
degrees. The reason for this difference is that we assume the magnetic field is most
of the time either horizontal or vertical with respect to the page. This orientation is

capable of producing mechanical signal for either case.

Figure 2.10. Micromirror resonator family with non-repeating units.

Along with the repeated-resonator option, we introduced another variation by
splitting the supporting beams as in Figure 2.11. The aim of this variation is to make
the undesired torsional motion harder and to prevent the structure from collapsing to
one of its sides. The drawback of this variation is that it is more difficult to fabricate
these split beams, which are supposed to have half the width of the non-split ones.
Consequently, we only applied this variation to the widest beams which have 5 pym

width.

All in all, we designed various resonator families which differ in terms of power
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Figure 2.11. Micromirror resonator family with split supporting beams.

consumption and film thickness. In addition, there are two types of each resonator
family, either with repeating or non-repeating units. Furthermore, for some of the

families there is the split-beam option for both repeating and non-repeating types.

2.4. FEA Simulations

Although analytical calculations give us general idea about the behavior of struc-
tures, they have to be supported by more detailed simulations, because of many simpli-
fications and assumptions. In order to have more reliable results, one needs to benefit
from finite element analysis methods despite their time consuming and non-transparent

nature.

COMSOL Multiphysics 3.5 MEMS Module’s Solid, Stress-Strain with Film Damp-
ing application mode is used for FEA simulations. We can divide the these simulations

into two categories, which are mode analysis and frequency response simulations. The



21

aim of the first one is to see if the movement pattern of the structures is appropriate
for our optical readout methods. The goal of the frequency response simulations is
to determine the strength of the mechanical signal depending on the frequency and
power of the driving current. Now, we are going to discuss the results for both types

in two individual subsections.

2.4.1. Mode Analysis Simulations

Although we designed many resonator structures with different geometry, these
structures have similarities, such as the shape of the central mass. In order to make
things simpler and clearer, we are going to show results for one sample structure,
because the other ones behave in a similar manner. For this structure, the beam
length is 60 pm, width is 5 pm, thickness 1 pum, the central mass is 3.63 ng, and the
material is Al (E=70 GPa, p=2700 kg/m?). The first four mode shapes can be seen
in Figure 2.12. According to Equation 2.24, the out-of -plane mode for this structure
is calculated to be at 150.4 kHz, whereas the simulation result gives the same mode at
120 kHz. The difference between these two stems from the assumption in the analytical

calculation that the central mass does not bend, which is not entirely correct.

As it can be seen in Figure 2.12, the first structural mode is an out-of-plane
motion of the central mass. This kind of movement is the most desirable type for LDV
optical readout approach, which can detect vibration in the direction of the incident
laser beam. Therefore we can conclude that our design is appropriate for our readout

method as far as modal behavior is concerned.

2.4.2. Frequency Response Simulations

In Section 2.4.1, we discussed the structural mode analysis simulations, in order
to verify that our resonators are capable of moving in the appropriate manner for LDV
optical readout method. In this subsection, we will be discussing another type of FEA|
which is called the frequency response simulations. One goal of these simulations is to

determine an optimum thickness value for the air film under the resonators. The other



eigfreq_solid3(1)=1.202324e5 Boundary: Total displacement
Deformation: Displacement

w1
(@)
eigfreq_solid3(3)=4.377321e5 Bounday: Total displacement
Deformation : Dsplacement
L

()

eigfreq_solid3(2)=2.467995e5 Boundary: Total displacement
Deformation: Displacement

(b)

eigfreq_solid3(4)=6.579811e5 Boundary: Total displacement
Deformation: Displacement

(d)

22

Max: 3.444

Figure 2.12. (a) The first structural mode (out-of-plane) for a single-beam resonator

at 120 kHz. (b) The second structural mode (torsional) at 247 kHz. (c¢) The third

structural mode (out-of-plane) at 438 kHz. (d) The fourth structural mode
(in-plane) at 657 kHz.
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and more important aim of these simulations is to determine the dynamic behavior
of the mechanical structures. In other words, we want to obtain the dependence
of the mechanical signal, which is produced by resonators, on the frequency and the
amplitude of the driving force. In this case, the amplitude of the driving force depends
on the strength of both the driving current and the external magnetic field. Since the
magnetic field is not time varying, the frequency of the force depends only on that of

the driving current.

In this subsection we will be discussing five subjects related to the frequency
response simulations. Firstly, we will be explaining how we handled the border effect
phenomenon for squeeze film air damping. Secondly, we will mention how we deter-
mined an appropriate tangential momentum accommodation coefficient (TMAC) for
the simulations. Next, we will find the optimum air film thickness by utilizing simula-
tion results. After that, we are going to discuss the relationship between the driving
current and the mechanical signal amplitudes in detail. In the end, we are going to

show the final results for different resonator families.

2.4.2.1. Border Effect for Squeeze Film Air Damping. For squeeze film damping sim-

ulations, the trivial way of finding a solution is to assume that the pressure change
(Ap) which is caused by the movement of the structure is zero at the boundaries of
the gas film. This assumption is beneficial for the cases where the device dimensions
are much larger than the film thickness. However, for the devices which do not have
high aspect ratio, it leads to inaccurate results. Vemuri et al. [38] showed that border
effect is significant for the cases where the width/thickness ratio is even as high as
20. In order to include the damping effect at the boundaries, one should determine a
relative elongation coefficient to calculate a new effective width for the structure as in

Equation 2.25.

Wef = AL, w (2.25)
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where w is the width of the structure, weg is the effective width, and AL, is the relative
elongation. The effective width is defined such that the trivial solution to the problem

for that value gives an equivalent result for the real case.

In our case, we needed to take border effect into consideration because the size
of the air gap was comparable with the width of our beam structures. In order to find
relative elongation values, we used the data given in Table 2.1 [39] and interpolated

from them as necessary.

