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ABSTRACT
VO9-BASED MEMS MIRROR
By
David Torres-Reyes

This work presents the design, fabrication, and characterization of the first micro-electro-
mechanical-systems (MEMS) mirrors where the actuation mechanism is based on the struc-
tural phase-change of smart material thin films monolithically integrated within the device.
MEMS mirrors are microstructures with a reflective layer used to redirect incident light.
They can be actuated by different techniques including electrostatic, electromagnetic, piezo-
electric, and electrothermal mechanisms. In this work, the mechanical actuation of the
device’s platform (i.e. tilting angle and vertical displacement) is achieved by mechanical
stress generated during the structural phase transition of a vanadium dioxide (VOg) thin
film. VOg9 is a smart material with a solid-to-solid phase change transition at temperatures
in the vicinity of 68 °C, that shows hysteretic behavior spanning about 10 °C. During the
transition, the crystal structure of the VOg changes from monoclinic to tetragonal. Conse-
quently, the optical, electrical, and mechanical properties of the material change drastically.
Since the transition temperature is very close to room temperature, VOg can be integrated
into MEMS devices lowering the power needed for maximum actuation. The device is oper-
ated electro-thermally through integrated resistive heaters, and its behavior is characterized
across the phase transition of VOq. Individual actuation of each actuator allows for mirror
tilting, while simultaneous actuation of the four legs allows for vertical displacement of the
mirror platform. The integration of VO into the device allows for the programming of

mechanical displacement for tilting angles and vertical displacements.
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CHAPTER 1

INTRODUCTION

Vanadium dioxide (VO9) is a smart material that goes through a solid-to-solid phase tran-
sition which can be induced by an increase of temperature with a transition temperature
of ~68 °C. During its phase transition, VO9 experiences a fully reversible crystallographic
transformation, through which the electrical [19], optical [20] and mechanical [21] properties
change drastically. The changes in mechanical properties are caused by a decrease in the
area of the thin film crystals that are parallel to the substrate. Therefore, the generated force
and deflection is higher for highly oriented films. This process generates stress levels close
to —510 MPa and strain energy densities in the order of 105J m™3, which is close to 1 order
in magnitude larger than values for electrostatic or piezoelectric actuation [15]. Given the
large work-per-unit-volume, memory capability, and small temperature window during which
the phase transition occurs (spanning about 10 °C), VOg-based micro actuators have been
studied extensively in recent years [21, 22, 23, 24, 25, 26, 27, 15, 17, 28, 29, 1, 16, 30]. Fur-
thermore, the behavior of VO across the phase transition shows hysteresis, which has made
the development of programmable micro-electro-mechanical-systems (MEMS) actuators [17]
and resonators possible [24]. Although there are multiple solid-solid phase transition mate-
rials, VO9 is the material with phase transition temperature closest to room temperature
[31], reduces the power consumption for most practical applications.

This work presents the integration of VOg9 into rather complex 3D MEMS devices and
used as the actuation mechanism for MEMS mirrors, resulting in the development of, the
first VOo-based MEMS mirrors. MEMS mirrors have been the subject of research in the past
decades [32, 33, 34, 35, 4, 36, 37, 38, 39, 40, 5, 41, 42, 43, 44, 45, 46, 8, 47, 48, 49, 50, 51, 52,
10, 53, 54, 3, 55, 56, 57, 9, 58, 59, 60, 7, 61, 62, 2, 63, 64, 65, 66]. The most common actuation

mechanism implemented on these devices are: electrostatic [33, 34, 35, 5, 43, 47, 54, 59, 65],



electromagnetic [41, 40, 42, 44, 48, 7, 64], piezoelectric [8, 49, 9, 66] and electrothermal
[45, 46, 67, 11, 51, 10, 3, 57, 62]. The conventional electrothermal actuation is based in
the difference of thermal expansion coefficient (TEC) between two materials. When two
materials of different TEC are in physical contact and subjected to a temperature gradient,
they expand (or contract, depending on the sign of their TEC) at different rates, creating
mechanical bending. This process can require temperature variations of up to 300 °C for
maximum actuation [46, 11, 10, 62]. Since the phase transition of VO9 occurs at 68°C
and spans only about 10 °C, replacing the thermal expansion difference mechanism with the
phase change of VO is expected to reduce the required power to actuate the MEMS mirror

device.

1.1 Problem Description and Motivation

VO3 is not a common material used in standard micro-fabrication. This complicates the
integration of the material in MEMS, and the use of the drastic changes of the material’s
properties for increasing device performance. Even if a VO9 thin film survives a microfab-
rication process its quality can be affected by common chemicals and processes used during
micro-fabrication. In this work, VO9 thin films were successfully integrated into the fabri-
cation process of MEMS mirrors. The characterization of such device is presented, together
with discussions on device performance and the use of its hysteretic behavior for program-
ming of tilting angles and vertical displacements. The problems addressed in this work

are:

e Integration of VOg thin films in the design and fabrication of a MEMS mirror with

monolithic resistive heater.

e The characterization of the MEMS mirror actuators across the transition during in-

dividual actuation of each element (i.e. angular tilting rotation) and synchronous



actuation of the 4 elements (i.e. vertical piston-like movement) in terms of quasi-static

and dynamic responses.
e Increasing energy efficiency of electrothermal MEMS mirror devices.

e The derivation of a mathematical model to describe the actuation of the VOg-based
MEMS mirror, based on theoretical simulations and experimental measurements of the

device.

e The demonstration of memory capabilities on the VOo-based MEMS mirror, where

tilting angles and vertical displacements were programmed by using electrical pulses.

A series of experiments, simulations and analytical approaches are used to address these
problems. Additionally, the techniques used for the fabrication and characterization of these
devices can also be used to develop more complex VOg-based MEMS devices. Furthermore,
the mathematical model presented, can also serve as a platform for the design of other MEMS
mirrors devices to be operated by any electro-thermal process —i.e. not limited to the use of

phase-change materials.

1.2 Thesis Statement

The main contribution of this work is the demonstration of a new thermal actuation mech-
anism for MEMS mirrors and the fabrication of a complex MEMS device with VO9. Al-
though VOo-based MEMS actuators have been reported before [15, 16, 30, 17, 24, 1, 29],
the monolithic integration of VO9 thin films in rather complicated 3D MEMS devices, such
as MEMS mirrors, has not been demonstrated. The microfabrication process for the present
VO9g-based MEMS mirror is discussed in detail. The characterization of the device includes
vertical displacement, tilting angle, dynamic response, and power consumption. Further-
more, a mathematical model is derived to describe the movement of the device. Finally,

different programmable states are demonstrated for two different actuation modes: angular



tilting rotation and piston-like movement by exploiting the intrinsic hysteretic behavior of

VOs.

Thesis Statement: The development of the first monolithic VOg-based micro-electro-
mechanical mirror is achieved through the successful integration of VOg thin films in the
fabrication process, resulting in a multifunctional, low-power, programmable MEMS mirror

device.

1.3 Research Contributions

In this dissertation, the problems described in Section 1.1 will be addressed. A discussion
of integrating VO9 thin films on complex micro-fabrication will provide a reference for future
VOsg-based MEMS devices. Moreover, characterization of the VOg-based MEMS mirror will
demonstrate the advantages of integrating VOs thin films to such devices, including a power
consumption reduction for a similar displacements compared to other actuation mechanisms

based on resistive heating, and the capability to create programmable MEMS mirrors.

1.4 Outline

The remaining of this thesis proposal is organized as follows: Chapter 2 presents an overview
of micro-mirror technologies with a thorough background on currently used actuation meth-
ods, performance, advantages, and applications. The chapter ends with a review of VOo, the
explanation of the mechanism that generates bending in VO9 MEMS, and the current state-
of-the-art in VO9 based actuators. In Chapter 3, the design and fabrication of VOs-based
MEMS mirrors is presented, starting with device simulation and ending with successfully
fabricated devices. The fabrication process flow is clearly described and the challenges are
discussed. In Chapter 4, the device is characterized for two different movements: angular

tilting rotation and vertical piston-like movement. In Chapter 5, a mathematical model is



derived from a combination of analytical methods, numerical simulations and experimental
results. The model incorporates the linear and non-linear behavior of the system, where
the non-linear behavior is captured with a Preisach algorithm. In Chapter 6, programmable
mechanical states for the two movements (angular tilt and vertical piston) are demonstrated
by programming two different states. Furthermore, the capability to have multiple pro-
grammables states by applying different input sequences is demonstrated. Finally, Chapter

7 shows a summary of contributions of this work.



CHAPTER 2

BACKGROUND

2.1 Micro-mirror

In the past few decades MEMS mirrors have been a subject of research [32, 33, 34, 35, 4,
36, 37, 38, 39, 40, 5, 41, 42, 43, 44, 45, 46, 8, 47, 48, 49, 50, 51, 52, 10, 53, 54, 3, 55, 56, 57,
9, 58, 59, 60, 7, 61, 62, 2, 63, 64, 65, 66, 68]. MEMS actuators are micro-devices capable
of generating a mechanical displacement with an electrical stimulus. In MEMS mirrors the
displacement is used to redirect an incident beam of light to a desired position. Currently,
the actuation mechanisms implemented on these devices are: electrostatic [33, 34, 35, 5, 43,
47, 54, 59, 65], electromagnetic [41, 40, 42, 44, 48, 7, 64], piezoelectric [8, 49, 9, 66] and
electrothermal [45, 46, 67, 11, 51, 10, 3, 57, 62]. An actuation mechanism can be driven by
directly applying a force to the frame of the mirror (direct drive) or by applying the force
through a mechanical coupling to amplify the displacement of the mirror (indirect drive).
Depending on the mechanical movement generated, MEMS mirrors can be classified by either
one (1D) or two (2D) dimensional movement, as shown in Figure 2.1. A 1D mirror can
reflect the light to create a 1D image, while a 2D mirror can create a 2D image. Additionally,
a Tip-Tilt-Piston (TTP) mirror is a different type of MEMS mirror that combines the 2D
movement with the capability of changing the elevation of the mirror with a piston-like
movement, as shown in Figure 2.2.

MEMS mirrors have a variety of applications in multiple fields, including optical phase
arrays [37, 10] spectroscopy [51], optical switches [69], track-positioning [67], scanners [70],
microscopy [71], optical displays [35, 48] and medical imaging [57, 60, 72]; the last two
examples are shown in Figure 2.3. Given the wide range of applications for MEMS mirrors,

it is difficult to choose a figure of merit that can describe the performance of the devices. The



- -

_________

Light Reflected
source 1D Movement Light
Light Reflected
source 2D Movement Light

Figure 2.1 1D and 2D movement mirrors with resulting image created by each movement.
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Figure 2.2 Tip-tilt piston mirror movement.

best properties of a mirror will depend on the specific application. For example, a large tilt
angle is essential for microendoscope and scanning tracking applications to increase the field
of view. Other cases such as projections, need very fast movement but do not require a large
tilt angle [32, 4]. However, regardless of application, power consumption is always a concern
and should be reduced as much as possible. Although it can be argued that increasing

displacements/tilting angles and decreasing power consumption will result in better MEMS



mirrors; the technologies that have been used for these devices do not include a single
mechanism that can optimize both [63]. Even-though different mechanisms can achieve
a reduction of power consumption, such as piezoelectric and electrostatic actuation, they
usually require high voltage (for example: 115 V and 40 V for electrostatic and piezoelectric,

respectively) [65, 66].

