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Abstract

Efforts have been made to integrate a magnetic material, Permalloy, into
micromachined devices. Magnetic characteristics of the Permalloy deposited by
electroplating technique were measured, with the saturation magnetization of 0.56
Tesla along the material’s longest axis, coercive force of 3 Gauss and remnant
magnetization of 0.22 Tesla. An acceptable thickness and composition uniformity
of the material has been obtained. Little internal stress was observed in the

microstructure during the deposition of the magnetic material.

The microstructure was designed as a rectangular platform supported by
two SiOs cantilever arms at the far end. On the top of the platform a 270 pm x
200 pum x 5 um Permalloy film was deposited by electroplating. Actuation of the
structure is based on the magnetic torque produced by the interaction between the
on-chip Permalloy and an external magnetic field. The deflection of the central
platform was measured in both static and dynamic'cases. A static deflection of 60°
has been achieved with a DC magnetic field of 130 Gauss, which matches the
theoretical prediction well. In dynamic measurement, we found that a DC offset
field is necessary to actuate the device. Two resonant frequencies have been
measured, at 380 Hz and 590 Hz. The deflections at the resonant frequencies are
52° with 3.6 Gauss AC field superimposed on a 16 Gauss DC field and 17° with

3.6 Gauss AC field superimposed on a 2 Gauss DC magnetic field respectively.
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Chapter 1

INTRODUCTION

1.1 Actuation Technologies

The term MEMS (Micro-Electro-Mechanical System) refers to a broad
family of micromachined sensors, actuators and systems. MEMS devices can be
used either to sense physical or chemical measurands, or to achieve a desired
movement or displacement.

Actuation of a micromachined device normally involves an energy
conversion from an electrical or magnetic form into a quantity of another form
such as mechanical. As an example, a micromachined microphone that is
normally constructed with a thin movable membrane and a fixed substrate
receives an electrical signal and outputs a mechanical signal, the vibration of the
thin movable membrane, to produce sound. The most frequently used actuation
mechanisms in MEMS include thermal actuation, piezoelectric actuation,
electrostatic actuation, and magnetic actuation.

Thermal actuation [1, 2, 3, 4] makes use of a heating element to produce a
temperature distribution through a microstructure. Due to thermal expansion of
the structural material, this temperature distribution induces a strain on the
structure. Thermal actuation has the advantage of easy operation; however, the
thermal power produced by the heating element will produce a relatively slow
response and an elevated temperature, which will degrade the performance of the

device because most of the material parameters are temperature dependent.



Piezoelectric actuation [5, 6] involves the deposition of a piezoelectric
material on a flexural structure. The piezoelectric material has the characteristic of
producing a mechanical stress when a voltage is applied to it. The deposition of
the piezoelectric material on a semiconductor substrate usually brings a
compressive stress through the structure, resulting in an initial strain or bending of
the structure.

More recently, electrostatic and magnetic actuation has appealed to many
research groups. Electrostatic actuation [7, 8, 9] uses the electrostatic force
generated when a voltage is applied between two adjacent electrodes. Normally,
one or both electrodes are fabricated on movable structures. Electrostatic
actuation is the most popular of all the actuation mechanisms since the fabrication
techniques used to create electrostatic-actuated microstructures are the same as
those used to construct integrated circuits (ICs). Electrostatic systems have
already been successfully integrated with electronic circuits in a single batch-
fabrication process to form complete micro-electro-mechanical systems [10].

Magnetic actuation makes use of magnetic force generated by the
interaction between magnetic elements. Magnetic elements could include a
magnetic field, ferromagnetic materials, or simply a coil with a current flowing in
it. Magnetic actuation based on the interaction between a magnetic field and an
on-chip current-carrying coil was first investigated by Shen {11, 12, 13]. In his
work, a deflection-enhanced, cantilever-in-cantilever structure (CIC) was
designed, and the device was fabricated by a standard CMOS process. The device
was driven by an external magnetic field. A drawback of his work is that a large
magnetic field is needed to achieve large deflection. Another magnetic actuation
approach is based on the interaction between a magnetic field and a magnetic
material [14, 15]. The magnetic material is deposited on a microstructure by
electroplating or sputtering. The magnetic field could be produced by either an
on-chip or an off-chip magnet.

By comparing the force generated by electrostatic and magnetic actuation,
we can determine how well these two actuation mechanisms fit specific

applications.



The force F that an actuator can generate is equal to the negative spatial

derivative of the energy W stored between the armature and the stator

(F =-VW).

For a parallel-plate electrode system, the electrostatic energy density we is

w, =2 (1.1

where g is permitivity of free space.

Similarly, the magnetic energy density wy, stored in the air gap between

the magnetic pole tips is

2

B-

= (1.2
2u, )
where [ is permeability of free space.
The ratio of the magnetic to electrostatic energy densities is
m . B- > (1.3)
We /Io €0E

If the fringing electrical field is ignored, we have E =%, where d is the

distance between two electrodes. Assuming the magnetic material is saturated,
and the saturated magnetization of the material is M, then B can be replaced by

M;.



Equation (1.3) becomes

n o M 2 M (1.4)

where c is the speed of the light.

On a macroscopic scale, assuming d is in the range of 1 mm, the
maximum electric field is ~ 3 V / um, and if a saturated magnetic material has a
maximum flux density of 0.6 Tesla, then the above ratio is 3.6 x 10°. This result
shows that magnetic actuation is more desirable for devices requiring large force

or displacement.

1.2 Electroplating Process

In the last ten years, the success in the integration of micromachined
devices and functional materials has prompted many research groups to
investigate the performance, characterization and optimization of microstructures
actuated by on-chip magnetic materials. Extensive applications based on
electroplating magnetic materials on microstructures have been developed in
magnetic printing heads, micro-electro-magnets, and magnetically actuated
micromachined devices [16, 17, 18]. Although other processes such as sputtering
can also deposit magnetic material, electroplating magnetic material has the
advantage of producing thick films, which may be up to hundreds of microns

thick.

A simple electroplating system, shown in Figure 1.1, includes two

electrodes, a current source and a plating bath. A noble metal electrode is



normally chosen as the anode; the metal to be plated acts as the cathode; the

plating bath contains the metal ions of those metals intended to be deposited on

the cathode.

Current source

D

Cathode

- U

Figure 1.1 Basic Electroplating System

During electroplating, the current source provides current from the anode
to the cathode. An electrical field is produced in the plating bath from the anode
to the cathode, and drives metal ions in the vicinity of the cathode to the cathode.

The metal ions capture electrons at the cathode and deposit the metal according to

the equation:

M+e—>M (1.5)



1.3 Motivations and Thesis Overview

Magnetically actuated micromachined devices have become a simple and
yet powerful approach especially applicable for applications requiring large force
or displacement. Although microstructures actuated by on-chip Permalloy and an
external magnetic field have been demonstrated by some research groups [14, 15,
19], it is still at a preliminary development stage. Most of the devices developed
using this technology were fabricated by surface micromachining technology, and
were studied under static conditions only. Performance improvement and
fabrication process optimization of those devices would be the next and very
critical step towards the commercialization of the technology.

In this thesis, we establish an inexpensive batch fabrication process to
integrate a magnetic material, a NiFe alloy, onto a micromachined microstructure.
The fabrication process has a minimum number of processing steps, and the
electroplating process used to deposit the magnetic material is optimized to
produce a stress-free material, which is critical to improve the performance of the
microstructure.

Besides observing the static response, we also investigated the dynamic
response of the device, and established an effective method of actuation.