Table 2.1. Relative elongation for different aspect ratios.

Aspect Ratio | Relative Elongation
4 0.8275
8 0.7270
16 0.6805
32 0.6559

2.4.2.2. Tangential Momentum Accommodation Coefficient. One of the parameters,

which is needed for the squeeze film damping simulations is tangential momentum
accommodation coefficient (TMAC). For monatomic gases, TMAC is around 0.93 and
it does not depend on Knudsen number. On the other hand, TMAC for air depends
on many things, including Knudsen number, surface cleanness and roughness, and
temperature. Unfortunately, it is not easy to find a precise value for TMAC in our
case; however, we can be confident that 0.85-1.00 interval includes it [40]. Therefore,

we decided to run simulations for different TMAC values in this interval.

We conducted frequency response simulations for the double-clamped beam struc-
ture in Figure 2.13. For this device, the beam length is 102 pm, width is 3 pum, thick-
ness is 1 pm, and the material is aluminum. The air film thickness is defined as 2 um.

Finally, the peak current is 1 mA and the magnetic field strength is 3 T.

The peak displacement and the quality factor results are given in Table 2.2.
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Figure 2.13. Double-clamped beam.

We can conclude that the difference among results, which is at most 4%, is quite
acceptable. After that point, we decided to continue with the worst-case TMAC value

of 1 for the following simulations.

Table 2.2. The effect of TMAC on dynamic behavior.

TMAC | Peak Displacement (m) | Q Factor
1.00 4.8e-6 97.5
0.95 4.8e-6 97.5
0.90 4.9e-6 99
0.85 5.0e-6 101

2.4.2.3. Determining the Optimum Film Thickness. As we mentioned before, deter-

mining an optimum value for air film thickness is one of the two main goals that we
have. We know that the thinner the gas film gets, the more significant the squeeze
film damping becomes. On the other hand, the air gap cannot be much thicker than
the structure itself; otherwise the anchors become unreliable. Therefore we need to
set a thickness, which is thin enough to result in good anchors, and at the same time,

thick enough to cause reasonable damping.
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In order to solve this problem, we adopted an approach similar to the TMAC
case. We used the same structure, driving current, and magnetic field as we did
for simulating the effect of different TMAC values. We repeated the simulation by

changing only the air film thickness parameter. The results can be seen in Table 2.4.

Table 2.3. The effect of air film thickness on dynamic behavior.

Film Thickness (um) | Disp. amp. at resonance (m) | Q Factor

0.5 3.66e-7 7.51
1.0 1.37e-6 28.27
2.0 4.83e-6 101.30

It is obvious that the film damping effect is much less for the thickness of 2 pm.
This value is also comparable with the intended structural thickness range, which is
from 0.5 pum to 2 pm, thereby resulting in strong anchors. In all of the following

simulations, the film thickness will be set to 2 pm.

2.4.2.4. Current vs. Velocity. After determining the optimum air film thickness, we

started to run frequency response simulations with double-clamped beam resonators
which have perforated central mass structures as in Figure 2.1. The results show
that the dynamic behaviors of the structures are not entirely linear. In other words,
when we double the amplitude of the driving force at a certain frequency, which is
proportional to the current amplitude at that frequency; the mechanical output, such
as velocity, does not simply double. This nonlinear behavior is very hard to predict
using analytical calculations and acts differently for various beam lengths. Therefore,
we simulated certain structures for various driving current values. The results are

given in Table 1.4.2.4.

In these simulations we used three resonators, which only differ in terms of the
length of their supporting beams. The beam length stands for the length of one of the

supporting beams on either side of the structures. We simulated all three resonators
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Table 2.4. Normalized velocity at resonance vs. driving current.

Current Amp. (mA) | 17 ym beam | 20 ym beam | 58 ym beam
0.1 1 1 1
0.2 0.73 1.92 1.05
0.5 0.57 2.47 1.08
1.0 0.52 2.67 1.09
2.0 0.49 2.72 1.10

for five different current values. The magnetic field strength was taken as 3 T in all
cases. In addition beam widths were 5 pm and metal thicknesses were 1 ym. In Table
2.4, velocity values are normalized with respect to the ones which are expected for
the corresponding current value. For example, the value 1.92 which corresponds to
0.2 mA current for 20 um long beam means that the velocity for 0.2 mA is 3.84 times

greater than that of 0.1 mA since it is already expected to be 2 times larger.

One reason for this kind of a nonlinear result can be related to the nonlinear and
frequency dependent behavior of film damping. Because of the latter one, the effect is

different for devices which have different resonant frequency values.

As the reader can recall from Section 2.3, we designed resonator families which
are optimized for a certain driving current value. The most important reason why we
needed to do it that way is the complex relation between the driving current and the

mechanical signal.

2.4.2.5. FEA Results for Resonator Families. In Section 2.3, we explained the impor-

tant factors for designing resonator families, how they differ from one another, and
what the variations are in a certain family. Now we are going to provide results of

frequency response simulations for every resonator in all six families.

Firstly, Family 1 is optimized for 0.1 mA AC current amplitude. It has six
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resonators, whose beam lengths are 17 pm, 22 pym, 26 pm, 31 pym, 41 pm, and 60 pm.
It has metal film thickness of 1 ym and beam width of 3 um. It produces above 30
mm /s velocity amplitude for the frequencies greater than 82 kHz. Its output drops to

2 mm/s at 13 kHz. The results for each beam can be seen in Figure 2.14.
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Figure 2.14. The frequency response of Family 1.