MEMS 2D
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Figure 2.3 MEMS mirror applications examples: a) MEMS mirrors array used to created
optical projection [2], b) MEMS mirror used in an endoscope, increasing the field of view
without the movement of the instrument [3].



2.1.1 Actuation Mechanism

The actuation mechanism is the main factor that determines MEMS mirror performance. In-
deed, the device design is based on its actuation mechanism and affects the device fabrication
process flow. One important aspect for the fabrication of the devices is the compatibility of
the design with standard micro fabrication processes, such as the one use in complementary
metal-oxide semiconductor (CMOS). The most common actuation mechanisms that have

been implemented with MEMS mirrors are described below.
2.1.1.1 Electrostatic

Voltage =0 Voltage >0 Voltage =0

| + + [

Figure 2.4 Electrostatic actuation mechanism between two conductive plates, where a diffe-
rential voltage create an attraction force between the plates.

The electrostatic actuation method, relies on the repelling/attracting forces of two oppo-
sitely charged plates to move the mirror platform from a resting state [73] (see Figure 2.4).
The two most common and effective configurations for this mechanism are the parallel-plate
actuation [34, 35, 43, 54] and the comb drive (an array of parallel plates interlocked with
each other to increase tilting angle), examples of these configurations are shown in Figure
2.5 [33, 5, 47, 59, 65]. The displacement generated using these methods is proportional to

the change in capacitance between the plates, therefore, you can control the displacement



by measuring the capacitance [33]. The speed of the mechanism will be proportional to
the variation in voltage at the plates, able to reach frequencies in the of range of 10 kHz
[5]. The fabrication process for this method is compatible with the CMOS process since it
does not require any unusual materials and can be fabricated using the same technique as
the one uses in the CMOS processes. To create the interaction between the parallel plates
and generate displacement of the mirror, usually a high input voltage is needed (>20 V)
133, 5, 43, 47, 59, 2, 65]. These devices can sustain very high electric fields due to the dis-
tance between charged surface being lower than the mean free path of particles in air at room
temperature (~6 pm) [65]. Since the system is basically an open circuit, only a very low cur-
rent is consumed to charge the plates, yielding a very low power consumption[2]. However,
the downside of this mechanism is that it can only generate low forces. The electrostatic

force between the two plates can be expressed as:

AeV?
2¢2

Fes -

where A is the overlap area of the plates, € is the dielectric constant of the medium (e.g.
air), V is the voltage difference applied between the plates and g is the gap between the two
plates. This force is limited by the pull-in instability, where the equilibrium position of the
frame between the electrostatic and mechanical forces is broken with the increase in voltage
causing the collapse of the plates. The limiting voltage (also known as pull-in voltage) is

given by:

8kgg
%ull—in = 27eA

where the k is the spring constant and g is the initial gap (without actuation) between the

plates. This limit the maximum deflection of the plate to 1/3 of the initial gap [74, 75, 76].
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Figure 2.5 Examples of electrostatic MEMS mirror device: a) parallel plate design used by
Texas Instrument for displays projection [4], b) a close-up look to the comb drive design [5].

2.1.1.2 Electromagnetic

The electromagnetic actuation method generates movement as the result of the interaction
between two magnetic fields,where Lorentz force governs [48]. In this method two design

configurations are used: 1) a combination of an external permanent magnet (static magnetic
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field) and an electromagnetic coil (dynamic magnetic field) are used to generate the two
magnetic fields, where the magnitude of the electromagnetic field created by the coil is
dependent on the input current (see Figure 2.6); 2) a magnetic influenceable material is
attached to the mirror and an external moving magnetic field (create by an electromagnetic
coil or a permanent magnet) move the device (see Figure 2.7) [41, 40, 42, 44, 48 7, 64].
The inclusion of a permanent magnet on either design configuration limits the minimum
size of the design. Its fabrication process can be CMOS compatible, depending on the

design configuration that is implemented where the magnetic materials are incompatible

with CMOS processes; as an example the material can be added after the fabrication [7].

Magnet ? Magnet

Figure 2.6 Example of an electromagnetic MEMS mirror device with of a moving coil and
permanent magnet outside the device to supply the magnetic field, where B is the magnetic
field, F is the force generated by the interaction between B and the electromagnetic field
generated from the coil by the current i, r,, and 1, is the electrical resistances and length of
the coil, respectively [6].

Another advantage (when using a coil in the device) is the linear relationship between
the output (displacement) and the input (electrical signal), this can be used to easily control

the output of the mirror. The current necessary to generate an electromagnetic field to

move the device can reach values up to 515.17 mA for optimum performance [64]. Although

12



a low voltage is able to induce the desired displacement, the high current needed for this
actuation method results in a large power consumption. The following equations can be used

to describe this actuation method and are shown in Figure 2.6:

FLorentz = Bil

N

n=1
Pooil = i2msReoi
cotl rms*tcoil
where F7Jrent. 1S the generated force, B is the magnetic field, ¢ the current, [ the length of
the conductor, Tiqq is the generated torque, N the number of the coil turns, 7, the distance
of the n** coil turn from the center, P, is the consume power by a coil, and R the resistance
of the coil.

Latching mechanism
Magnetic beads

Torsion spring for

: the mirror pla .b Rotational axis
Mirror frame —

Mirror plate

Metal pad
(not use)

Through-
silicon hole

z
Ky E
X
Figure 2.7 Example of an electromagnetic MEMS mirrors device with a moving magnetic
material and actuated with an external permanent magnet or with an electromagnet coil [7].

S0l handle substrate
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2.1.1.3 Piezoelectric

The piezoelectric actuation is a less commonly used method. It utilizes piezoelectric materials
in the design of the device, where the most common material used for actuation is PZT
(lead zirconate titanate)[8, 49, 77, 9, 66], due to the higher electromechanical coefficients
[78]. The use of these materials can make the fabrication non-CMOS compatible due to
contamination of the tools use in the process, damaging any following procedure in the same
tool. A complicated approach can be done to avoid contamination with a resolution of 200
pm by 200 pm [53].

The piezoelectric material can expand or contract with a differential voltage across the
material. This is because the material contains small unorganized dipoles that can be ori-
ented with an electric field. The change in orientation of the dipoles will cause an ex-
pansion/contraction in the material, generating a large force but a small displacement (see

Figure 2.8).

Small displacement
High force

—-

Figure 2.8 Piezoelectric material with internal dipoles, where a differential voltage across the
material align the internal dipoles resulting in a expansion of the material.

An example of the mechanical design of this method is shown in Figure 2.9a, where

14



two cantilever with piezoelectric material are connected to each other with a torsion bar in
the middle, the torsion bar is the mechanical connection to the mirror. Each piezoelectric
will work opposite to each other by applying an opposite voltage to each one, making a
one material expand while the other will contract, generating stress in the torsion bar and
creating a tilting angle on the mirror [8]. This process can be very fast and can generate
high forces. However, the total displacement caused by the material alone is very small [2].
To compensate for this, the designs make use of the resonant frequency of the structure
in combination with an indirect drive design, where a mechanical coupling increases the
amplitude of the deflection. An example of this is shown in Figure 2.9b, where the coupling
between the bigger and the smaller frame help to increase the amplitude of the tilting angle

with a maximum value of 38.5° [9].
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Figure 2.9 Piezoelectric actuation examples: a) the use of piezoelectric material to generate
a torque [8], b) piezoelectric MEMS mirror with a mechanical coupling (indirect drive) is
used to amplify the tilting angle with a sinusoidal actuation voltage with an amplitude of
24 V as the input [9].

2.1.1.4 Electrothermal

The conventional electrothermal actuation method is based in the thermal expansion of
materials, the most common configuration for this mechanism is a bimorph structure formed

by two materials (thin films) with different TEC [45, 46, 67, 79, 11, 51, 10, 3, 57, 62]. As
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the temperature increases, one material will expand more than the other, creating stress in
the structure that generates mechanical actuation [45]. In a linear dimension the expansion

of the material can be expressed as:

AL
S8 QAT
Lo

where AL is the change in the length of the structure, L is the initial length, « is the TEC
and AT is the change in temperature (see Figure 2.10).

The speeds of previous mechanisms are not constrained by the actuation mechanism
because they can be actuated as fast as the input stimuli can change, where the limit of
the speed will be held by the mechanical displacement or the mechanical design. For the
electrothermal actuation method, the speed will depend on the thermal dynamics of the
system, making it the slowest mechanism of all for devices of similar size and thermal mass.
The gradient in temperature needed for the actuation of the MEMS mirror device is created
by Joule heating with reported values for full actuation reaching up to ~ 300°C [10]. The
power consumed in this mechanism can be lower than the EM, but higher than the ES
and PE, since the temperature increase depends on the amplitude of the applied current,
which can be as high as 252 mA (for maximum displacement) resulting in a input power
of 301 mW [62]. Additionally, this mechanism can be integrated into very compact devices
[11, 10, 3, 57, 62]. Finally, the fabrication process for this mechanism is compatible with the
CMOS process. Since the actuation method depends solemnly depend on the used of two
common material with different TEC values, this combination can be done with any metal

and a glass layer such as aluminum (Al) and silicon dioxide (SiO2).

2.1.2 Tip-Tilt-Piston Mirror

Among the different MEMS mirror models, a tip-tilt-piston (TTP) mirror has the capability
of 2D displacement and a piston movement to change its elevation (see Figure 2.2), which

can be useful for biomedical applications and optical phase array [10, 36]. One example of this
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Figure 2.10 Electrothermal actuation example, where the blue layer (bottom) has a larger
TEC compare to the other layer [10].

kind of mirror device is presented in [10], where the electrothermal is actuation mechanism.
The actuation results from the difference in the TEC between: Al and SiO9 where the Al
will expand more than the SiO9 for a given temperature gradient (delta T). The temperature
used to generate a maximum deflection of ~200 pm is ~350 °C from an input voltage range
of 0 -4.5 V. A downside of this model, is the high electrical power needed to generate this
high temperature (i.e. 41 mW for one actuator were required to increase the temperature to
~350 °C in the device reported in [10]).

In this design, a squared mirror platform is suspended by 4 separate and individually-
actuated legs (see Figure 2.11). Each leg consists of different sections with two different
thickness: a thin section with the two materials with the different TEC (bimorph) and a
much thicker section (frame) that will provide a rigid frame that serves as a mechanical

support to increase the total displacement (indirect drive), as shown in Figure 2.12. Each
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Figure 2.11 TTP actuator design [11].

mechanical leg also has an integrated resistive heater with independent connections, allowing

the freedom of moving each leg independently.

Bimorph I () latform
Q“u ..)I

Bimorph II(/;)

/

Frame Il (L.) —

Baorph 1() +—— Frame I (L))

Figure 2.12 Mechanical legs (actuator) showing the bimorph and the frame of the
structure[11].