This thesis consists of six chapters. The first chapter has briefly discussed
the background and motivation for this research work. The second chapter
analyses the magnetic characteristics of the magnetic material used in our device,
and discusses the magnetic actuation of a prototype device under an external
magnetic field. The next chapter describes the electroplating technology and the
fabrication process of the device, while the fourth chapter analyzes the
mechanical response of the device actuated by an external magnetic field. The
fifth chapter presents the experimental results and compares them with the

theoretical predictions. The last chapter concludes this thesis.



Chapter 2

MAGNETIC ACTUATION OF THE DEVICE

This chapter discusses the magnetic torque that can be generated between
micro-magnetic elements and an external magnetic field. Some basic knowledge
of the magnetic properties of Permalloy is introduced in Section 2.1. The

magnetic torque generated on microstructures is discussed in Section 2.2.

2.1 Magnetic Analysis

We know that an atom can be regarded as a central positively charged
nucleus surrounded by electrons. Electrons not only move around the nucleus in
definite orbits but also spin about their own axes. Some electrons spin in one
direction and some in the opposite direction. If the magnetization produced by the
spin of the electrons is completely cancelled out, the material is non-magnetic. If
the magnetization produced by the spin of the electrons is unbalanced, the
material shows magnetic characteristics.

The magnetic behavior of various kinds of materials can be divided into
three classifications: (1) diamagnetism, (2) paramagnetism, and (3)
ferromagnetism. For diamagnetic or paramagnetic materials, if they are put in a
magnetic field, the resultant magnetization in value is slightly less than or larger

than the applied magnetic field. But for ferromagnetic materials, the resultant



magnetization can be thousands of times larger than the external magnetic field.
This makes ferromagnetic materials very useful in the electrical industry.

Ferromagnetic materials in turn may be divided into two classes, those
which retain a considerable amount of their magnetic energy after the
magnetizing field has been removed, and those which lose most of their
magnetism when the applied field is taken away. These two classes are known as
“hard” and “soft” magnetic materials. The magnetization vector of a “hard”
magnetic material, for example a permanent magnetic material, does not move or
rotate. However, for “soft” magnetic materials, the magnetization vector can
rotate away from its equilibrium position known as the “easy axis”. The degree to
which the magnetization vector rotates away from the easy axis is determined by
the magnetic anisotropy energy, which is a function of the physical and
geometrical properties of the material and is 2 minimum along the easy axis.

In this work, it is desired that the deflection of the microstructure be
controlled only by an external magnetic field, so the magnetic material we chose
to deposit on the microstructure, a platform, is a “soft” magnetic material, a NiFe
alloy. Therefore, the magnetic analysis discussed in this section only pertains to

soft magnetic materials.

2.1.1 Magnetic Anisotropy

Magnetic anisotropy of a magnetic material refers to the dependence of
the internal energy on the direction of spontaneous magnetization. As the internal
magnetization is parallel to material’s stable direction (easy axis), the anisotropy
energy is minimized. However as the internal magnetization rotates away from
its easy axis, the anisotropy energy increases with an increase in ¢, the angle
between the easy axis and the internal magnetization, and takes its maximum
value at ¢ = 90°. It then decreases again to minimum at ¢ = 180°. Without an
external magnetic field, the internal magnetic energy of a magnetic material tends

to maintain its minimum value. The larger the internal anisotropy energy along a



certain direction, the larger the external field required to magnetize a material

along this direction.

The anisotropy energy is mainly determined by the crystalline structure of
the magnetic materials (crystalline anisotropy). The crystalline anisotropy energy
density can be expressed by expanding it in a series of powers of sin’$ according

to [20]:
E, =K, sin’ g+ Kysing+ ... 2.1)

where Ku1 and Ku2 are crystalline constants of the magnetic material, and ¢ is the

angle that the magnetization vector rotates away from the easy axis.

Usually the first term is sufficient to express actual anisotropy energy.

Values of K, and K> for typical soft magnetic materials are given in table 2.1.

Table 2.1 Crystalline anisotropy constants at room temperature [21]

Material Kul Ku2
Nickel -5x 10 J/m’ -2 x 10° J/m?
Iron 4.8 x 10* J/m’ 5x 10* J/m®

Cobalt 4.5 % 10° J/m’ -1.5x10° J/m?

Anisotropy energy of a magnetic material can be produced by applying
mechanical stress to the material (stress anisotropy), or by treating the material
with heating or cooling in a magnetic field (induced anisotropy). The stress and

induced anisotropy energies can be formulated as

Esress = Kress S in’ @ (2.2)
Einduced = Kinduced S in’ @ (2.3)
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where Kgess and Kinducea are stress and induced anisotropy constants{21, 22].

Typically, a 1.0 GPa stress on a NiFe alloy can induce a value for Kgyess Of
4.5 x 10* J/m® [22].
The shape of a magnetic material also contributes to its anisotropy energy

(shape anisotropy). The shape anisotropy energy is formulated as
Eshape = Kshapesin’ ¢ (2.4)
where Khape is the shape anisotropy coefficient of the material.
The total anisotropy energy of a magnetic material is then

Erala/ = Einduced + Eslress + Ecryslal[ine + Eshape
. 2
= (Kindur:ed + Kstress + Kcrysmlline + Kslxape) sin ¢

=K,,,,alsin2¢ (2.5)

Of all the magnetic anisotropy energies, the contribution due to the shape
of the magnetic material is the easiest to control. Shape anisotropy attempts to
align the easy axis with the longest axis of the material. This can be explained by
the shape coefficients N, Ny, and N, which are determined by the shape of the
magnetic material and are defined for an ellipsoid because the material in this
shape can be magnetized uniformly [23].

An ellipsoid has three shape coefficients N,, Ny, and N, which correspond
to each axis of the ellipsoid (Figure 2.1). In the rationalized-mks system of units,

the sum of all three shape coefficients is always unity [23}:

N+ Ny +N.=1 (2.6)
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Figure 2.1 The general ellipsoid (b>a>c) used to calculate the shape coefficients

Naa Nba NC

N,, Ny and N, were first calculated by Osborn [23] in 1945, and expressed as

N = M[F(k,g) — E(k,5)]

a 2

sin® Ssin’ @

sin? asin 5cos &
cos @

N,, _ cos (070055 ’ [ E(k, 5) - F(k, 6) cosza -
sin’® J'sin’ acos® @

N, = .coss(pcoszé‘ sindcos @ Bk, §) ]
sin” dcos‘a@ cosd

where cosd =

Rio aln

Cos@®
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sin @
sin o

F(k,8) and E(k, §) are the ellipsoidal integrals of the first and second kind, k is

sina=

the modulus and 6 is the amplitude of the ellipsoidal integrals. The semi-axes of

the ellipsoid are a, b and c.

Judy wrote a computer program to calculate the shape coefficient [22].

The results plotted with logarithmic axes are shown in Figures 2.2 to 2.4.
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The shape coefficients that we discussed above are for magnetic materials
with ellipsoidal shapes. However, the material deposited on our device is
rectangular in shape, and the results obtained from an ellipsoid are not completely
valid for this shape. Nevertheless, since the thickness of the material deposited on
our device is much smaller than the planar size, the difference is mostly in the
corner areas; therefore the results obtained from an ellipsoidal shape can still be

used to estimate the response of the structure with little error.