Family 2 is optimized for a higher input power value. The current amplitude
for this family is 0.2 mA. It has only three different resonators, which is the smallest
number among all families. Its beams are 4 ym wide and 1 pm thick. They are 20
pm, 32 pm, and 60 um long. Above 80 kHz the output velocity amplitude is at least
40 mm/s and it drops to 2 mm/s at 7 kHz. The results can be seen in Figure 2.15.

Family 3 is again optimized for 0.2 mA, however it has five resonators, whose
beams are 18 pm, 23 pm, 30 pm, 40 pm, and 60 pum long. Their width and the
thickness are the same with the Family 2. It can produce at least 76 mm/s mechanical
signal above 94 kHz. Its output decreases to 2 mm/s at 5 kHz. Figure 2.16 shows the

dynamic behavior.
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Figure 2.15. The frequency response of Family 2.
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Figure 2.16. The frequency response of Family 3.
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Family 4 is optimized for 0.5 mA current amplitude with six resonators whose
width is 5 pm, and thickness is 1 pum. The lengths of the beams are 19 um, 22 pm,
26 pm, 32 pm, 42 pm, and 60 pm. It produces higher output from the previous ones,
which is above 171 mm/s above 102 kHz and drops to 2 mm/s at 3 kHz. The dynamic

behavior for every beam can be seen in Figure 2.17.
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Figure 2.17. The frequency response of Family 4.

Family 5 is again optimized for 0.5 mA current amplitude but with four beams,
whose width is 5 pym and thickness is 0.5 pym. It has two resonators, which have 8
pm-long beams. It also has two more resonators, whose beams are 16 ym and 45 pm
long. Its output is above 101 mm/s above 53 kHz and higher than 2 mm/s even at 1
kHz. The results can be seen in Figure 2.18.

Family 6 is similar to Family 5 in terms of beam width, thickness, and peak
current value. However it consists of three resonators, which have 8 pym-long beams
and three other resonators, whose beams are 14 pym, 22 pm, and 45 pm in length.

The mechanical signal is above 167 mm/s for frequencies higher than 65 kHz. The
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Figure 2.18. The frequency response of Family 5.

frequency for which it drops to 2 mm/s is the same with the previous case. Figure

2.19 shows the frequency response results.

The results for all families show that the mechanical signals they produce are
strong enough to be detected by LDV technique. We specified where the velocity peak
drops to 2 mm/s as a threshold; nevertheless, this is still much higher than the smallest
signal which can be detected by an LDV system, which is on the order of 0.01 mm/s.
We discuss these kinds of limits more thoroughly in Chapter 5.

An analytical transfer function that gives the relation between the driving force

and the velocity can be derived from the Equation 2.26 for the vibration system

mzZ+ cz +kz = fa(t) (2.26)

where m is the mass, c is the coefficient of damping force, k is the spring constant, z
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Figure 2.19. The frequency response of Family 6.

is the position, and fy, is the driving force. Equation 2.26 can be written as
mi + v+ k / vdt = fun(t) (2.27)
Taking the Laplace transform yields
msV(s) + cV(s) + gV(s) = Fy(s) (2.28)

The transfer function H(s) becomes

V(s) s
H(s) = = 2.29
() Fu(s) ms?2+cs+k (2.29)
Transferring to Fourier domain by substituting s = jw results in
H(jw) = Zad (2.30)

 jwe 4k — mw?
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Magnitude of the transfer function is

H(jw)| = d 2.31
HG = o (231)

Substituting wg = \/g and n = 5= yields

()l = my/ (W — w?)? + 4n2w? (2:32)

where n is the coefficient of damping and wy is the free vibration frequency. Note
that this transfer function has a bandpass characteristic, which is consistent with the

simulation results.
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3. DESIGN OF DIFFRACTION GRATING RESONATORS

In Chapter 2, we explained LDV compatible resonator structures, which form one
of the two main divisions of our design. In this chapter, we are going to be discussing
the second main division, which is comprised of diffraction grating interferometry

compatible resonator structures.

We will begin the section with the necessary theoretical background about diffrac-
tion grating interferometry. Next, we will introduce our general approach and mention
about main points which are valid for every designed structure. Then, we will continue
with types and associated FEA simulations for these. Finally, we will explain some

minor varieties in the layout.

3.1. Theoretical Background

The goal of diffraction grating interferometry method is to determine the dis-
placement of a certain structure. In our case, we are interested in the displacement of
our MEMS resonators. Figure 3.1 shows the schematic view for a diffraction grating

interferometry setup.

In this approach, when the diffraction grating is illuminated by the light source,
the reflected field splits into odd diffraction orders (..., I3, Iy, I41, I.3, ...) in
addition to the specular reflection (Iy) [41,42]. The intensities of these diffraction
orders depend on the interference of lights which travel two different paths. In the
first path, the incident light reflects directly from the diffraction grating; whereas
in the second one, it passes through the grating and reflects back from the surface
underneath. Since these two paths do not have the same length, the light which

travels either one has a different phase value. The intensities of the zero order and the
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Figure 3.1. Cross section view of a phase sensitive reflective diffraction grating

structure.

first orders can be given as in Equations 3.1 and 3.2

Iy = I, cos? (Q%d) (3.1)

I, = - sin’ (i) (3.2)

where [, is the incident light intensity, d is the gap distance, and )\ is the wavelength
of the incident light. This discussion is valid if the light source is coherent with at

least 2d of temporal coherence length [43].

If we assume that the reflective surface is fixed and the diffraction grating is free
to move, we can use both I1; and I to determine the displacement of the grating
structure. In order to have the maximum sensitivity and linearity for any reflected
order, the measurement should be taken around a point d which is an odd multiple of
A/8, where the slope is maximum and the second derivative of the expressions with
respect to the gap distance vanishes. This maximum sensitivity can be achieved even

for large gap distance values, as long as it is an odd multiple of A\/8. Figure 3.2 shows
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the normalized intensity with respect to normalized gap distance for reflected orders.
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Figure 3.2. Normalized intensity vs. normalized gap distance.