The details of the TTP mirrors are presented in [10, 80, 11] and are explained here. The
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schematic of the leg actuator is shown in Figure 2.12, where the design parameters are
the lengths of the frames (L1, Ly) and bimorphs (l1,l2,13). To be able to change the eleva-
tion of the mirror without any tilting angle , i.e., parallel with the substrate, the following
relationship needs to be true:

0o = 01 + 03, (2.1)

where 01, 09 and 03 are the arc angles of each bimorphs. According to thermal bimorph
actuation, the arc angles are proportional to the length of the bimorphs: ly = I + I3 [46].

In order to maintain a flat platform, [; and lg3 were chosen to be half of the [o.

ly
=l = =2 2.2
h=l3=7. (2.2)
which implies that:
0
01 =05 = 52 (2.3)

Another undesired displacement during the elevation motion is the lateral shift of the
center platform mirror. This is caused by movement of 5 different components shown in
Figure 2.13: Actuatorl, Framel, Actuator2, Frame2 and Actuator3. The lateral shift (LS)

of each component can be describe with the following equations:

[1cos6q

LSactuatorl = ll - 0 (2'4)
1
LSfTamel = L1 — Lycosty (2.5)
locostq
LSactuator2 = 12 - i (2-6>
2
LS trame1 = Lo — Lacosty (2.7)
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l[3cos65
LSactuator?) = l3 - Q3 (2~8)

The total lateral shifts can be calculated by combining equations (2.2 - 2.3) into equations
(2.4 - 2.8) and taking in account that lateral shift from Actuatorl, Actuator3 and Framel are
opposite to the lateral shifts from Actuator2 and Frame2, which gives the following equation

for the total lateral shift (as defined in Figure 2.13):

LS = (L1 — Lo)(1 — cosby) (2.9)

In summary, to eliminate any lateral shift or tilting in the vertical displacement, the fol-
lowing relationship between the lengths of the bimorph (I1,ls,[3) and the frames (L1, Lo, L3)

must be satisfied:

l
l=l3==2 (2.10)

L1 =Ly (2.11)

C,
\ L;, L, : Frame lengths

i ' LS:  Lateral shift
H{LS ramel |

v 1 I, I;: Bimorplt beam lengtits

Figure 2.13 A mechanical leg of TTP design with all the parameters used to describe the
lateral shift of the platform [11].
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2.2 Vanadium Dioxide

Vanadium dioxide is a smart material that has a solid-to-solid phase change transition,
which can be induced by an increase in temperature with a transition temperature (77) of
around 68 °C. This was first observed by [81], where they reported a hysteretic reversible
change in the electrical properties of the material with an increase of temperature. During
the transition two correlated mechanisms occurred: a crystallographic structure change or
[structure phase transition (SPT)] from a monoclinic (M7) structure at low temperatures
(T < Tp) to a rutile tetragonal (R) structure at high temperatures (T > T7p) [82, 83]; and
an electrical transition from high resistance to low resistance also known as the insulator to
metal transition (IMT) [81, 19].

VO is the only stable state of the vanadium oxides with a (77) near room temperature,
where V5O13 [84] and V503 [85] have a Trp of -123°C; and V2Os [86] has a T of 280 °C. The
T of the VO9 can be shifted to different temperatures by inducing defects in the VO9 lattice
either by substituting vanadium ions (V5Jr for V4+), or by adding impurities in the systems
such as, W, F, Ti, Cr, among others [87, 88, 89, 90, 91]. The VOs transition can also be
induced by different mechanism including: ultra-fast optical radiation [92], electric-field [93],
temperature [81], pressure [94] and extrinsic stress [95, 96, 97]. The method to induce the
transition on the proposed devices is by increasing the temperature using Joule heating. The
resistance heater are integrated into the device making the device compact and monolithic.

Over the years various methods have been developed for the deposition VO9 thin films
such as: chemical vapor deposition (CVP) [98, 99], sol-gel synthesis [100, 101, 102][103],
atomic layer deposition (ALD) [103, 104] and physical vapor deposition (PVD) including
pulsed laser deposition (PLD)[103, 105, 106, 107], and sputtering [108, 109]. This work
used the PLD technique to deposit the VO9 thin films on the proposed MEMS mirror.
The used of amorphous glass, silicon, quartz, and sapphire (in any crystal orientation) as a

substrate, produce highly oriented VOg films with the monoclinic (011),; planes parallel to
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the substrate surface [24].

During the transition of VOg between the two different states (M and R) the optical
20, 110], electrical [82] and mechanical [21, 111] properties change drastically, this has
been used to create different applications such as: variable optical attenuators (VOA) [112],
mechanical memories [17], controlled resistances [113], actuators [21, 22, 23, 25, 26, 27, 15,

17, 28, 29, 1, 16, 30], resonators [24] and re-configurable antennas [114].

2.2.1 IMT and SPT

Although it is known that two correlated mechanisms occurred during the VO transition
(SPT and IMT), the reason is still cause for debate in the VOg research community. In [115],
the physics behavior of the VO9 transition is described as a Mott-Peierls transition. In the
tetragonal (R) configuration of VOg, each of the vanadium (V) atoms are surrounded by an
octahedron configuration of oxygen (O) atoms. In this configuration the ionic charges of the
V are placed in the d energy level, then divided into higher e, and lower to, states [12]. The
latter is then divided between the d” states along the ¢ axis and 7* states, which are located
near the Fermi energy level, causing the low resistance at high temperatures. In the low
temperature state (My), the V atoms moves in a zigzag-type configuration increasing the
energy of the 7* band. At the same time pairs of V atoms are created within the vanadium
chain parallel to the rutile ¢ axis, this splits the dH band into filled bonding and empty
antibonding states. As a result, a band gap of 0.7 eV is created, which explains the insulator
or high resistance phase of the VOs. This behavior can be seen in Figure 2.14.

The SPT (see Figure 2.15), responsible for the change in the mechanical properties of
the VOg, occurred after the IMT, since it needs more energy to change the structure from
M;j to R [83]. During the SPT from M; to R, the cp axis lattice decreases by ~1% while
the ap and bp increase by ~0.6 % and ~0.1%, respectively [12]. VOgo deposited by PLD
technique, has the ¢ axis parallel to the substrates of Si and SiO9 [22]. The reduction of the

area of in the ¢ axis generates a stress on the substrate that has been used as an actuation
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™ *

Figure 2.14 Band diagrams of VOg at different temperatures [12].

mechanism for micro cantilevers [14, 83]. Also during this process the young modulus of
the VO9 has a change from 156+7.5 GPa for M and an estimated of 110 GPa for the R
phase[26].

(c)

Figure 2.15 VOg structural change across the transition [13].
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2.2.2 Vanadium Dioxide actuators

Due to the fact that the Tp of VOg is so close to room temperature (~ 68 °C), VOg has
been increasingly studied as a mechanism for actuation for MEMS devices [21, 22, 23, 24,
25, 26, 27, 15, 17, 28, 29, 1, 16, 30]. The Ty is significantly lower than the temperature
used in electrothermal actuators. This translates into much lower power consumption for
full actuation of VOg-based actuators, when compared to actuators that rely on thermal

expansion difference mechanisms.

Cantilever length: 350 um

Figure 2.16 First MEMS actuated with VO» thin films due to the structural change across
the transition [14].

The first publication to use VO9 as a micro-mechanical actuator was able to measure a

1 on a bimorph cantilever composed of polycrystalline

maximum curvature change of 2000 m™
VO, film deposited on single crystal Si (SCS), as shown inFigure 2.16 [14]. A single-crystal
VO9 (oriented in the cp axis) microcantilevers coated with chromium (Cr) was studied

in [22], where the cantilever was able to have a curvature change across the transition of

25



around 20000 m~! K~1 with a curvature rate change of 4000 m~! K—1. In a different study
a polycrystalline VOg deposited by PLD, and coated with Cr was able to have curvature
change of around 22000 m~! with a cut-off frequency of around 6 kHz, where the samples
are free of fatigue and deterioration [27]. The strain and stress changes generated by the
VOs films across the transition were up to -0.32% and -510 MPa,respectively. Furthermore,
a comparative study was made between different actuation mechanisms comparing the strain
energy density of each, where the VO9 based microactuators had one of the highest strain

energy densities with an energy density of 8.1 x 10° Jm™3 as shown in Figure 2.17 [15].
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Figure 2.17 Comparison of strain energy density between different actuation mechanics (VOg
in green) [15].
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Since the VO9 has hysteretic behavior, many studies have focused on the compensation
of such phenomenon with different control algorithms. For example, to be able to capture
the non-monotonic hysteresis behavior of the VO9 deflection, a combination of a mono-
tonic Preisach hysteresis operator and a quadratic operator was designed, where the largest
tracking error and root-mean-square error were around 10% [28]. More over, an extended
generalized Prandtl-Ishlinskii model was designed to model the VOg9 deflection, where a
nonlinear memory-less function was introduced improving its modeling capability [116]. Re-
cently, it has been shown that by incorporating singlewall carbon nanotubes (SWNT) in
the VOg based cantilevers, it can increase the effectiveness to absorb light and reduce the
photo-thermal energy required for actuation [16], while increasing the speed and responsivity

of the device for photothermal actuation (see Figure 2.18).

(@) (b)

Vo, . VO, cantilever

s SWNT/VO, cantilever

SiO, and VO, deposition ~ SWNT thin film transfer

V02 VOZ

SWNTs SWNTs

=

Sio,

Release Patterning

Figure 2.18 Integration of VO9 with carbon nanotubes to increase the speed and responsivity
of the device for photothermal actuation [16].

The VOg can also be used to create mechanical memories [17], where multiples mechanical
state can be programmed using electrical (shown in Figure 2.19) [17] or optical [23] pulses.

This is ideal for the development of MEMS mirrors because it will allow for the programing
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mechanical states of each individual actuator of the MEMS mirror, e.g. programming tilt

angles.
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Figure 2.19 VOy-based MEMS actuator programmed with input pulses [17].

2.3 Summary

In this chapter an extensive study in MEMS mirrors with the most common actuation
methods was presented. A TTP design mirror was studied, which it can generate 2D images
with the capability to change the elevation of the mirror. The actuation methods such
as: electrostatic, electromagnetic, piezoelectric and electrothermal, are discussed with their
advantages and disadvantages. Furthermore, VO9 background was also presented from the

transition mechanism (SPT and IMT) to applications as an actuation mechanism in MEMS
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structure.
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CHAPTER 3

DESIGN AND FABRICATION OF VO2-BASED MEMS MIRROR

The design of the VOg9-based MEMS mirror is based on an electro-thermal TTP MEMS
mirror presented in [10, 80, 11], where the electrothermal actuation mechanism is based on
the difference in TEC of materials in the bimorph regions. In the present work, the actu-
ation mechanism can still be considered electrothermal in that it uses an electro-thermal
process. However, instead of relying on thermal expansion differences between the thin
films composing the bimorph regions, mechanical actuation is mainly due to the thermally-
induced solid-solid phase transition of a smart material coating (VO2). Before and after
the transition of VO, the dominant actuation mechanism is the difference of TEC between
the layer, while stress levels induced during the phase-change of VO9 dominate during the
transition. The integration of VO9 with the MEMS mirror technology decreases the tem-
perature required in the conventional electrothermal mechanism, from 300 °C to 90 °C for
full actuation, which lowers the total power consumed by the device. Another advantage of
using VO9 as the actuation mechanism is the large strain energy density generated during
the transition, with values higher than conventional actuation mechanisms such as thermal
expansion, electrostatic, electromagnetic, and piezoelectric [15]. Furthermore, the intrin-
sic hysteretic behavior of VOg properties (including the mechanical stress that generates
deflection in VOg-based MEMS [14, 1]) across the phase transition has been exploited to
design programmable MEMS actuators [17] and resonators [24], and can be used as well to
program tilting angles in MEMS mirrors. However, all these advantages come at the cost
of added nonlinear effects that make the modeling more complicated than other actuation
mechanisms. The proposed device is shown in Figure 3.1, and the details of the mirror

design are presented in Chapter 2.
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Figure 3.1 SEM image of the first generation VOg-based MEMS mirror with side view and
top view.
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3.1 VOs-based MEMS Mirror design

To be able to integrate VOg thin films as the actuation mechanism to the TTP MEMS
mirror from [10], a finite element method (FEM) model is created in COMSOL Multiphysics.
The FEM simulations are used to see the effect of VOg on the structure and optimize the
displacement in the structure by varying lengths of the frame (L) and biomorph (I) (see
Figure 3.2). The material properties used to run the simulation are summarized in Table
3.1 from [1]. To recreate the effect of the VOg thin films in the FEM model two simulations
are run: the first is used to determine the stress induced by the VO thin film after the
transition; and the second simulation is performed to obtain the maximum displacement of
the mirror. For the second simulation the stress value obtained from the first simulation is

applied as the input to estimate the deflection of the desired mirror with different dimensions.