If a general rectangular magnetic material has a magnetization M, which
makes an angle a with the a semi-axis, an angle B with b semi-axis, and an angle

v with the ¢ semi-axis, then the magnetostatic energy density W is given by [22]

2
w=M [N, cos* @+ N, cos’ B+ N_cos® 7] (2.10)

24,

The magnetic material we deposit on our device has a size of a = 200 um,
b =260 pm, and ¢ = 5 pm. According to Figure 2.2-2.4, we can find that N, =
0.003, N, = 0.002, and N, = 0.995. Therefore the magnetostatic energies in each

direction are

W, = 0003M* 211
24,
, = 0.002M° 2.12)
24,
2
w = 0-995M (2.13)
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From (2.11) to (2.13), W, is much larger than W, and W}, with the same
magnetization; this implies that a larger external field is required to magnetize the
material in the ‘“c” direction than in the “a” and “b” directions, in which smaller
magnetic energies are produced.

To further discuss magnetic anisotropy of the material deposited on our
device, we assume that an external magnetic field is applied perpendicular to the
“a™ axis, which is consistent with the actual operation of our device (Figure 2.5).
The material will tend to be magnetized along the direction of the external

magnetic field.

Figure 2.5 Magnetization model of our device

We then have a = 90° and sinP = cosy. The resulting magnetostatic energy

density becomes

2

W =

(N, cos®> f+ N_sin’ f) (2.14)

Ko
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Substituting cos’p = 1 - sin’B, and neglecting constant energy term, we
have

2
W=M

(N.—N,)sin’ g (2.15)

o

where B is the angle that M rotates away from the “b” axis, the longest axis of the

material.

Comparing (2.15) to (2.4), the shape anisotropy constant is then given by

;(NC -N,)M?* (2.16)

shape = 2

K

o

The material deposited on our device has a saturation magnetization of
0.56 Tesla (See Figure 3.8). The shape anisotropy coefficient of the material
deposited on our device is then 1.43 x 10° J/m®. Compared to the Kgyess induced
by 1.0 GPa stress we quoted before, Kshape 1S three times larger than Kgyess.

In fact, if a soft magnetic material is designed with a large enough aspect
ratio, the shape anisotropy could dominate; the anisotropy contributed by other
factors can be neglected. The material is much more easily magnetized along its
easy axis (longest axis) than in other directions. This has been demonstrated by

measuring the hysteresis curve of our sample Permalloy (refer to Chapter 3).

2.1.2 Magnetic Anisotropy Torque

As discussed previously, the total magnetic anisotropy energy density

Wonis 1s given by (2.5)

. 2
Wanis = Kiowat Sin ¢
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where K 1S the sum of all the anisotropy constants, and ¢ is the angle between

the magnetization vector and the easy axis.

Since the magnetic anisotropy energy increases as the magnetization
vector rotates away from the easy axis, in order to maintain a minimum internal
energy, a restoring torque will be generated, which tends to realign the
magnetization with the easy axis. This torque, called the magnetic anisotropy

torque, can be obtained by differentiating (2.5)

oW, . .
Tanis = _(_a—;E)Vmag = —2VmagKlolal sin ¢COS ¢ = —VmagKlo.'aI sin 2¢ (2‘ 17)

where Vi, is the volume of the magnetic material.

Because of the sin2¢ term, the restoring magnetic anisotropy torque

increases until it reaches a maximum magnitude at ¢ = 45°.

2.2 Magnetic Torque

We know that if an ideal permanent magnetic material with a
magnetization of A is placed at o degree to a magnetic field B, (Figure 2.6), a

magnetic torque will be produced on the material. The magetic torque is

formulated as
Tmag = V'"ﬂgl M x Eg,ul = Vmag M By sinc (2.18)

where Vi 1s the volume of the material.
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The magnetic material we deposited on our device is a “soft” magnetic
material, far from an ideal permanant magnetic material; (2.18) is not generally
applicable for this material. However, if the material is deposited so that the
magnetization vector does not or slightly rotates away from its equilibrium
position, easy axis. The material will act more like a permanet magnetic material.
(2.18) could still be used to estimate the magnetic torque produced by a “soft”
magnetic material.

In (2.18), the magnetization (M) and magnetic field (Bex) have units of
A/m and Tesla, respectively. However, measuring the hysteresis curve of the
material deposited on our device gave the magnetization (M) in units of Tesla.

We therefore modify (2.18) as
Tmag = Vmag M Bext SINQ = Vinag (M/fho) BeuSina = Vmag | M x H,, | (2.19)

where M has units of Telsa, and H,, has units of A/m.

As we discussed in Section 2.1, it is easiest to magnetize a magnetic
material along its easy axis. However, the magnetization of the material could be
away from its easy axis if an external magnetic field is applied in this direction. If
the magnetization direction changes, the microstructure will abruptly relax to a
new equilibrium position with a smaller equilibrium torque, therefore a smaller
angle of mechanical deflection. It is interesting to discuss how much the
magnetization will rotate away from the easy axis corresponding to the external
magnetic field being applied.

Figure 2.7 shows a magnetic material magnetized by an external magnetic

field B. B is at an angle 8 to the easy axis of the material, and the magnetization

M is then at an angle ¢ from the easy axis.
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According to (2.19), a magnetic torque will be produced, and expressed as
Tnag = Vimag M Hex sin ( 6- @)

Since M rotates away from the easy axis of the material, a magnetic

anisotropy torque will be produced, and tend to realign the magnetization with the

easy axis. According to (2.17), the magnetic anisotropy torque is

Tam‘s =- l’/mag K{gla[ Sin2¢

At equilibrium, the magnetic anisotropy torque balances the magnetic

torque. We then have

Viag M Hew sin ( 8- 8) = | - Vinag Kioiat Sin2 g | (2.20)
where H,,, = Bex
Ho

Due to the specially designed shape of the magnetic material deposited on
our device, the shape anisotropy energy dominantes among all anisotropy
energies, and so we assume Kgpape = Kional.

A computer program was written in Visual Basic to solve (2.20), and the
results are plotted in Figure 2.8. The numbers in the right of Figure 2.8 indicate
the angle between the magnetic field and the easy axis (6).

We can see from Figure 2.8, if the external magnetic field applied to
magnetize the material is not too large (less than 100 Gauss), even with a large 6,
the magnetization vector will not rotate away from its easy axis very much (less
than 1°). The “soft” magnetic material acts somewhat like a “hard” material (only
at the point of magnetization direction). In this thesis, the magnetic field used to

actuate our device is very small, we assume the magnetization of the magnetic
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material deposited on our device will not rotate away from the longest side, which

1s the easy axis.
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Chapter 3

FABRICATION

This chapter will discuss the electroplating technology and the fabrication
process in detail. Firstly, the electroplating process will be discussed, and some
important factors involved in this process will be analyzed. Secondly, the
fabrication process flow will be outlined; both cross-section and top view figures

of the devices will be used to simplify the explanation of the fabrication.

3.1 The Selection of Magnetic Materials

The magnetic materials most commonly used in micro-fabrication include
nickel, iron, cobalt and their alloys with other materials such as chromium and
platinum. In this thesis, Permalloy, a nickel-iron élloy (NiFe), is selected due to
its well-understood material properties.

The magnetic properties of NiFe are strongly determined by its atomic
composition, and then impact on the performance of devices. Figure 3.1 is the
curve of the saturation magnetization of NiFe versus percentage of nickel in iron.
From this curve, we can see that, the lower the percentage of nickel, the higher the
saturation magnetization, except for a minimum at 30% nickel. However,
materials with low percentage of nickel tend to be easily corroded, and are not

widely used in practical applications.
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Two commonly used compositions are 50% nickel in iron (NisgFesq) and
80% nickel in iron (NigoFezp). The former has the highest local saturation
magnetization; however, the internal stress of NisgFeso also reaches a local
maximum. NiggFea is the most commonly used material in MEMS applications
because of its good physical properties and a minimized internal stress.