One way of measuring a small displacement value Ax around an optimum point
is to use two photodetectors for the zeroth and the first orders and computing the
difference of the small signal outputs. The resulting current can be expressed as
. 8(]0 — Oé[ 1) 47T
where R is the photodetector responsivity and « is the equalizing gain. This method
yields the displacement sensitivity of a Michelson-type optical interferometer. The
advantages of this scheme are increased signal level, efficient use of laser power, and
reduction in the laser intensity noise [44]. Note that Equation 3.3 is valid for small

displacement values. Larger displacement results in decreased linearity.
3.2. General Approach

Our design approach for the diffraction grating interferometry compatible MEMS
resonators is quite similar to the one we adopted for the LDV compatible case. As in
Figure 3.3, we used double-clamped resonator structures with a central mass. Actua-

tion mechanism is the same for both cases; however we do not have series connected
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resonators for this one. Instead of that, the whole frequency spectrum is covered by a
single resonator. Since we use the same actuation mechanism, we are again interested

in the out-of-plane displacement of the central mass.

Figure 3.3. Diffraction grating resonator structure.

As we discussed in Section 3.1, diffraction grating interferometry method requires
two reflective surfaces, one of which is in diffraction grating form. In our design, the
released central mass of the MEMS resonator acts as the diffraction grating and the
second reflective mirror is formed on the substrate. Figure 3.4 and 3.5 show a layout

and a cross sectional view for this general approach, respectively.

3.3. Resonator Types and FEA Simulations

The main difference among our diffraction grating resonators is the period of
diffractive elements. Here we define one period as the distance from the middle point
of one ribbon to the same point of an adjacent one. We designed three different
resonators, whose periods are 4 ym, 5 ym, and 6 gm. In this subsection, we are going

to investigate each of these resonator structures in detail.

Firstly, we are going to start with the structural mode analysis of the resonator
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Figure 3.4. Layout of a diffraction grating resonator. Green color represents the
released structure and dark blue represents the reflective mirror on the substrate.

Light blue is for the overlapping areas for dark blue and green. Finally grey areas are

anchor points.

Figure 3.5. Cross sectional view of a diffraction grating resonator.
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with 4 um grating period. Structural mode analysis is especially important to see if
there exists an out-of-plane mode shape which is convenient for our optical readout

method. Figure 3.6 shows the related result for the resonator with 4 um grating period.

Figure 3.6. Out-of-plane structural mode for diffraction grating resonator at 190.12

kHz.

For this resonator, structural material is aluminum and its thickness is 1 pm.
The other geometric parameters can be seen in Figure 3.7.

60 um
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Figure 3.7. Top view of diffraction grating resonator with 4 um grating period.

In order to find the optimum diffraction grating structure for a certain grating

period value, we simulated devices for different supporting beam lengths, while keeping
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the other parameters constant. Table 3.1 shows results for various structures. The
simulations are done for 3 T magnetic field strength and 1 mA peak AC current. In this
case the figure of merit is the value smallest displacement actuated by the resonator

in 1 kHz to 500 kHz frequency range.

Table 3.1. FEA simulation results for resonators with 4 ym grating period.

Beam Length (ym) | Disp. @1kHz (nm) | Disp. @500kHz (nm)
10 4.6 1.5
20 11 0.2
25 18 0.8
29 21 0.6
30 25 24
31 26 3.3
32 30 2.7
33 34 1.9
34 35 0.7
35 38 0.6
40 o4 0.4

Note that beam length of 31 um gives the highest minimum displacement ampli-
tude value. The whole frequency response curve for this device can be seen in Figure

3.8. The associated quality factor is 23.75.

For the resonators with 5 ym and 6 pum grating periods, we used the same
approach in order to find the optimal supporting beam length. Table 3.2 shows FEA
simulation results for resonators with 5 pum grating period. The magnetic field and

the current values are the same as the previous case.

The best resonator has again 31 pm beam length, whose smallest displacement
amplitude value is 6.2 nm which occurs at 500 kHz. The detailed frequency response

curve can be seen in Figure 3.9. The quality factor for this case is 25.5.
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Figure 3.8. Frequency response of the resonator with 4 ym grating period and 31 ym

supporting beam length.

Table 3.2. FEA simulation results for resonators with 5 um grating period.

Beam Length (ym) | Disp. @1kHz (nm) | Disp. @500kHz (nm)
20 11 2.5
25 17 5.1
29 24 5.2
30 25 2.9
31 26 6.2
32 30 5.4
33 33 4.7
35 38 4.6
40 53 4.5
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Figure 3.9. Frequency response of the resonator with 5 ym grating period and 31 ym

supporting beam length.

Finally, we simulated the resonators with 6 ym grating period; again using 3 T
magnetic field strength and 1 mA peak AC current. The simulation results for various

resonators can be seen in Table 3.3.

The highest minimum displacement occurs for 30 ym beam length with 4.5 nm
peak displacement at 500 kHz. Figure 3.10 shows the frequency response for this

particular resonator which has quality factor of 22.89.

Among these three resonators that we designed, the worst one in terms of the
minimum displacement value is the last one with 4.5 nm at 500 kHz. It is reported
that the noise level for diffraction grating interferometry method can be as low as
20 fm/vHz in the DC to 2 MHz range [43]. Since we are interested in frequency

values up to 500 kHz, the minimum detectible displacement level associated with that



Table 3.3. FEA simulation results for resonators with 6 um grating period.