Table 3.1 Properties used in the FEM simulation for VOs.

Young’s Modulus (GPA) 140

Poissons’s Ratio 0.33
Density (kgm™3) 4670
Stress (GPa) 1
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Bimorph

Frame

Figure 3.2 Mechanical leg with the frame (blue) and bimorph (red) length.

In the first simulation, experimental results are compared with simulation results to find
the stress value after the transition of the VOg. This stress value is directly related with
the maximum displacement of the device. Experimental results are obtain by measuring
the deflection of a VO9 covered cantilever while the VOg is actuated by the electrothermal
mechanisms described in [30]. The simulation model had same geometry of the experimental
cantilever including the VO layer. An external increasing stress is applied in the FEM
simulation as the input until the same deflection as the experimental result is reached,
resulting in a rough estimation of the stress value after the transition of the VOg: ~ 1 GPa.
A second simulation is run using the geometry of the desired TTP Mirror and applying the
stress value obtained in the first simulation as the input (see Figure 3.3). The values of [
and L are varied to maximize the displacement in the vertical direction. The resulting values

used to design the mirror are shown in Table 3.2.
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Figure 3.3 FEM Simulation using COMSOL Multiphysics where all the mechanical legs are
excited for a piston-like movement.

Table 3.2 FEM simulation results used to fabricate the VOo-based MEMS mirror

Thickness Width Bimorph [ Frame L Elevation

(pm) (pm) (m) (pm) (pm)
40 49 100 200 94
40 62 150 300 174
40 62 150 500 316
40 62 200 400 315
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3.2 VO; Deposition

The VO3 thin films are deposited by PLD. The PLD system schematic is shown in Figure
3.4. The sample is mounted on a 2-inch wafer holder, then placed inside the vacuum chamber
and aligned in front of the vanadium target. A very low power laser (a typical red laser

pointer) is used to align the setup before starting the deposition.

Background Pressure:
8x 10 Torr
Pressure

Pressure: 15 mTorr
Controller

Mass Flow

Mechanical
Pump 0,
Chamber
Vanadium

D Target

I %
Frequency: 10Hz | Sample
Power: 352 mJ

Temperature : 595°C

Figure 3.4 PLD schematic with deposition conditions for VO thin films.

To start the deposition process, the vacuum chamber is taken to a background pressure
of 8x10~%Torr eliminating any gas impurities that could affect the VOg deposition. This is
done by turning on the mechanical and then the turbo pump leaving the control valve open.
At the same time the gas lines are “cleaned” from gas impurities by closing the gas tanks
and opening the control valve of each gas line. To verify the pressure of the chamber, an ion
gauge inside the chamber is used. Once the pressure is measured, the gauge is turned off to
reduce any damage to it and increase its lifetime. A heater in close proximity to the back of

the sample is set to 595 °C, which increased the temperature of the sample to an estimated
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470°C. The estimation are based on calibration curves. Once the temperature is set, the
sample is rotated at a constant speed for an even distribution of heat. Rotation could not
be performed before the temperature is set, due to the thermal expansion of the metal gears
that rotate the sample’s holders.

A flow of oxygen of 20 standard cubic centimeters per minute (sccm) is used to create
the ambient conditions for the VOg deposition. The pressure inside the chamber is regulated
using a control valve and maintained at 15 mTorr. A krypton fluoride (krF) excimer laser is
operated to provide a train of pulses with frequency of 10 Hz and energy of approximately
350 mJ with a fluence of ~2 Jem™2. The laser ablated a metallic vanadium target inside
the chamber for a total of 25 minutes. Upon completion of the deposition time, the laser
is turned off and the sample went through a 30 minute annealing process under the same
environmental conditions. This annealing step is found to improve the crystallinity of the
VOg thin films. Afterward, the heater is turned off and once the heater temperature reached
200 °C the vacuum in the chamber is broken. After the sample cooled-down, it is taken out
of the chamber.

The electrical properties of the VO9 thin film can be used to characterize the quality of
the VO9, by measuring the resistance across the phase transition. The resistance of the VOgq
is measured through a temperature sweep from room temperature (30 °C) to 110 °C shown

in Figure 3.5.

3.3 Fabrication

VO3 thin films are not compatible with most standard microfabrication processes such as
complementary metal-oxide semiconductor (CMOS) process. The CMOS process requires
the use of very high temperature for different process such as SiO9 deposition and ion diffu-
sion. A high processing temperature will affect VO9 thin films due to either film oxidation

(i.e. change in materials stoichiometry) or possible diffusion of atoms from layers in contact
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Figure 3.5 Resistance measurement of VO9 film deposited over SiO9 on a 2-inch wafer per-
formed right after the VOo deposition by PLD.

with VOg. Furthermore, CMOS devices that include aluminum as interconnect metals are
sensitive to high processing temperatures. For example, a typical 0.25 pm CMOS technology
cannot exceed temperatures higher than 475 °C for 30 minutes [117]; VO9 films are deposited
at a temperatures of ~ 470 °C for 25 minutes and immediately followed by a 30 minutes an-
nealing step. The material thin films also degrade rapidly when exposed to most etchants
used in standard silicon MEMS processing, including some bases, such as concentrated AZ
developers. This is why in the previously reported VOg-based MEMS actuators, the deposi-
tion of the VO9 film is done as the last step in the fabrication process [15, 30, 17, 24, 1, 29].

Although this approach can be done for relatively simple MEMS devices, it does not represent
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a viable solution for rather complicated structures, such as MEMS mirrors.

Integrating VO9 thin films at an early stage of a fabrication process requires the design
of a fabrication process that does not involve high temperatures after the VO» is deposited;
characterization studies of VO thin films in the presence of unavoidable chemicals during
lithography (e.g. photoresists and developers); and additional steps that protect the film
during necessary wet-etching steps. From preliminary experiments, it is found that after VO
thin films are brought to room temperature after the annealing step (VOg deposition process
as explained in the previous section), they begin to degrade when exposed to temperatures
above 275 °C in oxygen environment. It is also found that diluted developer solutions (i.e.
5:1 ; HoO:Microposit 351) could be used to pattern photoresist layers on VOsg; and that
any photoresist from the Microposit S1800 family and MicroChem SF-11 PMGI photoresist
(with soft-baking of only 250 °C) will not attack VOg thin films.

The chip design included a device that allowed for measuring the resistance of the VOo
thin film after the fabrication process is complete (see Figure 3.7). Figure 3.5 shows the
resistance drop of the VOg9 thin film right after the film is deposited, and Figure 3.6b after
the fabrication process is completed. It can be noticed that both resistance drops show the
characteristic drop in resistance (at similar temperature regions) and hysteretic behavior for
a heating-cooling cycle across the phase transition of the material, which suggests that the
composition of the VO9 and its stoichiometry is not significantly affected during the process.
The difference in the resistance values before and after the transition is most likely due to
the fact that the resistance drop shown in Figure 3.5 is measured on a continuous VO» film,
whereas Figure 3.6 is measured on a patterned VO patch (700 pm wide and 2.55 mm long)
through the metal traces on the device ( see Figure 3.6a).

The fabrication process flow diagram for the VOg-based MEMS mirror is presented in
Figure 3.8. A double-sided polished silicon wafer (2 inches in diameter and 300 pm thick) is
used as a starting substrate which is needed to improve the backside processes. First, a 1 pm

thick of SiOs9 layer is deposited by Plasma Enhanced Chemical Vapor Deposition (PECVD)
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Figure 3.6 Resistance measurement of VO9 film patch measured at the testing device in the
chip after fabrication.

at 300 °C on both sides of the substrate. The SiO9 layer is needed on one side (front side) for
electrical insulation from the substrate and for growing polycrystalline strongly oriented VOg
with the monoclinic (011),; planes parallel to the substrate surface [24], this will improve
maximum mechanical actuation across the phase transition [17]. The SiO9 on the back side
of the wafer is used as a hard mask for the back side Si wafer etch. The next step is the
deposition of the VOg film (250 nm thick), which is done by pulsed laser deposition. The
VOq film is patterned using S1813 as a mask, and Reactive Ion Etching (RIE). Table 3.3
shows the conditions used in the deposition and patterning of the VOo. A 50 nm SiO9 layer

is then deposited to electrically isolate the patterned VOgo and the resistive heaters (metal
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Figure 3.7 Masks layers used for the fabrication of the VOg-based MEMS mirror with 3
mirror devices and 3 testing devices including a VOq patch.

traces). This 50 nm SiO9 layer is deposited at 250 °C by PECVD, and in two consecutive
steps (25 nm each deposition) to reduce voids in the film. It should be mentioned that the
width of the VOg thin film is 2 pm smaller than the width of the bimorph lines. This is done

to guarantee sidewall-protection of the VOg film by the SiOg layer (see step g of Figure
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3.8).

Table 3.3 Conditions for RIE and deposition of VOq

VO2 RIE Etching

He 20
Gas Flow (sccm) Ar 50

SFg 50
Power (W) 350
Pressure (mTorr) 20
VO3 Deposition Conditions
Gas Flow (sccm) Oo 20
Temperature (°C) 470
Distance between sample and target (inches) 2
Pressure (mTorr) 15
Laser
Energy (mJ) 350
Frequency (Hz) 10
Deposition Time (min) 25

The next step is the deposition and patterning of the metal traces, which is done
by using lift-off technique. The metal traces are made of Titanium (Ti)/Platinum (Pt)
(20nm/110nm), where the Ti layer is used for adhesion purposes. To avoid any problems
during the lift-off process, the humidity in the cleanroom need to be lower than 40% (see
Figure 3.9). The width of the metal traces on the frames of the legs are 24 ym with a
separation of 6 pm between the traces. In the bimorph region, the metal lines consisted of
two pairs of metal traces separated by 8 pm between the traces and 10 pm between the pair
of traces. The width of each metal trace in the bimorph region is 6 pm (see the inset of
Figure 3.10).