In this research, both NiggFesq and NisgFesp are employed by varying the
plating conditions. Figure 3.2 are photographs of NiggFe;o and NisgFeso samples
taken under a microscope. The pictures show that the NiggFe,o sample has a good
plating quality with no buckling observed; however, buckling is present at the
corner of the NispFesg sample, probably because of internal stress.

To minimize the internal stress of the device due to the magnetic material,

only NiggFea is deposited on the microplatform structure for our subsequent

measurement.
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Figure 3.1 Saturation magnetization versus percentage Nickel in Iron [24]



24

(a) NigoFeyp sample (b) NisoFesg sample

Figure 3.2 Micrographs of NigoFea and NisoFesg samples

3.2 The Electroplating of NiFe

Like the traditional electroplating process, electroplating a NiFe alloy also
requires an anode, a cathode, a current source, anci nickel and iron ions contained
in the electroplating bath. The anode used in our research is a meshed platinum
electrode; the cathode is a silicon wafer with a composite Cr-Au seed layer coated
on it.

Because only specific areas of the wafer are to be electroplated (called
selective plating), a thick photoresist layer is applied onto the seed layer and
patterned so that electroplating can only take place in the exposed areas (Figure 3.
3).
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The current source supplies current from the anode to the cathode through
the plating bath. At sufficiently high current density, nickel, iron and hydrogen
ions in the plating bath are driven toward the cathode and capture electrons there
to produce the NiFe alloy and hydrogen gas. The NiFe alloy will deposit on the
surface of the cathode, and hydrogen gas will be given off.

With the reduction of the positive ions, a depletion region will form in the
vicinity of the cathode; the positive ions in the main body of the bath will then
move to the depletion region by diffusion. The diffusion rate depends on the
difference of the ions’ concentration between the main body of the bath and the
depletion region. If the diffusion rate is less than the reduction rate of the metal
ions, the deposition rate will reduce, and the composition of the Ni and Fe will
change within the film thickness as well. For practical plating, high
concentrations of nickel ions and iron ions are necessary to maintain proper
diffusion rates.

Since the electroplating conditions will significantly affect the properties
of the magnetic material, here we give a more detailed discussion of each

individual factor that affects the characteristics of the NiFe alloy.

photoresist mold
. NiFe alloy

metal lead

seed layer

Silicon Wafer

Figure 3. 3 Cross-section of the selective electroplate
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Electroplating Bath

A plating bath is a mixed chemical solution that contains the metal ions to

be deposited. We define the following components:

Cations: positive metal ions in the bath
Anions: negative ions in the bath

Additive: chemicals added to the plating bath for special purposes

The cations we employed in this work are nickel and iron ions. Each of
those has the standard potential of -0.25V and -0.44V respectively. Other positive
ions existing in the plating bath are hydrogen ions.

Iron ions are more readily reduced than nickel ions. Thus the ion ratio of
Fe to Ni is kept small relative to the atomic ratio desired at the plate. We have the
ratio of Fe to Ni is 1:28.

The number of anions that can be used in an electroplating bath is very
large. The most important anions are sulfate, chloride, fluoroborate, sulfamate,
hypophosphite, and cyanide. The selection of the anions depends on the specific
properties desired. Sulfamate was reported to plate with high current efficiency
for nickel and iron, thus less hydrogen is evolved at the cathode [25]. Some
authors found that using a two anion system has the advantage of less internal
stress compared to the all-chloride bath [26]. We choose sulfate and chloride
anions.

Additives are normally used for special purposes, such as increasing the
conductivity of the plating bath and controlling its pH value.

Low conductivity of the plating bath had caused difficulty at first in our
experiment due to insufficient voltage compliance of the current source we used.
We solved this problem by adding boron acid (HBO3) to increase the conductivity
of the plating bath.

The pH value of the plating bath may affect the plating mechanism. It is

especially important when plating a small area where hydrogen ions are
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competing with metal ions for reduction. When hydrogen is produced, hydrogen
bubbles can stick to the surface of the cathode to prevent further electroplating in
these areas. Wetting agents such as a surfactant can be added to the plating bath to
remove the hydrogen bubbles from the cathode surface, but how it affects the
plating is still unknown. We removed the hydrogen bubbles by rinsing the wafer
in de-ionized water every 10 minutes during the electroplating process. This
method produced acceptable plating quality.

Another important function of the additive is reduction of the internal

stress. In this work, saccharin was used for this purpose.

The plating bath we employed is based on the results given in [24] and

the composition is listed in Table 3.1.

Table 3. 1 NiFe plating bath recipe

NiSOq4e 6H>O 200 g/L
FeSOye 7H,O 8 g/L
NiCl,e 6H,O 5g/L
H:BO4 25 g/L
Saccharin 3g/L

Conditions: pH=2.5
Temperature = 21 °C
Current Density = 15 mA/cm’
Plating rate = 2.5 pm/hour
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Current Density

As we mentioned before, continuous plating depends on the diffusion of
the metal ions from the main body of the bath to the depletion region. In some
cases, especially with a high current density, the diffusion of the ions may not
keep up with the reduction of the cations. This will cause a non-uniform plating
rate and composition through the film. To solve this problem, a 50% duty cycle
current pulse with a one second period is used instead of a constant current. In the
current-high half-period, plating is dominant; in the current-low half-period, the
diffusion of the cations is dominant.

Current density also affects the composition of Ni and Fe in the alloy. The
mechanism is quite complicated, and depends on the electroplating bath.
Reference [27] reported that, in the low current density range (0-12 mA/cm?), the
weight percentage of iron in the alloy slightly decreases with increase of the
current density. Our work, however, shows a slight increase of iron in the NiFe
alloy. Figure 3.4 shows weight percentage of iron in the alloy versus current
density applied. The results are measured by SEM analysis of the sample.

A complete circulation of the plating bath is also very helpful to accelerate
the diffusion of the ions. We used a magnetic stir bar to agitate the plating bath to

help the diffusion of the cations from the main body to the depletion region.

Seed Layer

Since the material used for the device is an insulating material, SiO», a
metal layer (called the seed layer) is required to be deposited on it to act as a
conductive path from the anode to the cathode, and as a nucleation surface for
metal growth. Cr-Au compound layers deposited by sputtering are chosen for this
purpose. The thickness of the Cr layer is 20 nm, and it is used as an adhesive layer
due to its excellent adhesion to SiO,. A 700nm thick Au layer is deposited on the
top of the Cr layer to provide sufficient conductance of the seed layer. The
resulting low resistance of the seed layer prevents a non-uniform potential over

the wafer.
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Figure 3.4 Weight percentage of iron in Nickel versus current density

Other Factors

The placement of the anode and the cathode is also very critical for plating
high-quality Permalloy. Since the critical mechanism of the electroplating is the
electrical field that drives the metal ions to the cathode, a uniform current density
onto the whole plated substrate is necessary to make a uniform thickness of the
plating material. We placed the anode and the cathode face to face in the plating
bath.

However, due to fringe effects and varied size of the plating areas, the
current density in the edge areas could be non-uniform. The current lines drawn in
Figure 3.5 is actually opposite to the current flowing direction during the
electroplating process. We drew this way only for easy understanding.