Beam Length (yum) | Disp. @1kHz (nm) | Disp. @500kHz (nm)
20 11.5 2.8
25 17.2 3.5
29 23.9 3.2
30 24.5 4.5
31 26.1 4.3
32 29.9 3.5
35 38.2 2.9
40 53.3 2.8
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Figure 3.10. Frequency response of the resonator with 6 pum grating period and 30

pm supporting beam length.
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bandwidth is calculated as

fm
VHz

i = 20 X VH00kH z = 14.14pm(rms) = 20pm(peak) (3.4)
This value is 225 times smaller than the smallest mechanical signal for 1 mA peak AC
current and 3 T magnetic field strength. This means that we can drive the resonator
structures with much smaller current values and still obtain detectable mechanical

signal.

After designing three diffraction grating resonators with different grating periods,
we simulated the same structures for 0.5 ym and 2 pm metal thickness values. We
used the same top view geometry in order to be able to use one mask set with different
metal film thickness options. The results can be seen in Table 3.4. Note that minimum
displacement values, which are given for 1 kHz to 500 kHz, are again much larger than

the detectible smallest displacement value.

Table 3.4. Simulation results for different film thickness values.

Simulation No. 1 2 3 4 5 6
Grating Period (ym) 4 5 6 4 5 6
Film Thickness (um) 05 | 05 | 05 | 2 2 2

Resonant Frequency (kHz) 94 | 102 | 102 | 378 | 406 | 412

Disp. Amp. at Resonance (nm) 1387 | 1457 | 1260 | 396 | 389 | 262

Min. Displacement Amplitude (nm) | 6.8 | 52 | 55 | 2.7 | 3.1 | 4.1

After finishing the simulations for three main types of resonators, which are
determined by grating period; we applied two varieties to these structures. These
varieties are both optional and independent from each other. The first one is the split-
beam option as in Figure 3.11. The idea is exactly the same as in the case of LDV

compatible resonators, which is explained in Section 2.3.

Another option is adding an extra electrical connection to the reflective surface on
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Figure 3.11. Split-beam diffraction grating resonator.

the substrate. Although our actuation mechanism does not require such a connection,
we added this option in order to be able to use electrostatic actuation if we desire in

the future. The modified layout can be seen in Figure 3.12.

Figure 3.12. Resonator with extra electrical connection option.



46

4. FABRICATION

In this chapter, we are going to be dealing with the fabrication of the devices that
we have designed. This chapter is divided into two sections. The first one explains the
proposed fabrication method and design of the masks according to it. The second one
investigates the fabrication process in clean-room step by step and addresses particular

challenges along with the solutions to them.

4.1. Proposed Method and Design of Masks

As it is explained in Chapters 2 and 3, our resonators are released structures
which are anchored to the substrate at the end of two supporting beams. In addition
to this, our diffraction grating resonators have an extra reflective surface, a mirror,
which lies on the substrate, just beneath the central mass of the resonators. In order
to fabricate devices with this level of complexity, we proposed a method which utilizes
three masks; specifically for mirrors, anchors, and resonator structures. Figure 4.1

summarizes the fabrication steps.

Since our actuation mechanism requires current flow through the resonators and
the force is proportional with the current level, we chose glass as the substrate material
in order to prevent leakage because of its insulating characteristic. The first step of the
fabrication is defining mirrors under diffraction gratings via standard lift-off process
(Figure 4.1a). Since lift-off requires non-conformal metal coating, we decided to use
negative photoresist, which results in a more appropriate edge profile for this kind of
a process [45]. Figure 4.2 shows the suitable clear field mask for a diffraction grating
resonator. After the first lithography step, the fabrication continues with deposition of
a thin Al layer using sputtering technique (Figure 4.1b) and the lift-off process (Figure
4.1c).

The aim of the second mask is defining anchors for resonator structures. Because

strong anchors require conformal metal deposition, we decided to use positive photore-
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(9)

(d) (h)

Figure 4.1. Proposed fabrication sequence. (a) Lithography 1. (b) Deposition 1. (c)
Lift-off. (d) Lithography 2. (e) Deposition 2. (f) Lithography 3. (g) Wet etching. (h)

Releasing.

Figure 4.2. Mask 1 — The Mirror Mask (clear field).
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sist for this case in contrast to the previous one. Another difference from the previous
case is the polarity of the mask. Figure 4.3 shows the suitable dark field mask for the
second lithography step (Figure 4.1d). Note that the squares represent the anchors

and they correspond to glass part of the mask instead of the chromium one.

Figure 4.3. Mask 2 — The Anchor Mask (dark field).

The following step is the second Al deposition using sputtering technique, as in
Figure 4.1e. This layer is relatively thicker than the previous one and intended to be
conformal, since it forms the resonator structures. A third lithography step (Figure
4.1f) defines the protective photoresist layer for the following wet etching step. The
photoresist is again positive and Figure 4.4 shows the corresponding clear field mask.
Note that the protective layer is formed not only on the released parts of the resonators
but also on the anchors. All three masks and their alignment with one another can be

seen in Figure 4.5.

Figure 4.4. Mask 3 — The Structural Mask (clear field).

The process continues with the wet etching of Al to shape MEMS resonators, as
in Figure 4.1g. The final step is releasing the structures via plasma etching procedure

(Figure 4.1h). Both the sacrificial and the protective photoresist layers are cleaned
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Figure 4.5. Complete layout for a diffraction grating resonator.

during this step. The advantage of using a dry etching technique for releasing struc-
tures over acetone cleaning is that the former one does not cause stiction as the latter

one [46].

One extra point about the mask design is that the first mask covers anchor parts
in addition to mirrors. This is not required for the process; however, it gives us an
opportunity to deposit some other type of a metal to the anchor regions as a thin
adhesive layer before depositing the second structural metal. This does not cause
problem for the mirror region, because the type of the metal does not matter as long

as the light is reflected from the surface.

This section summarized the proposed fabrication procedure and appropriate
mask design for it. Now, we are going to continue with the realization of the process

in clean-room.