After the metallization, another SiOy layer (150 nm) is deposited at 250 °C to insulate the
metal traces from the ambient (air); the deposition is divided into three steps of 50 nm each.
This 150 nm SiO9 layer is then patterned using dry etching to expose the metal contact pads
and mirror platform. Another SiO9 etch (1pm) is performed to expose the silicon wafer for

the release of the structure. The backside of SiO9 is subsequently patterned by RIE (1 pm)
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Figure 3.8 Fabrication Process flow. a) PECVD of SiOs ,b) VO deposition by PLD, c)
PECVD of SiO9 d) Metallization lift-off Ti/Pt, ¢) PECVD of SiO9 ,f) opening to the metal
contact pads (SiO2 etch by RIE), g) SiOg etch by RIE, h) backside etch of SiO9 by RIE, i)
backside etch of Si (DRIE), j) SiOg etch by RIE, and k) Si isotropic etch (XeFsq).

and used as a hard mask for the Deep Reactive Ion Etch (DRIE) on the silicon. During
the backside etch, the top part of the wafer is protected with a double layer of PMGA
(polymethylglutarimide) SF11. The PMGA SF11 is removed by submerging the sample in
photoresist remover (Microposit Remover 1165) at 90 °C. The backside DRIE is timed to
etch 250 pm of the silicon substrate, leaving approximately 50 pm of substrate, which is the
thickness of the frame and platform in the final device. A second DRIE step is carried out on
the top side of the wafer in order to complete etching through the wafer, leaving the entire
MEMS mirror device suspended with a thickness of approximately 50 pm from the silicon

substrate. Finally, to remove the 50 pm silicon under the bimorph sections, an isotropic Si

etch is used (XeFy gas). An experimental study is performed to time the gas etched, where
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Magnification: 5 x

Magnification: 20 x

Figure 3.9 Metallization where the humidity of the cleanroom was higher than 40%.

10 samples are etch with different process times for each one. The results are shown in Table
3.4, where the minimum time needed to remove the Si from beneath the bimorph is 120

s. The isotropic etch is timed to release the bimorph part of the legs, while not affecting
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significantly the silicon under the frame and platform sections of the MEMS mirror. The

different sections of the final device are labeled in Figure 3.10.
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Figure 3.10 (left) SEM image of the first generation VOo-based MEMS mirror where the
bimorph are colored on each leg, (right) Top view of a schematic of the device (gray color
represents the metal layer) with the following dimensions : a) 600 pm (platform), b) 62 pm
(leg width), ¢) 300pm (bimorph), d) 150 pm (bimorph) and e) 360 pm (frame).
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Table 3.4 Results from the XeF9 gas etch study.

Sample Number Time (s) Bimorph Release?

1 20 no
2 40 no
3 60 no
4 80 no
5 100 no (almost)
6 120 yes
7 140 yes

3.3.1 Optimization of the fabrication process to increase the yield

There are different routes that could be used to fabricated the VOo-based MEMS mirrors
by changing the order of the fabrication steps. To determine the best route of fabrication
with the highest yield, two versions of the mirror are fabricated. The first version of the
VOs-base MEMS mirror chip had four mirror devices with the same geometry selected from
the simulation that are shown in Table 3.2 and the design is shown in Figure 3.11.

Due to various problems in the fabrication process, the first version of the VOo based
MEMS mirrors did not produce a measurable device. The second version design is improved
from the failures of the first design. One example of this are the testing devices added to
the chip; where the resistance of the VO9 film could be measured at any time during the
fabrication and the addition of two cantilevers, with a bimoprh and a frame with different
lengths, to test the mechanical displacement of the VOo. The difficulties encountered during
the fabrication of the first version of the device are addressed and are presented here. The
improvements implemented in the second version resulted in fully functional devices.

On the first version of the VOg-based MEMS mirrors, a single side polished wafer is
used, this created a non-uniform backside DRIE, as shown in Figure 3.12. This is resolved
by changing the substrate to a double side polished wafer. Both versions shared the same

fabrication process steps but in a different order. Omne example of this is the backside
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Figure 3.11 Masks layers used for the fabrication of the first version of VOo-based MEMS
mirror with 4 mirror devices.

deposition and patterning, where in the first version it is done after all the top patterning is
done. To protect the top side of the wafer during the deposition of the SiO9 at the backside
of the wafer, a dummy wafer is placed on top of the processed wafer with PMGI: SF11.
The PMGI is spun and soft baked before the dummy wafer is placed. After the deposition

of SiOg is performed, the wafers are separated with hot (90 °C) 1165 solvent. Again to
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Figure 3.12 Non-uniform Si DRIE etch due to the used of one side polished wafer.
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protect the top side of the processed wafer during the patterning of the backside, the top
side is coated with PMGI: SF11 and clean with hot 1165 solvent after the SiO9 etch. For
the second device, the SiO9 of both side of the wafer are deposited at the beginning of the
process — this simplified the process.

Similar to previous VOg-based MEMS devices fabricated in our lab [15, 30, 17, 24, 1, 29],
the first version had the metal layer beneath the VO9 film. The metals layers used on these
device needed to sustain the high temperature used in the deposition of VOg9 film, for this
reason Ti/Pt are chosen as the metal layer. This made the VO9 film vulnerable to the DRIE
and XeF9 processes, in which the material would be attacked. An example of this is shown
in Figure 3.13 where exposed VO9 is etch after the XeF9 process. Even though the VOq is
protected with photoresist and a layer of SiO9 the VO9 is etched away. During the topside Si
etch by DRIE, the photoresist and the SiO9 layer are removed from the samples leaving the
VO3 exposed for the XeFg etch. The problem is addressed by moving the VO9 layer beneath
the metal and reducing the top side Si etch (by DRIE); since the SiO9 and the metal layer

protected the VO9 layer from being etched.
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Figure 3.13 Example of VOs film being attacked by the isotropic Si etch (the XeFo process).

However, this created a different problem, as shown in Figure 3.14. The metal layer
adhesion is affected and the metal is peeling off from the areas that had VOg, reducing the
final yield of the devices to 12.5%. One possible explanation for this can be the intrinsic

stress of the evaporated Ti/Pt metal layer on SiO9, which could be as high as 340 MPa

50



(compressive stress) [118, 119]. In order to address the issue a second generation of devices
are fabricated where the Ti/Pt layer is substituted with evaporated Chromium (Cr) / Gold
(Au), which has lower intrinsic stress (250 MPa tensile stress)[120, 121]. This increased the
yield to 75%.

Another problem observed during the first version was the “grass effect”, as shown in
Figure 3.15, that came from the metal of the platform being sputtered during the DRIE top
Si etch. The desired thickness of the frame was 50 pm, this was determined by the depth of
the backside Si etch. The purpose of the top DRIE was to pattern and release the structure.
To ensure the release of the device an over-etch of about 25 pm was performed on the top
side, by increasing the time of the etch by 50%. This over-etching caused the sputtering
of the metal layer and created the “grass effect”, and affected the VO layer (as previously
mentioned). To avoid this in the second version, the frame thickness range from 25 - 50 pm
(depending on the thickness of the wafer) and the over-etch was performed on the bottom

side of the device, thus eliminating the “grass effect”’.

3.4 Summary

In this chapter, the design and fabrication of the first VO9-based MEMS mirror is presented,
including the challenges and the optimization of the fabrication process. Furthermore, the
studies included in this work are key for future device improvements and further development
of this MEMS mirror actuation technology. Two generations of the device were successfully
fabricated. The first generation used Ti/Pt as the metal layer, with a yield of 12.5%, while

the second generation used Cr/Au as the metal layer with an increased yield of 75%.
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Figure 3.14 Peel-off of the metal (Ti/Pt) layer over the VOs layer.
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100 pm

Figure 3.15 “Grass effect” observed after the Si etch of the topside by DRIE.
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CHAPTER 4

CHARACTERIZATION OF THE FIRST GENERATION VO32-BASED
MEMS MIRROR

The first generation of VOg-based MEMS mirror (as shown in Figure3.10) is characterized
for tilting angle and piston like movement. The tilting angle is generated by individual
actuation of the legs and piston like actuation is generated with a synchronous input sine
wave to all of the legs. The experimental setup is shown in Figure 4.1. A commercially
available digital camera (Nikon 1 J1) in combination with an objective lens (10X Mitutoyo
Plan Apo Infinity Corrected Long WD Objective lens) is used to grab videos of the mirror’s
displacement. The camera is used with two different speeds: 29.97 and 1200 frames per
second. The resolution of the recorded videos is dependent of the camera speed and the
alignment between the optical lens, MEMS mirror and camera, with a resolution of 0.7574
nm/pixel for a speed of 29.97 frame/second and 5 pm/pixel for a speed of 1200 frames per
second. Tracker Video Analysis and Modeling software tool (Version 4.91, Douglas Brown,
physlet.org/tracker) is used to analyze these images and videos.

The device chip is wired bonded to a rectangular IC package and soldered to a PCB
board creating the electrical connections between the metal contacts and the data acquisition
system (DAQ). All the input and output is generated and read by a DAQ from National
Instrument controlled through Labview. To be able to generate the current needed for
each actuator, the electrical connection of each actuator is connected to a common collector
circuit with the output of the DAQ being connected to the base of the BJT NPN transistor
(2n3904), as shown in Figure 4.2. A resistance (R1) in series between the transistor and
the actuator is used to limit the maximum current that passes through each actuator, thus
eliminating any possible damage to the device.

In order to automate the displacement measurements, an infra-red (IR) laser (A = 985
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Figure 4.1 Measurement setup used for characterization of VOo MEMS mirror [18].

nm) and a 1-D position sensing detector (PSD) are used to track the movement of the MEMS
mirror platform due to the actuation of each leg (see Figure 4.1). The PSD sensor had a
voltage output which is connected to the DAQ. The laser is aligned and focused at the center
of the platform of the mirror using a top view camera and had a power of 2.9 mW. To relate
the output voltage to a real physical value, a video recording of the experimental actuation
is analyzed using the Tracker Software. Afterward, both measurements are compared with
the maximum and minimum displacements of the platform; i.e., Tracker software is used to

calibrate the displacements measured by the PSD.

4.1 Results and Discussion

Different experiments are performed to characterize the performance of the presented MEMS

mirror. The characterization included individual displacement of each leg (mirror tilting
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Figure 4.2 Circuit used to control the current across of an actuator. V1 and V2 are voltage
measured with the DAQ, where V1 is used to calculated the current. R1 is a known resistance
used to limit the maximum current that goes through the electrical connection of the actuator
and Rjeqter 1S the resistance measure between the actuator and the metal traces.

angle), piston motion displacement and power consumption measurement.

4.1.1 Displacement and tilting angle measurements

First, the displacement of the platform generated by the actuation of individual legs is
measured using the IR laser and PSD (with calibration from Tracker software), with a voltage
input to the resistive heaters that followed a sine wave: V' = 0.72sin(27 ft) 4+ 0.85, where f is
frequency (1 Hz), t is time, and 0.85 V represents an added offset voltage. The input signal
is chosen to have the complete hysteresis loop with minimal distortion due to the frequency
[29]. Figure 4.3 shows the displacement of the platform sides due to their corresponding leg.