In order to plate the NiFe alloy as uniformly as possible, the cathode was
arranged close to the anode (about 2.0 cm) to improve the uniformity of the

electrical field in the central area of the plated wafer.
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A step profile probe was used to measure the thickness of the sample
Permalloy. Figure 3.6 shows an acceptable thickness uniformity in the central
area; however, poor thickness uniformity occurs in the peripheral area at points 4

and 5.

current line

photoresist

Silicon Substrate

Figure 3.5 Current density through the wafer

5.1pm
5.1um
£3: 4.8pum
4 2.8 um
55 3.5um

Figure 3.6 Thickness of the NiFe on the wafer
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A new technique, called frame plating, and developed by the thin film
magnetic recording head industry, allows us to obtain a uniform and well-defined
deposition rate. Unlike the selective plating technique, the frame plating
technique, shown in Figure 3.7, requires two mask steps. In the first step, the
photoresist mold only outlines the desired shape of the magnetic material (Figure
3.7a). Since the insulating plating mold only covers a small portion of the total
plating area, the current density is very uniform over the entire plating area and
easier to calculate. After having done the electroplating, the second photoresist
layer is deposited and patterned so that only desired plating areas are covered with
photoresist; the rest of the Permalloy is etched away.

However, in this work, in order to save one mask, the selective plating
technique is used, and the central area shows sufficiently good uniformity (Figure

3.6).

NiFe alloy photoresist

seed laver NiFe allgy ~Photoresist &
o~ Ji R e e T AR P

s Y .
r L4 1 N
. .

] 4
%?m T QTS Tk P ST TN SR 2 B e T fe T e

(a)



photoresist

NiFe alloy photoresist

R A B

PR AR R

S

"
X}
£
F

T e TR LAY P e

(b)

photoresist

seed laver

WO T AT X %onie 1 crlE T T B AT b MU

(c)

32



33

seed layer

Permalloy

(d)

Figure 3.7 The fabrication process of the frame plating techraique

3.3 The Characteristics of the Electroplated NiFe Alloy

The most important characteristics of the NiFe alloy include: (1) saturation
magnetization, in which all the magnetic dipoles of the Permalloy are lined up,
and the magnetization of the Permalloy reaches to maximum; (2) remnant
magnetization: the magnetization of the Permalloy when the external magnetic
field is removed after completely magnetizing the Permalloy; and (3) the coercive
force, the reverse external magnetic field needed to demagnetize the Peramalloy to
zero.

The NiFe samples deposited on our devices have been tested by a
magnetometer manufactured by Quanturm Design. Figure 3.8 plots the hysteresis

curve of the NiFe sample magnetized along its longest side. The sample has a
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saturation magnetization of 0.56 Tesla, coercive force of 3 Gauss and remnant
magnetization of 0.22 Tesla. Figure 3.9 is the hysteresis curve of the NiFe alloy
along its shortest side (through the depth). From figure 3.9, we can see that the
magnetization of the Permalloy magnetized perpendicular to the plate is one order
of magnitude smaller than that along the longest side. This result supports the
analysis of shape anisotropy we discussed in Chapter 2. The electroplated
Permalloy is successfully used as a source to actuate the microstructure in this

thesis.

3.4 The Electroplating of a Standard CMOS-processed

Device

With the recent development of standard CMOS-processed micro-
mechanical devices, electroplating NiFe on standard CMOS-processed devices is
an interesting possibility of expanding their potential applications. As part of this
thesis, the possibility of electroplating NiFe on standard CMOS processed devices
is investigated. The device chosen for this purpose is a CIC device designed by
my colleagues [11] and fabricated using the Nortel 1.2 pm CMOS process. The
structure of the CIC device is basically a mirror plate supported by triple
cantilever arms (Figure 3.10).

As we have seen, electroplating NiFe alfoy on microstructures requires
some special processes such as a thick photoresist layer to define plating areas. In
the standard CMOS process, however, no extra photoresist mold can readily be
used as the devices shipped to us are already cut into a small dice. Therefore some
special design is required to electroplate Permalloy on the standard CMOS-

processed devices.
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Figure 3.8 Hysteresis curve of the plated NiFe alloy along longest side
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Figure 3. 9 The hysteresis curve of the plated NiFe alloy along the shortest

side
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The passivation layer provided by the Nortel 1.2 um CMOS process has a
thickness of ~ 2 um. It can be used as an electroplating mold to define the
electroplating areas. The aluminum layer underneath the passivation layer can be
used as a seed layer. Therefore the device is designed by omitting the passivation
layer on the central mirror area during the CMOS manufacture, thus exposing the
aluminum layer. Aluminum leads are routed through the arms from the central
mirror to a pad, and the device is then glued on a glass substrate. Finally, a wire is
bonded to the pad to make an electrical connection from the pad to the cathode.
Because the thickness of the passivation layer is only about 2 pm, the thickness of
the Permalloy to be electroplated is limited. The electroplating conditions are the
same as those introduced before.

We observed the electroplating sample using a microscope, and saw well-
defined plating geometry on the central mirror. But Permalloy was also seen at
some supporting arm areas. Because the aluminum leads in the arm areas are too
close to the edge of the arms; apparently the electrical leakage through the edges
of the arms permitted electroplating in these regions.

Due to limited time, only a preliminary investigation has been done, and
extensive work is needed to carry on. But these experimental results have shown
the possibility to use this technology to expand the potential applications of

standard CMOS processed-micromechanical devices.

3.5 The Fabrication of the Devices

Fabrication of the devices starts with a 4 inch p-type (100) silicon wafer.
Firstly, a 1.0 um thick SiO; layer is thermally grown on the wafer. The SiO; layer
acts as the structural material of the device, and as a mask for the subsequent
release of the structures from the silicon substrate. Although a few structures were
designed, here we only use a single cantilever structure as an example to explain

each fabrication step.



Mirror Plate

- Cavity areas

Figure 3.10 Top view of the CIC device
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Secondly, the SiO; layer is patterned to define the outline of the device
(Figure 3.11a); the SiO; that is not covered by photoresist is etched away, leaving
open areas for an anisotropic etch at the end of the fabrication process (Figure
3.11b).

A 20-nm-thick chrome layer and a 700-nm-thick gold layer are then
deposited consecutively on the wafer by sputtering. The thin chrome layer
improves the adhesion of the gold to the SiO,, while the thick gold layer provides
good conductance for the electroplating of the magnetic material NiFe alloy.

A photoresist layer then covers the wafer and is patterned to define the
areas intended to be plated (Figure 3.11c¢). Since a NiFe layer of thickness 5 pm
or more is required to produce a large enough torque when the device interacts
with the external magnetic field, the photoresist layer in this step must be even
thicker so that the plated NiFe is well defined. A viscous photoresist is used in
this work, with a thickness of around 15 pm. The wafer is then ready for the next
step, which is electroplating the NiFe alloy. The details of the electroplating
process have been introduced in Section 3.1.2.

After electroplating a 5-um-thick NiFe layer, the photoresist is removed
by dissolving it in acetone (Figure 3.11d). Because the chrome etchant also
etches NiFe, the thick photoresist is again deposited and patterned to cover the
NiFe alloy to protect it (Figure 3.1 1e). The uncovered chrome and gold layers are
etched away by wet etching, and the photoresist on the NiFe alloy is then
removed.

The last step is to release the structure from the silicon substrate by an
anisotropic etch (Figure 3.11f).