4.2. Fabrication Process in Cleanroom

Fabrication of MEMS devices is a complex procedure and many parameters
should be optimized to obtain a good result. It is sometimes necessary to repeat
some critical steps to find the right parameters. In this section, we are going to ex-
plain the process by giving the final parameters. The whole process is performed in the

clean-room facility of Center for Life Sciences and Technologies at Bogazi¢i University.
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The first stage of the fabrication is a lithography process with the mirror mask
(Figure 4.1a). We began with spin coating of hexamethyldisilazane (HMDS) with the
spin rate of 6000 rpm for 60 seconds. After that, we decreased the rate to 4000 rpm
while keeping duration the same to coat AZ 5214 photoresist with 1.4 pm thickness.
Next, we soft baked the sample at 110°C for 50 seconds on hot plate as recommended
in the datasheet of the photoresist. For exposure, we used EVG620 Automated Mask
Alignment System in our cleanroom with soft contact mode and constant dose of 40

mJ/cm?.

As we mentioned in Section 4.1, this lithography step should be performed using
a negative photoresist. AZ 5214 is a special type of a photoresist, which can be used
both as a positive and a negative one. If the sample is developed after the exposure
step, AZ 5214 acts as a regular positive photoresist. Using it as a negative one requires
two extra steps. Since we wanted to do so in this case; after the first exposure, we
applied image reversal bake at 120°C for 120 seconds on hot plate and then exposed
the sample with constant dose of 175 mJ/cm?, without any masks. As a result of the
image reversal bake, the pre-exposed parts, which are normally soluble in developer
solution, become hardened and insoluble even after the second exposure. On the other
hand, the other parts, which are not exposed in the first exposure, are not affected
by this process and due to the second exposure; they become soluble in developer
solution. This is how the image reversing is achieved. Finally, after these two extra

steps, we developed the sample using AZ 726 mif developer for 60 seconds.

The second stage of the fabrication is the Al deposition for the mirrors, as shown
in Figure 4.1b. For this task, we used Vaksis Angora Sputtering System in our clean-
room. The process was run at 100 W DC power for 30 minutes in order to deposit
Al film with 100 nm thickness. Although evaporation is a more appropriate method
than sputtering for lift-off process [46], the ratio of photoresist to film thickness is high

enough, around 14 in this case, to ensure a good result.

After the metal deposition stage, we proceeded with the third one, which is
the lift-off process (Figure 4.1c). We used acetone to etch photoresist and applied
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ultrasonic agitation to remove unwanted metal films from the sample. The result can

be seen in Figure .

Figure 4.6. Microscopy image after the lift-off process.

The fourth stage is defining the anchor points for resonator structures with a sec-
ond lithography step (Figure 4.1d). We spin coated HMDS with the same parameters.
On the other hand, we decreased the spin rate to 2000 rpm for photoresist coating in
order to achieve 2 pum sacrificial layer thickness, which determines the gap between
the resonators and the substrate. Duration and the type of photoresist were the same.
After soft baking the sample at 110°C for 50 seconds on hot plate, we exposed it with
constant dose of 60 mJ/cm? in the soft-contact mode. Since this second lithography
is a positive photoresist process, we directly continued with the development with AZ

726 mif developer for 85 seconds.

After defining the anchors, we deposited Al layer for resonator structures (Figure
4.1e). We again used sputtering technique with 100 W DC power. This time the

duration was increased to 150 minutes to achieve 0.5 pym film thickness.
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The sixth stage of fabrication, which is the third lithography process (Figure
4.1f), is one of the most critical ones, because it defines the resonator structures, which
are far more detailed than the mirrors and anchors. Especially, diffraction gratings
with period of 4 ym, as seen in Figure 4.7, were very hard to define and required many

repetitions to optimize process parameters.

= !
:

Figure 4.7. Microscopy image of diffraction grating resonator with 4 ym grating

period after the third lithography stage.

We again started by spin coating HMDS as in the previous cases. Due to the
fact that we were dealing with smaller structures, we span AZ 5214 photoresist with
a higher rate, 5000 rpm, in order to obtain a thinner photoresist layer of 1.25 pm
thickness. Then, we soft baked the sample at 110°C for 50 seconds on hot plate. For
the exposure, we used constant dose of 40 mJ/cm? in the hard-contact mode. The
reason why we did not use the soft-contact mode in this case is that it did not result
in a uniform exposure throughout the wafer. The results were actually very good in
the outer parts of the wafer; nevertheless, the same thing was not true for the central
parts, because of the very small but finite upwards curvature of the wafer. In order

to make the surface as flat as possible during the exposure, we operated the system
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in the hard-contact mode. Finally, we performed the development step using AZ 726

mif developer for 70 seconds. Another result for this stage can be seen in Figure 4.8.

Figure 4.8. Microscopy image of a resonator family after the third lithography stage.

Another very critical stage of fabrication is the wet etching of aluminum for
shaping the resonators (Figure 4.1f). The reason why it is critical is that it is a time
dependent process. Unless the process is stopped as soon as the unwanted metal
is removed, the parts which are supposed to be protected by the photoresist layer
continue to be etched. This is especially important for narrow structures, such as

beams and diffraction gratings.

As the aluminum etchant, we used the mixture of phosphoric acid (H3POy), nitric
acid (HNOj3), acetic acid (CH3COOH), and DI water [47,48]. The volume percentages
of each component for this etchant are 73.0 %, 3.1 %, 3.3 %, and 20.6 %, respectively.
Etch rate was around 200 nm/min starting at room temperature. However, it is hard
to find an exact rate; since the reaction is exothermic and it becomes faster with

increased temperature.
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One very important problem with this process is that the hydrogen bubbles that
are formed during the reaction cover the surface and diminish the speed of etching.
These are especially effective in narrow crevices; therefore, they cause spatial inhomo-
geneity in terms of the etch rate. In order to avoid this problem, we applied ultrasonic
agitation during the process to remove Hy bubbles [49], which completely solved it.