Every leg shows that the bending is in opposite directions for regions outside and inside the
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phase transition and this behavior is consistent with that of previously reported VOo-based
MEMS actuators. Furthermore, the hysteresis observed across the phase transition is not
expected in systems where the dominant actuation mechanism is the difference in TEC of
two materials.

The tilting angle is calculated from the measurement of the displacement of each platform

side for the actuation of the corresponding leg, using the following equation:

—1 (h1 —h9)

g , (4.1)

f = sin

where hj is the displacement of the platform side, ho is the displacement at the opposite side
of the actuating leg (assumed to be 0 pum for no actuation), and d is the separation distance
between hi and ho, in this case the length of the platform mirror (600 pm) (see Figure 3.10).

Another observation from Figure 4.3 is that, although all the legs show similar displace-
ment curves, their maximum/minimum displacement values are not the same, and they do
not occur at the same voltage input. There are multiple possible reasons for this, but it has
been verified that the most likely cause is related to the high sensitivity of VOs-based actua-
tors and the different temperature distributions in the heaters of each leg for the same current
input. The hysteresis in the VOg film used for the present VOg-based MEMS mirror spans
only about 10°C (see Figure 3.6). Using the maximum vertical displacement measured,
sensitivity can be estimated to be approximately 7 pm °C~1L, or 169.95um V1. Given this
sensitivity (which is significantly higher than that obtained with bimorph actuation [11]),
any small difference between the structures of each leg (e.g., differences in structural thermal
mass -due to underetching during release, or resistance of heaters -due to misalignment or
lift-off process-) will result in different deflections for each leg for the same voltage input. To
verify this hypothesis, the resistance of each heater is measured as a function of voltage. The
result is shown in Figure 4.4, which shows the differences in resistance change with the same
voltage input for the four heaters in each leg. The offset values between resistances are due

to the different length of the metal traces between the legs. As the temperature increases
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occurs

in the legs, the change in resistance between the legs should have the same behavior, given

that the heating component of the legs are the same as shown in Figure 3.7. It should be

noted that Leg 4 does not follow the same behavior as the other legs (see Figure 4.4). This

could mean that the metallization for this leg is of poor quality. During the fabrication of

the device, delamination of the metal traces is observed on these devices (see Chapter 3).

This observation suggests that the responses of each leg could be synchronized by improving

the quality of the metallization on the legs and ensuring the same current goes through all

the legs.

To measure the total displacement of the VOo-based MEMS mirror, all the mirror legs are
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Figure 4.4 Resistance of each heater traces as a function of voltage [18].

actuated at the same time, creating a piston movement. Just like for the actuation of individ-
ual legs, the input for the piston movement is an oscillating voltage, V' = 0.83 sin(27 ft)+0.9.
This movement could not be measured using the 1-D PSD, since the reflected beam from the
mirror platform did not follow a straight line; a voltage input value did not generate the same
deflection in all mirror legs. Thus, the measurements for the piston movement had to be
made using only the digital camera and the tracking software, and could not be automated.
Figure 4.5 shows the vertical deflection of the mirror under piston movement. The largest
vertical displacement is 75 pm, and it occurs when the voltage input to each legis 1.1 V and
within a change of input voltage of only 0.38 V. The correspondence between the voltage

input and the mirror displacement is done by pairing the maximum of the voltage sine wave
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with the minimum in the mirror displacement after the phase transition is complete. This
point occurs at approximately 1.25 s.

The difference in the input voltage needed to reach the maximum deflection between
the individual (1.3-1.4V) and piston (1.1V) actuation can be caused by the difference in
the extrinsic stress in the VOg thin films during actuation between both experiments. It
is known that extrinsic stress can change the transition temperature of VOg [95, 96, 97].
During individual actuation, the lack of displacement from the other legs will restrain the
movement of the actuated leg. Thus, when only one leg is actuated the net effect is an added
stress to the VO9 thin film. This added stress is lower when all the legs are actuated; notice
that the larger maximum deflection measured for the piston movement (75pm, shown in
Figure 4.5) is larger than that obtained for individual actuation (ranging from 37 to 47 pm,
shown in Figure 4.3). The non-monotonic behavior of each individual leg is reflected in the
displacement curve for the piston actuation. Although the mirror platform is not expected
to remain parallel during actuation since each leg does not show the same deflection for a

given voltage input, this difference is not noticeable in the obtained videos.

4.1.2 Power Consumption

The maximum power consumption of the present VOs-based device is calculated for the
actuation of each individual leg across the entire phase transition, using the applied voltages
shown in Figure 4.3, and the heater resistances shown in Figure 4.4. The average maxi-
mum power consumption of between the individual leg is 6.53 mW. The maximum power
consumption for each leg is also estimated for actuation due to the phase transition only
(i.e. from lowest deflection to largest deflections in the heating curves). The results are
shown in Table 4.1, which also include the power consumption for piston--like actuation (i.e.

actuation of the 4 MEMS mirror actuators).
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Figure 4.5 Piston movement displacement (red), by actuating all the legs with the same

input voltage (blue) [18].

Table 4.1 Maximum Power Consumption for individual actuators for different input range.

Input Range

Maximum Power Consumption (mW)
Individual Actuation (Leg) Piston Actuation

1 2 3 4
0-1.7V 7.56 6.44 6.00 6.11 26.11
Across the phase transition 3.85 3.30 2.47 3.37 12.99

4.2 Summary

A MEMS mirror actuated by the phase change in VO9 has been demonstrated for the first

time. The deflection of

the VOg -based MEMS mirror shows non-monotonic hysteretic
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behavior, characteristic of the mechanical actuation in MEMS induced by the solid--solid
phase transition of VOg. The device performance shows maximum vertical displacements
and tilting angles of approximately 75pm and 5.5°, respectively. The devices maximum
displacement occurs within a change in voltage of only 0.38 V. Furthermore, the device have a

high sensitivity across the transition for each actuator with estimated values of approximately

7pm °CL, or 169.95 pm VL
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CHAPTER 5

CHARACTERIZATION & MODELING OF THE SECOND GENERATION
VO2-BASED MEMS MIRROR

The modeling of MEMS mirror is a necessity to better understand the behavior of the
devices. Furthermore, the modeling enables the use of closed-loop control algorithm to
precisely manipulate the movement of the device. A general dynamic equation (second-
order differential equation) in terms of summation of torques has been used to describe
the dynamic behavior of different MEMS mirrors [122, 123, 68]. The parameters of the
equation are dependent on the mechanical structure and the actuation mechanism of the
device. Different approaches have been employed to determine these values. In [122], an
electrostatic MEMS mirror with sidewall and bottom electrode is characterized and modeled
by deriving the theoretical model based on the mechanical properties of the device and the
electrostatics forces. Similarly, an electromagnetic MEMS mirror with magnetic thin film
is modeled in [123], where the external torque depends on the Lorentz forces between two
magnetic fields from a bottom coil and the magnetic thin film. Another approach is presented
in [68], where the parameters of the model for an electrothermal MEMS mirror are calculated
from experimental results.

Different modeling methods have been proposed for the nonlinear behavior (hysteresis)
of the VOg-based MEMS devices. Nonlinear mathematical models such as the Prandtl-
Ishlinskii model [124] and the Preisach model [28] have been adopted to capture and es-
timate the hysteresis behaviors. Unlike the identification of the Prandtl-Ishlinskii model,
which requires solving a nonlinear optimization problem, the Preisach model identification
problem can be reformulated as a linear least-squares problem and solved efficiently [28]. The
Preisach model is thus adopted in this work. In order to control the systems with hysteresis,

feedforward control can be realized by inverting the hysteresis nonlinearity [28], feedback
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control can be implemented as well, where the feedback signal can be obtained based on
external sensors or with self-sensing methods [125]. In self-sensing, the correlation between
the electrical and mechanical properties across the transition is utilized [30].

A mathematical model that describes the movement of a VOs-based MEMS mirror based
on the characterization of the device is presented. The modeling is focused on one of the
four actuators of the device. First, the mechanical model of the system is derived, where the
nonlinear behavior of the VO9 is incorporated in the model as an external force applied to
the system. A Preisach model is used to capture the hysteresis behavior of the VOo. The
parameters for the whole model are identified using simulation and experimental results.
Finally, the hysteresis model is validated with a different set of experimental results including
quasi-static and dynamic responses. The proposed model can be translated to other actuators

of the MEMS mirror, and this work facilitates the control of the device.

5.1 Modeling

The device is characterized by actuating only one of the four actuators and measuring the
tilting angle produced by the movement. Due to the symmetry of the device, the charac-
terization of one leg can then be used to describe all the other actuators and derive the
model for the entire device. The connection of each mirror leg to the mirror (as shown in
Figure 5.1) is not symmetrical along a perpendicular axis crossing the platform’s center,
creating a 2-D motion. The 2D displacement comes as the result of not having identical
contact areas for all the actuators symmetrical with respect to the center of the platform.
This movement is captured by the 2D-PSD, and separated into two components: (i) pitch -
rotation of the platform along the “Pitch Axis” (see Figure 5.2), and (ii) roll - rotation of
the platform along the “Roll Axis” (see Figure 5.2). Both axes are perpendicular to each
other, and thus, every planar (or 2D displacement) can be described by a combination of

“Pitch” and “Roll” displacements. Therefore, the description and modeling of the system
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Figure 5.1 SEM image of a VOy -based MEMS mirror (top view), where the different parts
of an actuator leg are label: frame, bimorph and the connector between the mirror platform
and the actuator leg.

will involve movements along two perpendicular axes: pitch and roll. A set of two equations
(one per degree of freedom: pitch and roll) is used to model the movement of the mirror.
The inclusion of the VOg in the device adds a nonlinear term to the equations due the hys-
teretic behavior of the material. A non-monotonic Preisach model is developed to capture
the hysteresis term. The effect of the VO2 is included in the external force that generates
actuation. The parameters for the linear part of the equation that describe the system’s
mechanical response are obtained from a combination of experimental measurements and
finite element method (FEM) simulations (details in Section 5.1.1). The coefficients of the

nonlinear part of the equation are calculated from a set of experiments (details in Section
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Pitch Axis
» ‘

Figure 5.2 Schematic of the mirror platform showing the force (ﬁ) applied by the actuated
leg, and the axes of rotation for pitch and roll angles, where a; (115um) and a, (300 pm)
are the distance between the force and each axis. In this case, the current ¢ is applied to the
bottom-left leg.

5.1.2).