The mechanism of the anisotropic etch relies on the fact that a silicon
crystal is an anisotropic material. The atomic densities in the various crystal
orientations are different, resulting in different etch rates along the different
crystal orientations. The three major crystal orientations of silicon are <100>,
<110> and <111>, and the etch rates in the <100> and <1 10> directions are much
faster than that in the <111> direction. To etch a concave pattern (interior of a

masked pattern) of a (100) silicon, the crystal plane eventually exposed is that
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which has the slowest etch rate, (111); to etch a convex pattern (exterior of a
masked pattern), however, the exposed crystal plane is that which has the fastest
etch rate, (221).

In this device, the edge of the micromirror is aligned along <110>
direction. The corners of the mirror are convex patterns. When etching the device,
the (221) plane will be exposed at the corners, causing undercuts (Figure 3.12).
With a long enough etching time, the silicon under the support arms and the
micromirror will be etched away, and the structures are released from the silicon
substrate.

The etchant used to release the mirror is a 5% TMAH with 6 g/L
potassium persulfate. Potassium persulfate can dissolve the etching residue
remaining on the etch surface, which prevents the further etching of the silicon.

The etching temperature is 80° C.
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Figure 3.11 Cross-section and top view of the fabrication
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Figure 3.12 Undercut of silicon anisotropic etch
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Chapter 4

MECHANICAL ANALYSIS OF THE DEVICE

4.1 The structure of the Device

A few structures have been designed and fabricated in this work.
However, in order to simplify the mechanical analysis of the devices, only one
structure, which is a rectangular platform supported by two cantilever arms at the
far end, is discussed. The material used to construct the platform is thermally
grown silicon dioxide with a thickness of 1 um. On the top of the platformisa 5
pum thick NiFe alloy layer deposited by electroplating. The top view of the device
is shown in Figure 4.1. The sizes of the structure indicated in Figure 4.1 are given

in Table 4.1:

Table 4.1 Structure Dimension in pm

L 310
W 20
Loar 20
L’ 260
w’ 200
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Magnetic Material

bar > W > >
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Figure 4.1 Top view of the structure

2.2 Mechanical Analysis

2.2.1 Static Deflection

Before the device is placed in an external magnetic field, the magnetic
material is pre-magnetized along its longest axis. The remnant magnetization will
interact with the magnetic field applied perpendicular to the platform structure,

resulting in a magnetic torque.
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The torque generated is given by (2.19):

Ty =Vnag | M x Hox | 1)

Magnetization (Tesla)

Magnetic Field (Gauss)

Figure 4.2 Hysteresis curve of the magnetic material along the longest axis

Since the NiFe layer deposited on the platform is much thicker than the
support arms, the platform can be considered mechanically rigid. The application
of the torque to the ends of the NiFe does not result in the bending of the platform

but the bending of the support arms, hence the tilting of the platform (Figure 4.3).
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Figure 4.3 Side view of the deflected structure

As the platform tilts, the external magnetic field will tend to magnetize the
magnetic material with the same orientation as the magnetic field. However, when
the magnetization vector rotates away from its easy axis, a magnetic anisotropy
torque Tanis is generated, and it attempts to realign the magnetization vector to the

easy axis. Tanis is given in (2.17) by the formule

Tanis = - VmagKlolaISin2¢ (4.2)

where Ko is called the magnetic anisotropy constant; ¢ is the angle formed

when the magnetization vector rotates away from its easy axis.
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Since the anisotropy torque Tan;s attempts to bring the magnetization vector
back to its easy axis, an equal but opposite torque -Tayis is produced and exerted
on the easy axis, and hence on the magnetic material itself. Because the magnetic
material is attached to the flexure arms, -Tans Will cause the bending of the
support arms. The platform therefore rotates an angle ¢ from its original easy axis
(Figure 4.3).

As the platform rotates, the long arms will bend and the short bars that
connect the arms and platform will twist so that a mechanical restoring torque is
produced to balance the magnetic torque generated by the magnetic interaction
between the NiFe alloy and the external magnetic field. Since the bars connected
to the platform are very short compared to the long arms in this design, the
mechanical restoring torque contributed by twisting can be ignored. The torque

produced by bending the long arms is formulated as [28]
Tmeclz = qu X @ (4'3)

where K, is a constant determined by the geometry and the material properties of

the structure.

In equilibrium, the anisotropy torque Tanis balances the field torque Tmag.
In turn, the torque on the magnetic material -Tans balances the mechanical

restoring torque Tmecn- The resulting equilibrium condition is
Tmag = Tanis = Tnech (4.4)

Since the external magnetic field is a DC field, the magnetization of the
Permalloy is in the region from the remnant magnetization to the saturation
magnetization. The relationship between the magnetization of the Permalloy and

the external magnetic field is given by curve fitting Figure 4.2 and expressed as
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0.2272 +0.089B-0.012B> 0< B <8(G)
M= 0.4474 + 0.0028B 8 < B <30(G) (4.5)
M 31 < B <150(G)

5

Substituting (4.1) and (4.3) into (4.4), we have

ViagM x H sinf =K, xp (4.6)

~where 6 =90 - @ - ¢.

As discussed in the Section 2.2, the angle ¢ that the magnetization can

motate away from its easy axis is very small, and is set to zero here.

"Therefore
VoagM x H, cOsp =K, xp 4.7)
.According to [28]
EI
K,= T (4.8)

~where E is Young’s Modulus of the support arms, L is the length of the arms, and
71 is the moment of inertia of the cross sectional area of the arms, defined in [29]

&as:

3
I = l"lfz_ (4.9)

~where w and t are the width and thickness of the support arms, respectively.



49

Substituting (4.5), (4.8), and (4.9) into (4.7), and because the platform is
supported by two arms, the right side of (2.26) needs to multiply 2, we obtain

0.2272 +0.08898B—0.12B*> 0< B <8(G)

V ag Qcos @ 0.4474 +0.0028B 8 < B <30(G)
#a M, 31<B
= 2x px BV (4.10)
AT '

where Ve = 260 x 200 x 5 = 2.6 x10™ um’, po = 4nx107, E = 74 Gpa, w = 20
pm,t=1pm, L =310 pum, and Ms = 0.56 Tesla

By solving (4.10), the relation between the external magnetic field and the
deflection angle of the cantilever can be obtained. The solution is plotted in

Figure 4.4.
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Figure 4.4 Deflection angle versus magnetic field curve

by theoretical calculation
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4.2.2 Resonant Response

The deflection of the structure at resonance is not only determined by the
torque but also the damping conditions. Assuming that the deflection of the

device is governed by the classic equation of linear elasticity, according to [30],

we have
p&+ yz) g+ L(z)z=T(x,y,t)
or? ot
“4.11)
and

2 8%z, &°? 8%z, 8° 8%z

a-
L(‘)_axz[D.tax2]+ay2[Dyayz]+ayz[Dlax2]
, 5 ” 52, (4.12)
+ 0 3 [Dl 0 f] [Dn ]
ox oy Oxdy Ox0y

where D, (%, y), D,(x, y), D, (X, ¥), and D, (X, y) denote the flexural rigidities of
the device; p is the area density (mass/area); p, is the damping term and T is the

torque.

We know from (4.5), that magnetization M is the function of the external

magnetic field, and the torque is then
T(x,y,t) =V, MxH (4.13)

Although solving (4.11) to (4.12) is possible, it is very difficult. In this
thesis, we only use a finite element analysis (ANSYS) to analyze the resonant
modes of our devices. Through ANSYS, we found three resonant modes at

frequencies of 440.1 Hz, 559.2 Hz, and 1301 Hz.
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In the first mode (shown in Figure 4.5) and the second mode (shown in
Figure 4.6), the two support arms bend up or down simultaneously, resulting in an
up-and-down movement of the platform. The bending regions of the arms are,
however, different in these two modes. The arms bend mostly at the end close to
the substrate with the first mode, but at the far end with the second mode.