Figure 4.9 and Figure 4.10 show various microscopy images, which are taken after the

wet etching stage.

[ ]
[ ]

-

Figure 4.9. Resonator family after the wet etching process.

The final stage of fabrication is plasma etching of remaining photoresist layers
(Figure 4.1h). Since our main concern for this stage was to release structures by etching
the sacrificial photoresist under the resonators, we needed to achieve an isotropic result.
It is possible to use oxygen plasma in both isotropic and anisotropic ways. Oxygen

molecule (O2) turns into two different forms when plasma is formed by RF excitation.
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Figure 4.10. Diffraction grating resonator with 4 pum grating period after the wet

etching process.

It is either separated into a positively charged ion (OF) ion and a free electron (e™)
or two neutral oxygen radicals (O*). In the first case, positively charged ions can be
accelerated by the electric field and bombard the sample surface, thereby causing a
physical etching, which has an anisotropic pattern. In contrast, neutral radicals do
not interact with the electric field; however, they are unstable and extremely reactive
with certain materials, resulting in a chemical etching, which has an isotropic pattern.

In our case, they do react with photoresist but not with aluminum, as it is required.

The pressure of the process determines if it is a chemical or a physical one. For the
physical etching, accelerated ions should not collide with each other until they bombard
the sample. This requires a relatively long mean free path and can be achieved at low
pressure values, which are below 300 mTorr. On the other hand, the chemical etching
becomes dominant as the number of radicals increase. The appropriate interval for the
pressure value is from 300 mTorr to 1000 mTorr. We used our Nordson March AP-300

Plasma System at 600 mTorr with oxygen for 10 minutes to release the structures and
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clean the photoresist layer on the resonators. Figure 4.11 shows a microscopy image

taken after this stage.

Figure 4.11. Released resonator structures.
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5. CHARACTERIZATION

In this chapter we are going to discuss the characterization of our resonator
structures. First of all, we will start with the experimental setup and the purpose
of each component of it. Then, we will show the frequency response of our devices.

Finally, we will investigate the resolution of our measurement.

5.1. Experimental Setup

As shown in Figure 5.1 and Figure 5.2, our experimental setup consists of a vibra-
tion isolating optical table (Newport RP Reliance), a function generator (Tektronix
AFG 3251C), an oscilloscope (Tektronix TDS 3032B), a spectrum analyzer (Rohde
& Schwarz FSV30), a multimeter (Fluke 287), a laser Doppler vibrometer (Polytec
OFV-534 Laser Unit and OFV-2500 Vibrometer Controller), contact probes (Cascade
Microtech DCM 205 Series), a microscope (Meiji EMZ), a strong permanent magnet,

and the device under test.

In order to characterize our devices, AC current is applied to the resonators by
the function generator while creating a magnetic field in the perpendicular direction
using a permanent magnet. At the same time, we detect the out-of-plane motion using
the LDV system. Output of the LDV is fed either to the oscilloscope or the spectrum
analyzer depending on the purpose. We use the multimeter in current measurement
mode so as to monitor the current through the resonators. In addition, the aim of the

contact probes is to provide electrical connection to the devices.

5.2. Frequency Response Measurements

In this section we are going to be demonstrating the dynamic behavior of the
resonator structures. By sweeping the frequency of the input current and measuring
the corresponding mechanical output, we were able to obtain the transfer function for

the devices. We are going to give results for three different micromirror resonators,
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Figure 5.1. Experimental setup: General view.

Figure 5.2. The magnet and the device under test.
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which differ from each other in terms of their supporting beam lengths that are 45

pm, 16 pm, and 8 pm.

Figure 5.3 shows a typical frequency response curve for a micromirror resonator
with 45 pm supporting beam length. In this experiment, the rms value of the driving
current is 4 mA and the magnetic field strength is 0.13 T. The results suggest that the
resonant frequency of the device is 1075 kHz with a quality factor of 19.55. Although
4 mA rms current is very high for the practical case; we are going to be able to obtain
the same mechanical signal with 0.17 mA rms current, since the 3 T magnetic field of

clinical-MRI is 23 times stronger than the one in our experiment.

18 T T T T T

Displacement amplitude (nm)

0 1 1 1 1
0 500 1000 1500 2000 2500 3000

Frequency (kHz)

Figure 5.3. Frequency response of micromirror resonator with 45 ym supporting

beam length.

The resonant frequency of this particular device according to FEA simulations is
120 kHz. The difference between simulation and experimental results can be explained
in terms of the effect of tensile stress (o) on resonant frequency (wyes) [50]. The force

(Fr) due to tensile stress (o7) that counteracts the out-of-plane displacement of the
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central mass can be found as

x
FT = O'TAT (51)
where A is the cross sectional area of the supporting beam, x is the amount of dis-
placement, and 1 is the beam length, assuming z < [. Since there are two supporting

beams, the added spring constant (kr) due to tensile stress is

2FT 20'TA
kp = — = 5.2
T x l (52)
The resonant frequency becomes
res m :
2A

where m is the mass of the central part and F is the Young’s modulus.

The necessary tensile stress value to cause this frequency shift is calculated as 685
MPa, which is high but still reasonable for sputtered Al films [51]. The temperature
change (AT) for the sputtering process is calculated as 477°K according to Equation
5.5 where au; is the thermal expansion coefficient for Al (23.1 pm-m~'K™!) and ag;

is that of Si (2.6 pm-m~1-K™1).

or = FE (OéAl — OéSi) AT (55)

We also investigated the behavior of this device for different driving current values

at resonance. The dependence of resonant frequency, displacement amplitude, and the

quality factor on the input current can be seen in Table 5.1. This analysis shows that,
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if we somehow limit our bandwidth of interest around the resonant frequency, we can

work with much lower current values than we would normally do.