5.1.1 Linear Model

The linear model characterizes the dynamic behavior of the system, which is approximated

with a second-order differential equation

JO+GO+kO=T, (5.1)
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where J is the moment of inertia, G is the rotational damping coefficient, k is the rotational
spring constant of the actuated leg, T is the external torque produced by the force F , and 0
is the angle of the mirror’s platform generated during actuation. The characteristic equation
of the system can be derived by applying the Laplace transformation to Equation (5.1) and

rearranging the expression to get Equation (5.2):

G k

2

— + = 5.2
s+sJ—|-J, ( )

which is in the format of a second-order characteristic equation:

%+ $2Cwn + wp?, (5.3)

where wy, is the resonant frequency and ( is the damping ratio of the actuated leg. By
combining Equation (5.2) and Equation (5.3), the moment of inertia and the rotational
damping coefficient can be expressed in terms of resonant frequency and rotational spring

constant:

Wn
G-ac (5.5)
Wn,

The rotational spring constant (k) is calculated using FEM simulation of the mechanical
structure, while wy, and ¢ are obtained from experimental results. The actuation force (ﬁ)

from VOg is represented in T via

T=axF, (5.6)

where a is the distance between the force and the axis of rotation. The generated force (F')

from the VO9 can be expressed as:

F=T[T =Ty, (5.7)
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where T is the temperature of the leg, Tj is the ambient temperature, and I' is the hysteresis

operator describing the relationship between the generated force and the temperature of the

mirror leg. The thermal process (i.e., Joule heating) can be represented as follows [126],
dT(t)

= = —d[1() = T+ dai(2),

T =T(t) — Ty,

where dy and dy are positive coefficients related to the properties of the materials, and 7 is

the input current. Applying the Laplace transform to the previous equation results in,

sT = —dy T + d2i2(5),

/ d -2
= 17,
s+ dy
)
di A
E‘}‘l Tth8+1

where 74, is the thermal time constant, Ap is the gain of the thermal transfer function. The

external force can now be expressed as:

Ap

9
il S A 5.8
TthS + 1Z ] ( )

F=T[T"] =T

The time constant and the gain A7 are found from experimental results. Finally, the torque

generated by this force is expressed as:

— A
T = acos(f) x F[—Ti2 (5.9)
TthS +1
which, since 6 is close to zero and thus cos(f) ~ 1, is simplified to
— A
T=axT[—L i, (5.10)
TthS + 1

where the value a for the roll axis (a,) is 115 pm and for the pitch axis (ap) is 600 pm, as

shown in Figure 5.2.
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5.1.2 Nonlinear Model

The actuation force (F') is generated by two actuation mechanisms: one is the stress due
to the thermal expansion difference of the materials forming the bimorph regions, and the
other is the stress generated during the phase-change transition of the VOo. Similar to [28],

a non-monotonic hysteresis model is developed:

[T =TT+ Tg((T). (5.11)

where I'o[T”] is the phase transition-induced force captured by a Preisach model, and T' g (T")

is the differential thermal expansion-induced force modeled as a linear term.

5.1.2.1 Phase transition-induced force

The relationship between the phase transition-induced force and the temperature is mono-

tonically hysteretic, and a Preisach model [127] is employed:

CelT|(t) = /P (B, )5 ol (): Col(£)dB da + co, (5.12)
0

where Py is the Preisach plane P = {(B,) : Tiin < B < a < Tmax}s [Tmin, Tmax] define

the phase transition range, x is the density function, v4 , denotes the basic hysteretic unit

(hysteron), T7(+) is the temperature history, T"(n), 0 < n < t, and cg is a constant bias.
The hysteron is a memory-dependent operator. With the initial condition, (g € {—1,1},

the output of the hysteron can be expressed as

+1 if T'(t) > «
B.a[T' ()i 0] =3 =1 i T'(t) < B (5.13)
G ifB<T(t) <
In practical usage, the integral expression of the Preisach model is typically approximated

by discretizing the weight function p to a finite number of parameters [127, 128]. The weight
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function is approximated as a piecewise constant function — the weight w;; is constant within
cell (i,7),i=1,2,--- ,N;j=1,2,--- ,N —i+ 1, where N is called the discretization level
and w;; is the model parameter. At time n, the output of the discretized Preisach model is
expressed as

N N+41—i

FC[T/(n)} = Z Z w;;s;5(n) + co, (5.14)

i=1 j=1

where w;; is the weight for the cell (i, j) that is non-negative, and s;;(n) is the signed area
of the cell (7, j), which is determined by the history of the temperature values up to time n.
The model parameters consist of the weights {w;;} and the constant bias ¢y. The model
identification can be reformulated as a constrained linear least-squares problem and solved

efficiently with the MATLAB command lsqnonneg [128, 28].

5.1.2.2 Differential thermal expansion-induced force

The differential thermal expansion-induced force is resulted from the thermal expansion
difference of the VO9 and SiO9 layers. This component is modeled as a linear term and a
quadratic term in previous studies [28, 125]. The following linear model is adopted in this

work:

Tp(T") = —koT, (5.15)

where kg is a constant term related to thickness, modulus of elasticity, and thermal expansion
coefficients of VOgq layer and SiO» layer, and the negative term is introduced due to the fact
that the thermal expansion-induced force has an opposite direction as the phase transition-
induced force.

It is noted that the nonlinear model ((Equation (5.11)), (Equation (5.14)), and (Equa-

tion (5.15))) can be conveniently identified with the linear least-squares method [28]. Tt is
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shown in Section 4.3 that the proposed model can accurately capture and estimate the
non-monotonic hysteresis behavior of the MEMS mirror.
Finally, combining all the terms, the equations describing the movement of the mirror

can be expressed as:

. . . A
TthyS +1

T+ Gl + by — T — @ x Ty [— 2T 2], (5.17)
TihyS + 1

where the subscript p and r are references for the pitch and roll motions, the values for the

linear parameters are presented in Table 5.3, I', and I';- are the nonlinear models (Equation

(5.11)).

5.2 Results and Discussion

5.2.1 Simulation Results

An FEM model is created in COMSOL to calculate the rotational spring constant of the
leg. The parameters used for the materials on the simulation are shown in Table 5.1, and
are taken from the COMSOL library and from [1]. The FEM model consisted of the entire
MEMS mirror structure, including the four legs, the mirror platform, and all the material
layers. A force sequence of increasing magnitude is applied as a point load at the top of

the leg that connects to the mirror’s platform. Four different simulations are run where

Table 5.1 Parameters of the materials used in FEM simulations, where the Si, SiO9, and Au
are obtained from the COMSOL library, while the VO9 properties are reported in [1].

Materials
Properties Si SiOg  Au  VO9
Density [Kg/m7] 2320 2200 19300 4670
Young’s Modulus [GPa] | 160 70 70 140
Poisson Ratio 0.22 0.17 044 0.33
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Pitch Axis

Figure 5.3 FEM model schematic of the VOo-based MEMS mirror used to find the rotational
spring constant by applying a sequence of increasing force as a point load. The force is applied
at different locations (1,2,3 & 4) for each simulation.

the force is applied at different locations, as shown in Figure 5.3. The rotational spring
constant at each location is extracted from the simulation results. To obtain the value of k&,

the displacement caused by the force is converted to an angle (6g;,,) with respect to each

axis by using Equation 4.1 and is presented here again for simplicity,

_1 (hy — h9)
d

Ogim = sin
where hy and hg are the displacements at the point load (caused by the force) and at the
axis, and d is the distance between the point load and the axis. The torque is then calculated
by using the distance between the point load location and the corresponding axis. Finally,

the torque is divided by the angle resulting in the rotational spring constant of the leg. This

is done for both angles (pitch and roll) and the results are shown in Table 5.2.
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Table 5.2 Rotational spring constant from FEM simulation.

Rotational Spring Constant

Point
I%Sjs Pitch (x107982)  Roll(x10~922)
tion

1 2.29 1.219

2 2.29 1.217

3 2.29 1.217

4 2.29 1.217

5.2.2 MEMS mirror mechanical model

A set of experiments are used to characterize the mechanical response of the structure and
the nonlinear behavior of the VO9, when actuating only one leg. The schematic of the
experimental setup is shown in Figure 4.1, where the 2-D PSD is used instead of the 1-D
PSD. The 2-D PSD facilitated the alignment of the setup and capture the 2-D movement of
the device. The laser setup is aligned to match the X direction of the PSD with the pitch
angle and the Y direction of the PSD with the roll angle. The resolution of the optical setup
is 0.577 pm/pixel with a speed of 30 frames/second. Before each experiment, a pre-heating
stage is performed to improve the stability and repeatability of the measurements, caused
by the use of gold as the metal trace [129, 130]. A similar process is performed in [10], where
a sine wave is applied as the input voltage to anneal the metal layers. For the VOo-based
MEMS mirrors in this work, the pre-heating stage consisted of applying a 12 mA to all of
the actuators for a total of 10 min. An input sequence of increasing voltage steps is used to
measure the thermal time response of the actuated leg. The input is applied to the base of
the transistor and had increasing amplitude steps of 0.5 V, which corresponds to &~ 0.7 mA
(once the transistor is on). Each step is held for 1 second before the next step started. The
thermal time response (74,) within steps is calculated from the rise time using the following

equation:
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t .
Tth = 55 (5.18)

where t,;¢. is the time taken for the structure to go from 10% to 90% of the output signal
for one step. The results are shown in Figure 5.4. The thermal time response is calculated
where the main dominant actuation mechanism is the thermal expansion difference of the
materials forming the bimorph and not the transition of the VOo, the values for the pitch
and roll movements are 14 ms and 14.79 ms. During the transition of the VOo, the system
showed a pseudo-creep effect where each step took longer to reach steady state compared
to outside the transition. This effect can be caused by the added stress from the legs that
are not actuated. The added stress can move the transition temperature of the VO9, which
has been observed previously in VOg thin films [96, 97]. Even more relevant to the present
case, this effect is also observed in VOg-based MEMS mirrors [18], where it is found that
individual leg actuation and piston-like actuation required different actuation voltages — note
that during individual actuation, the remaining mirror legs add a stress that is not present
during piston-like movement. The pseudo-creep is not included in the modeling of the device,
in order to focus on the fundamental thermal and mechanical dynamics in the general case;
and as verified in later experiments, the presented model (ignoring the creep effect) shows
adequate capability in predicting the mirror dynamics.

A frequency response measurement is performed to observe the mechanical response of
the system. A sine wave signal (i = 1.4sin(27ft) + 0.00714 mA) is applied as the input
of one of the legs while the frequency is swept from 0.1 Hz to 2000 Hz. The magnitude
of the displacement is measured across the whole range of frequency, then it is divided by
the magnitude of the input current. Using the software Origin Pro9.0 the data is fitted
using the magnitude of Equation (5.19), with a R2 of 0.856 and 0.7797 for roll and pitch,
respectively. Equation (5.19) is a linear approximation of the system, including the thermal
and mechanical dynamics. Although the thermal response of the system in Equation (5.19)

cannot capture the nonlinear behavior of the VOg, it does capture the mechanical response
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Figure 5.4 Time response measurements from actuating one leg for both variables: pitch
(top) and roll (bottom) angles.

of the system. The values for the resonance frequency (wy) and the damping ratio ({) for

each degree of freedom are found by a curve fit — fitting parameters are shown in Figure
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Figure 5.5 Frequency response for the actuation of one leg. A fitted curve is used to find
the damping ratio (¢) and the gain Ap. Both pitch (top) and roll (bottom) angles have the
same resonant frequency with the value of 739 Hz.
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5.2.3 Identification and Verification of VOo Hysteresis

5.2.3.1 Identification

A quasi-static measurement is performed to observe the static behavior of the leg across
the phase transition. A series of current steps (each held for 550 ms) are applied to one
of the legs with intervals of 0.1V. The steady-state values are obtained by averaging the
last 50ms of the pitch and roll angles. This measurement will also be used to identify the
unknown variables of the hysteresis model, since it contains the minor loops of the hysteresis.
The plots are shown in Figure 5.6. It is shown that both of the hysteresis curves exhibit

non-monotonic behavior.
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Figure 5.6 Identification plots of the pitch (top) and roll (bottom) angles, used to find the
coefficients of the hysteresis model.