In the third mode (shown in Figure 4.7), two arms bend in different
directions. One bends up, the other bends down, resulting in a twisting movement

of the platform.

A- T4
I LUFFER

Figure 4.5 The first resonant mode of the device
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Figure 4.7 The third resonant mode of the device
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Chapter 5

EXPERIMENTAL RESULTS AND DISCUSSION

This chapter starts by describing the equipment used to test our device.
Next, both static and dynamic angular mechanical deflection measurements are
discussed. Finally the experimental results are compared with the theoretical

predictions.

5.1 Experimental Equipment

The major equipment used to test the device includes a magnetic field

source, a measuring microscope, and a helium-neon laser.

5. 1. 1 Magnetic Field Source

Since both static and dynamic responses are to be tested, we chose an
electromagnet, EMR 175, to produce a magnetic field. The electromagnet is
designed to produce a DC magnetic field, and its feature size and the
configuration are shown in Figure 5.1. The central shadowed area is the core of
the electromagnet, and is the area in which magnetic field is produced. The
magnetic field produced by the electromagnet is a function of the current applied

to it. However, we measured the voltage applied to the electromagnet, rather than
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measure the current. Value of current can be calculated knowing the internal

resistance of the coil is 23 Q.

To signal generator

Figure 5.1 Configuration of the electromagnet
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A voltage is applied to the electromagnet, the generated magnetic field
corresponding to the applied voltage is measured by a gaussmeter, and is plotted

in Figure 5.2.

Magnetic Fleld (Gauss)

o t 2 k| . H 6 7
Voltage (Volts)

Figure 5.2 Generated magnetic field versus applied voltage

However, if a sinusoidal voltage with fixed -amplitude is applied, the peak-
to-peak magnetic field will drop dramatically with increasing frequency. The
curve of the magnetic field versus frequency with fixed 2 V peak-to-peak
magnitude is measured by a gauss meter, manufactured by Lakeshore Inc., and
plotted in Figure 5.3. In the dynamic response measurement, since the
measurement starts from the frequency of 220 Hz, we have taken account of this

effect by rescaling the magnetic field in the ratio of B (220Hz) / B ().
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Magnetic Field (Gauss)

[ 200 400 600 800 1000 1200 1400 1600 1800
Frequency (Hz)

Figure 5.3 Magnetic field versus frequency with 2 V peak-to-peak magnitude

5.1.2 Microscope

The microscope used is an Olympus BH2-UMA. It can measure the
horizontal distance on the image of the object being examined. Attaching a video
camera to the microscope permits the image of the object to be displayed ona TV

monitor.

5.2 Experimental Set-up and Results

Two methods have been used to measure the deflection of the cantilever
structure. The first involved measuring the foreshortening of the image of the

mirror, and was employed for static deflections. The second involved measuring



57

the distance traveled by a reflected light spot from a Helium-Neon laser on a

screen, and was used for dynamic response measurements.

5.2.1 Static Deflection

In our initial experiment, the pole of a disc-shaped permanent magnet with
the maximum magnetic field of 0.2 Tesla was positioned under the device and
moved around. This resulted in a magnetic field whose direction and magnitude
could be changed. Observation showed the deflection well beyond 90° to the
substrate plane. Hence large static deflections are readily attainable.

For quantitative measurement, the device was glued on the electromagnet
center and placed under the microscope. When a magnetic field was applied, the
mirror deflected. The deflection was calculated according to a simplified model

shown in Figure 4.4, and is described below:

The relative length of the image of the mirror is directly measured from
the TV screen; without deflection, the length is L; with a certain amount of
deflection, the length changes to L’. The deflection angle 6 is then calculated

using (5.1)
(L :
& =cos (L) 6.1

To compare the experimental results with the theoretical prediction
previously given in Chapter 4, we combine two results in a single graph in Figure
5.5. With the indication of 10% vertical bar, we can see that the theoretical

predictions match the experimental results (within 10%) except for the first point.



mirror’s position with
deflection

mirror’s position
without deflection

Figure 5.4 Simplified model for static deflection calculation
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Figure 5.5 Comparison of the experimental and theoretical static deflection
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5.2.2 Dynamic Response

The observation of the dynamic response of the device with this actuation
mechanism follows the procedures earlier used in the laboratory. In the previous
work, a metal lead was routed through a cantilever-in-cantilever structure [11].
With a 10 mA current applied, and by placing the device in an external magnetic
field of 0.2 Tesla, the deflection of the cantilever was observed due to the Lorenz
force. With this structure, only ~ 5° static deflection was obtained, but the
deflection at the resonant frequency of the structure was much larger (20° — 40°).

As previously discussed, we have achieved a large static deflection (~ 60°)
with an external magnetic field of only 130 Gauss. We expect to obtain a large
deflection with low external magnetic field at the resonant frequency of the

cantilever structure.

If a device is placed in a magnetic field B , a torque T will be produced,

where T =M x B. If Bis a sinusoidal magnetic field, the torque produced will
have a sinusoidal component as well. If the frequency of the torque is one of the
resonant frequencies of the cantilever structure, the mirror should exhibit large
deflections even at low magnetic field.

With this in mind, we firstly applied a sinusoidal magnetic field to actuate
the device, but little deflection was observed even at the lowest resonant
frequency. By further analyzing the hysteresis curve (Figure 3.8) of the
Permalloy, we found that, in this case, in the positive portion of the hysteresis
curve, both B and M are positive (Figure 5.6a), the torque is positive; in the
portion of the Permalloy being magnetized in the opposite direction, both B and
M are negative, and so the torque remains positive. The torque only changes sign
during the portion from coercive force to zero, in which B changes to negative,
but M remains positive. The torque is sketched versus a field of time in Figure

5.6a for this case.
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Figure 5.6 A sketch of the torque versus time t
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To solve this problem, the applied magnetic field was changed so that a
DC offset magnetic field was superimposed on the AC magnetic field. The torque

produced can now be expressed as

T=MxB=MBo+MBsinax (5.2)

in which B, is a constant magnetic field, B; is the magnitude of sinusoidal

magnetic field and o is the frequency of sinusoidal magnetic field.

The first term of (5.2) is an offset component that bends the cantilever to
an initial position, while the second term contributes to the resonance of the
cantilever structure. The key step is the choice of the DC offset magnetic field.

The DC magnetic field should be large enough to magnetize the Permalloy to its

saturation during the operation range so that M is constant and achieves a
maximum torque (Figure 5.6b); however too large DC offset would result in a
large initial bending of the cantilever, then smaller bending upwards than
downwards at resonance. In our experiment, we chose the DC offset magnetic
field of 16 Gauss, which made a ~10° initial deflection (see Figure 5.5).

The dynamic deflection of the mirror was measured by the set-up shown in
Figure 5.7. The set-up consisted of a He-Ne laser, and a circular screen. The
device was glued on the electromagnet and placed at the center of curvature of the
screen.

The laser beam emitted by the He-Ne laser was focused on the movable
mirror, and reflected to the screen. When the mirror structure deflects, the
reflected laser beam spot on the screen moves. Because laser beam spot is quite
large, comparable to the area of the micro mirror, the reflected laser beam spot on
the screen is not a point, but a relatively large diffuse area. We took the center of
the reflected laser beam spot as the origin. When the frequency of the magnetic
field is 10 Hz or higher, the platform moves too fast, resulting in a visual
expansion of the light spot on the screen into a strip of light. We took the distance

between the origin and the edge of the light strip as the distance traveled by the



62

reflected light beam (D). By measuring D, the angle through which the micro-

mirror deflects from can be calculated according to (5.3)

0
9=2x180
r /4

(5.3)

where 0 is the deflection angle of the micro-mirror, D is the distance traveled by

the reflected laser beam on the screen, and r is the radius of the screen.