Table 5.1. Dynamic behavior for different driving current values.

RMS Current | Disp. Amp. @Resonance | Res. Freq. | Q Factor
4.01 15.11 1075 19.55
3.19 12.56 1127 19.74
2.49 9.89 1176 19.48
1.92 7.51 1212 18.58
1.51 6.16 1231 19.35
1.04 4.04 1252 18.96
0.83 3.21 1258 19.05
0.54 2.21 1257 15.26
0.38 1.68 1261 13.56

We conducted the same frequency sweeping experiment with the other micromir-
ror resonators, whose supporting beams are 16 pm and 8 pym long. The magnetic field
and the driving current values are again 0.13 T and 4 mA rms. Figure 5.4 and Figure
5.5 show the dynamic behavior of the devices for 16 ym and 8 pum beam lengths,

respectively.

Both of the results are qualitatively similar to each other. Firstly, we see the
effect of squeeze film damping, because the amplitude declines due to the frequency
increase, which causes the air film under the structure to become stiffer. Secondly, we
do not see a resonant peak, since it is beyond 3000 kHz, which is the upper limit of our
LDV’s measurement range. This is an expected result. As we discussed in Section 2.2,
resonant frequency is proportional to [~3/2, where [ is the beam length. Compared to 45
pm devices, this results in 4.72 and 13.34 times higher resonant frequency expectation
for 16 um and 8 um devices, respectively. Furthermore, squeeze film damping which
is dominant at lower frequencies as in this case tends to push the resonant frequency

even further as we mentioned in subsection 2.1.2.



62

1.6 T T T T T

1.4

o -
© - [N

Displacement amplitude (nm)

o
o

0.4

0.2 1 1 1 1 1
0 500 1000 1500 2000 2500 3000

Frequency (kHz)

Figure 5.4. Frequency response of micromirror resonator with 16 pm supporting

beam length.

5.3. Resolution of the Measurements

In order to be sure that what we measure is a correct result rather than just
noise, we have to know the resolution of that measurement. Resolution is a frequency
dependent variable and is related with many factors. To measure it, we conducted a
simple experiment. While keeping the LDV spot on a micromirror and applying no
driving signal, we measured the LDV signal level for different frequencies of interest

using the spectrum analyzer. The result can be seen in Figure 5.6.

If we compare this noise floor with the measured values in Section 5.2, we see
that the former one is at least 20 times lower than the latter one. Therefore, we
can conclude that the previously done measurements are correct, at least from the
perspective of noise limitation. One extra point about the noise measurements is that
the spectral density of the noise does not depend on the position of the LDV spot,

whether it is on the device or on the substrate, as long as the reflected light level is
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Figure 5.5. Frequency response of micromirror resonator with 8 gm supporting beam

Displacement amplitude density (nm/vHz)
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the same. In other words, the thermal mechanical noise associated with the devices
was dominated by the noise associated with LDV itself. Note that the noise figure of
the LDV device depends on the reflected laser intensity.
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6. CONCLUSION

In this thesis work, we designed, fabricated, and characterized MEMS resonators
for catheter tracking in MRI. The actuation mechanism is based on Lorentz force,
which is induced by the interaction of the current driven by an external circuitry at
a down-converted frequency and the strong DC magnetic field in the MRI machine.
Utilizing the latter one is especially important, since it leads to low-power solutions.

The frequency of the produced mechanical signal carries the position information in

MRI.

The resonators are designed for two different optical readout methods, which
are laser Doppler vibrometry (LDV) and diffraction grating interferometry. For both
methods, many different devices are designed for various purposes. Theoretical anal-
ysis for the mechanics of the resonator structures, squeeze film air damping, and
diffraction grating interferometry are given. Finally, the design approach is verified
by using FEA simulations. These simulations include both the mode analysis and the
frequency response of the designed resonators. The results show that the minimum
displacement amplitude is 4.5 nm in 1 kHz to 500 kHz frequency range, for 1 mA

driving current amplitude and 3 T magnetic field strength.

The fabrication is explained in two parts. The first one is the development of
an appropriate fabrication procedure and the design of masks according to it. The
second and the more challenging part is the process in the cleanroom. As a result,
we achieved to fabricate the devices with sufficient quality. We were able to define
diffraction gratings with 2 pm grating spacing, which is the hardest part of the devices

to fabricate.

After the fabrication, we continued with the characterization of the devices. For
the tests, we used a strong permanent magnet to create magnetic field and observed
the mechanical output of the resonators using LDV, while they were driven by AC

current. Experimental results show that we can indeed actuate the resonators using
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Lorentz force. We obtained 15 nm displacement amplitude at resonance for 4 mA
rms current and 0.13 T magnetic field strength. Since the product of input current
amplitude and the magnetic field strength is comparable with the planned practical

case, we are hopeful about having good results in the actual MRI tests.

As a future work, many things should be done for the catheter tracking project
as a whole. In addition this, some parts of this thesis work can also be improved.
One possible improvement can be done in the fabrication sequence such that the
last wet etching step is replaced by an electroplating process. The advantage of this
improvement would be the freedom of fabricating a thicker structural metal layer.
Since wet etching causes an inevitable undercut, it is not possible to use this method
after a certain metal thickness. This is especially important for the diffraction grating
resonators. Furthermore, electroplating is a better choice for fabricating stress-free

metal films.

One very important work that should be done is to adapt the optical readout
methods specifically to our devices and the integration of readout elements with the
resonator structures. After this task is accomplished, the integration of the whole
microsystem with the medical device must be achieved. It is also very crucial to show

that the system actually works in MRI tests.
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