Screen

Microstructure
He-Ne Laser
Electromagnet

e 2k Ty O s K
ey, *‘é 4N
L GXT TN

R O R s

Reflected laser beam

Figure 5.7 The set-up used for dynamic response measurement
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By varying the frequency of the voltage applied to the electromagnet from
10 Hz to 2 kHz, We measured two large expansions of the reflected laser beam at
frequencies of 380 Hz and 590 Hz. These two frequencies correspond to the first
two resonant modes of the structure. Figure 5.8 plots the relative deflection angle
of the micro-mirror versus frequency with 0.6 V DC voltage superimposed on a 2

V peak-to-peak sinusoidal signal applied to the electromagnet.

Relative Deflection Angle (Degree)
[o+]

6 4
4
2 4
0 ;
0 200 400 600 800
Frequency (I:lz)

Figure 5.8 Relative Deflection Angle versus Frequency witha 0.6 V DC
offset superimposed on a 2 V peak-to-peak sinusoidal voltage applied to

the electromagnet
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In Figure 5.3, we measured a rapid decrease in amplitude of the magnetic
field with frequency increase due to the frequency response of the DC
electromagnet. Therefore, Figure 5.8 does not reflect the deflection of the
structure under a fixed magnitude of AC magnetic field. We assume that the
deflection of the micro-mirror is proportional to the external magnetic field. By
rescaling the magnetic field vertically in the ratio of B (w¢)/B (®), in which g is
the frequency we start measuring, and multiplying the ratios by the deflections at
each frequency, we re-plot the deflection versus frequency curve in Figure 5.9.
The magnetic field is calculated as 3.6 Gauss AC magnetic field with 2 Gauss

offset.

25

Deflection (Degrees)
& 8

-
o

0 100 200 300 400 500 600 700 800
Frequency (Hz)

Figure 5.9 Relative deflection angle of the device at 3.6 Gauss
AC magnetic field and 2 Gauss offset
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We did not observed the third resonant mode predicted by ANSYS. This is
probably because the magnetic field generated by the DC electromagnet is too
small at this frequency. Even for the first two resonant modes, we measured
15.8% difference at the first mode and 5.3% difference at the second mode.

Reasons could be:

1. In ANSYS, the size of the structure we used is the size we designed,
but the actual size of the device would be slightly different due to
etching (such as left over of etching residue, or undercut of the
structure).

2. Mechanical characteristics of the structure we used in ANSYS are for
bulk material; they might be different from the thin film material,
which constructed our structure.

3. Actual geometry of the Permalloy might be slightly changed during

anisotropic etching.

In Figure 5.9, the DC offset magnetic field is only 2 Gauss, while the AC
magnetic field is 3.6 Gauss. Although the torque with this offset changes the sign
in each half cycle, the Permalloy is not completely magnetized; thus its
magnetization M varies throughout the entire operation cycle. If we change the
DC offset to 16 Gauss, which completely magnetizes the Permalloy to its
saturation value during the operation range, a much larger deflection was
obtained, Figure 5.11 plots the comparison of the deflection of 16 Gauss and 2
Gauss DC offset with same AC magnetic field (3.6 Gauss). From this curve, we
can see a large deflection difference (~ 30°) for the same AC magnetic field at
resonance.

If the Permalloy is completely magnetized, the deflection angle at
resonance will be determined by the magnitude of the AC magnetic field. Figure
5.11 gives the comparison of the deflection angle versus magnetic field of the
same DC magnetic field (16 Gauss) offset but different AC component. From this

curve, we observed that increasing the AC component increases the deflection at
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resonance. Since the AC component is very small compared to the DC

component, at frequencies off resonance, the deflections are very close each other.

Deflection Angle (Degrees)
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Figure 5.11 Comparison of the relative deflection angles at 16 Gauss

and 2 Gauss DC magnetic field with 3.6 Gauss AC magnetic field
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Figure 5.12 Comparison of deflection angle of 3.6 Gauss and 3 Gauss
AC magnetic field with 16 Gauss DC offset
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Chapter 6

Conclusions and Outlook

The research discussed in this thesis had three objectives. The first
objective was to integrate magnetic materials into micromachined devices. The
second objective was to introduce a new actuation technique that utilizes the
interaction between on-chip Permalloy and an external magnetic field and to
develop a theoretical model to predict mechanical response of the microstructure.
The third objective was to achieve very large out-of-plane deflection. All of three

objectives have been accomplished successfully.

The electroplating process has been demonstrated to be compatible with
commercial semiconductor process. With this technique, the thickness of the
Permalloy can easily reach 5 um or more if necessary, to secure a large enough

torque to actuate the devices with relatively large size.

A large out-of-plane deflection in weak external magnetic fields has been
measured in both the static and dynamic cases. In the static measurement, the
platform has been deflected over 60° with an external magnetic field of 130
Gauss. In the dynamic measurement, two resonant frequencies have been
measured at 370 Hz and 590 Hz; the deflection angle at 370 Hz is about 45° with
a 3 Gauss AC magnetic field superimposed on a 16 Gauss DC magnetic field.
This shows that this actuation mechanism is very suitable for applications

requiring large deflections.
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Efforts have been made to expand this actuation mechanism to a standard
CMOS-processed micromachined device. Although this work is not complete and
requires further investigation, it provides an alternative or supplement for

standard CMOS-processed device actuation using Lorentz force.

Although there are many research activities going on for the development
of microstructures with this actuation mechanism, most of them only involve
static response of the microstructure; very little progress has been made to

investigate dynamic response of the devices.

Some improvements can be made in future potential applications:

1. The magnetic field source can be integrated on the same chip to
reduce the physical size of the whole system. The on-chip magnetic
field can be generated by applying a current through a metal coil that

is fabricated surrounding the structure.

2. Depositing thicker magnetic material to increase the volume of the
Permalloy and thus the magnetic torque. The maximum thickness of
the Permalloy is, however, limited by some factors. Firstly, increasing
the volume of the Permalloy results in the increase of the mass of the
movable structures; this will degrade the dynamic response of the
devices. Secondly, increasing the thickness of the magnetic material
will permit the magnetization to more easily rotate away from its easy
axis. Once the magnetization changes direction, the microactuator will
abruptly relax to a new equilibrium position with a smaller angle of

mechanical deflection and a smaller equilibrium torque.

3. Using LIGA technology, the magnetic material can be deposited with

the thickness comparable to the planar size. By pre-magnetizing the
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material in the vertical or lateral direction, the remnant vertical or
lateral magnetization might be directly used to produce a magnetic

field.

4. With multi magnetic fields, both in-plane and out-of-plane can be
achieved by switching the direction of the magnetic field. Even 3-D
movement could be achieved by superimposing one magnetic field on

the other with different direction.

5. Choosing more flexible material such as polysilicon instead of stiff

SiO, as structural material can increase deflection.

6. By embedding piezoresistors in the structure, the deflection of the

structure can be directly measured.

It should be noted that the applications mentioned above are only several
preliminary predictions. This is by no means a complete list for the
applications of this actuation mechanism. On the other hand, the feasibility

for some of the applications listed here needs further investigation.
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