In order to identify the proposed model, the discretization level () of the Preisach model

(I'¢) is chosen to be 20. Further increasing the discretization level would increase the model
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complexity, but do not generate significant improvement in modeling accuracy. The root-
mean-square error (RMSE) is chosen to quantify the accuracy of the model identification
and verification results.

Figure 5.7(a) and Figure 5.7(b) show the identified weights of the Preisach models for
the pitch and roll motions, respectively. Figure 5.7(c) shows the modeling performance
for the hysteresis between the pitch angle and the current input, and Figure 5.7(d) shows
the corresponding modeling error. The RMSE is 0.007 degree. Similarly, Figure 5.7(e)-(f)
shows the modeling performance for the hysteresis between the roll angle and the current.
The RMSE is 0.003 degree. It is shown that the proposed model can accurately capture the
non-monotonic hysteresis of the MEMS mirror.

Table 5.3 Coefficient values of the model.

Constant | Name and units Pitch (6)) Roll (6;)
Ar Cain [deg/A?] 79,743 33,871
Tth Time response [s] 0.0014 0.001479
W, Resonant Frequency [rad/s] 4643 4643

¢ Damping ratio 0.00363 0.00447

J Moment of Inertia [Kg-m?] | 6.10 x 10715 3.23 x 1071°

G Rotational Damping 205.6 x 134 x 10715
coefficient[V - m - s/rad] 10°1

k Rotational Spring coefficient 132 %1079 69.7 x 1079
[N -m/rad|

a Position of the force with 600 115
respect to the axis [pm]

o Constant bias of Preisach 0.99 0.38
model [deg/pm]

ko Thermal expansion-induced 1.4x 104 3.8x 103
force term [N/OC]

5.2.3.2 Quasi-static verification

The model identification results show that the proposed model can effectively capture the
hysteresis under the chosen current step input. To confirm that the model can reliably

and robustly predict the pitch and roll angles under any reasonable step input, additional
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Figure 5.7 Parameters values (weights) used in the Preisach model for the (a) pitch and (b)
roll. (c¢). The modeling performance, and (d) modeling error for the hysteresis between pitch
angle and the current input. (e). The modeling performance, and (f) modeling error for the
hysteresis between roll angle and the current input.
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experiments utilizing random step inputs are conducted. A randomly-chosen current step
input, as shown in Figure 5.8(a), is applied to the MEMS mirror. Each step is held for 1
second and the corresponding steady-state pitch angle and roll angle are recorded. Figure
5.8(b) shows the pitch estimation performance, and the RMSE is 0.027 degree. Figure 5.8(c)
shows the roll estimation performance, and the RMSE is 0.013 degree. The effectiveness of

the nonlinear model is confirmed.
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Figure 5.8 (a). A current step input for model verification. The measured and estimated
steady-state (b) pitch angle, and (c) roll angle.

5.2.3.3 Frequency verification

In order to verify that the model can effectively predict the performance of the mirror under
dynamic inputs, sinusoidal current inputs with different frequencies are applied to the mirror,
and the corresponding pitch angle and roll angle are recorded (Figure 5.9). As can be seen,
the hysteresis relationships between the pitch angle and the current, and between the roll

angle and the current, change under different frequencies. On average, the RMSE pitch angle
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Figure 5.9 The pitch and roll angle verification performances for current inputs with different
frequencies.

estimation error is 0.074 degree and the RMSE roll angle estimation error is 0.031 degree.
The model can capture the dynamic mirror motions reasonably well. It is noted that the
estimation error becomes larger under higher frequencies, which is likely due to the mild

discrepancies between the actual and calculated time response values.

5.2.3.4 Multi-frequency verification

Furthermore, the model verification for multi-frequency inputs has been conducted. The
current input (1.35sin(27t) + 1.35sin(107t) + 1.35sin(207t) + 0.00705 mA), as shown in
Figure 5.10(a), is applied to the system. The model estimation performances for the pitch
and roll angles are shown in Figure 5.10(b) and Figure 5.10(c), respectively. The RMSE
pitch angle estimation error is 0.097 degree and the RMSE roll angle estimation error is
0.033 degree. The effectiveness of the proposed model for the MEMS mirror is thus further

validated.
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Figure 5.10 (a). A multi-frequency current input for model verification. The measured and
estimated (b) pitch angle, and (c) roll angle.

5.3 Summary

In this chapter, the model for the VOg9-based MEMS mirror is derived and verified. The
model included mechanical and thermal processes, and accounted for nonlinear behavior,
typically found in most phase-change materials. The approach for the modeling involves
a combination of theoretical and experimental results, resulting in a comprehensive hybrid
analysis. Although the emphasis of the present work is on MEMS mirrors actuated by
phase-change materials, particularly VOsq, the work can be extended to simpler designs and
actuation methods. Therefore, the present work presents a platform that can be adapted for

the design of a broad scope of MEMS mirrors.
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CHAPTER 6

PROGRAMMING OF THE VO2-BASED MEMS MIRROR

Programmable devices are those that are capable of storing a measurable variable for a
period of time, creating different states. Basic examples of this are capacitors, where elec-
trical energy is the stored variable [131, 132] creating a minimum of two states: charged
and discharged. Similar to this, MEMS devices are capable of storing electrical or mechan-
ical variables such as, voltage [133, 134, 135], resonant frequencies [24] or displacements
23, 17, 136]. In [135], MEMS and CMOS technologies are combined to create devices capa-
ble of storing voltage values in two different states, by charging/discharging a floating gate
of a transistor with a mechanical switch. Programmed displacement values can be stored in
an external circuitry, which works as the system’s memory by saving the inputs signal for
each desired state. An example of this is the digital mirror presented by Texas Instrument,
Digital Micromirror Device (DMD)[35], where the device includes a CMOS memory circuit.
Another approach is creating bi-stable MEMS devices, where 2 states are programmed and
accessed using electrical or mechanical stimulus [137, 138]. The disadvantage of these ap-
proaches is that systems are limited to two states. To overcome this, a different approach
for programming mechanical outputs has been implemented by exploiting the nonlinearity
observed in certain MEMS devices. For example, in [23] the hysteresis caused by the VOq
was used to created different programmable states in a cantilever beam, where each state
is a different position of the cantilever. This technique was also implemented in VOg-based
resonators in [24], where the programmable variable is the resonant frequency. Recently
in [136], an ES MEMS resonator used this technique to design a programmable resonator,
where the amplitude of the resonant frequency is the programmable variable.

This chapter presents, the memory capability of the VOg in MEMS mirror, using the

second generation of VOg-based MEMS mirror. The hysteresis of VOo was exploited to
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program different displacements states. Two actuation modes are programmed: a tilting

angle and a piston-like movement.

6.1 Results and Discussion

The programming of the VOgo-based MEMS mirror was performed for two actuation modes:
tilt and piston-like movement. The tilt mode was done by actuating only one leg, which

created a 2D movement: pitch and roll (as explain in Chapter 5). The measurement setup

Roll Axis

2|
R
N
|

Actuated Leg

SS40 70Pa x85 ShDN)  ——

Figure 6.1 SEM images of the second genreation VOo-based MEMS mirror with Cr/Au
traces, where the rotational axes are labels for the actuated leg.

86



used for the presented experiments is describe in Chapter 5. The resolution of the optical
setup depends on the alignment and position of the camera and the lens, and the recording
speed of the camera, with values of 0.51m/pixel and 0.75 pm/pixel for 30 Hz and 60 Hz,
respectively. The optical setup (without the laser scattering) was used to track the displace-
ment of the piston mode (explain in later section). For the tilt-mode, the input current was
controlled using a BJT NPN transistor (2n3904) in an emitter follower configuration.

The piston-mode is generated by actuating all the legs at the same time. During this
mode, the synchronization of the legs is obtained by ensuring the same input current is ap-
plied across the resistive heaters of the legs. Due to the high quality of the metal patterning
(as shown in the inset in Figure 6.1), the difference between resistive heaters are not consid-
ered. To ensure the same current is applied to all the legs, they are connected in series with
a voltage amplifier (THORLABS HVA200), controlled by the NI-DAQ), connected in parallel
to the legs. An additional resistance (98.3 ) is added in series to the legs to measure the
voltage and calculate the current passing through the legs. Even though this configuration
guarantees the same power to all the resistive heaters, there is still a very small rotational
component measured by the 2D PSD, which is not noticeable in the recorded videos. This
small rotational angle could be due to small differences in the hysteretic curves for the VOgq
between the actuators; or non-uniformities in the fabrication process flow -especially in the
isotropic etch of Si using XeF9. Since the field of view of the optical setup is limited to a
single side of the platform, it is not possible to accurately map this small angle to a ver-
tical displacement in piston-mode. Therefore, piston-mode displacement measurements are

obtained using the optical view from the camera.

6.1.1 VO3a-hysteretic behavior

The hysteretic behavior of VOg enables the capability of creating different programmable
states (both tilting angles for tilt-mode, and vertical displacements for piston-mode) for

given current pulses. In order to clearly demonstrate the programming of these states, we
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first applied a DC current input that pre-heated the system to a state within approximately
the midpoint of the hysteresis. Then, the current is monotonically increased to reach a
“high state”, and then monotonically decreased to reach a “low state”. Although we present
the programming of only two states, it is possible to program multiple states within the
hysteresis of VOg. The process can be repeated to move between states, as long as the
variation of temperature (or applied current pulse) has the same amplitude. For accessing
different states using the same pre-heated stage value, it is necessary to reach different points
within the hysteresis, which would require programming pulses of different magnitude. An
alternative approach for obtaining different states would be to change the initial state before
applying programming pulses, which could be done by changing the pre-heating stage. If the
pre-heated stages are different, the same input programming pulses would result in different
programmed states. Depending on the pre-heated stage and the magnitude of the program-
ming pulse, it is possible that the final state falls within the two major hysteretic loops that
are defined for a monotonic heating-cooling cycle that crosses the entire phase transition
region [110]. Programming states above the pre-heated state would require positive input
pulses that first increase temperature and then decrease to the initial pre-heating tempera-
ture; while programming states below the pre-heated state would require input pulses that
first decrease temperature and then increase to the initial pre-heating temperature. For the
presented device, the temperature is controlled with the input current using Joule heating.
A constant current is used as the pre-heating stage, positive and negative pulses (relative to
the pre-heating stage) are applied to the current to move between the programmable states.

To measure the hysteresis, a triangular input sequence is applied. In order to measure the
major hysteresis loop, the input is a monotonically increasing-decreasing loop that covered
the entire phase transition of VOgq, shown in Figure 6.2. The results for both actuation mode
shows a non-monotonic behavior caused by the combination of two actuation mechanisms:
the difference in TECs between the layers of the bimorph and the transition of the VOs.

Before and after the phase transition of VOg9 the actuation of the device is dominated by
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the difference in the TEC, this is observed as the outputs signal decrease in values. Once the
temperature reach the transition temperature, the transition of the VO9 dominates as the
actuation mechanism and this is confirmed by the direction of the movement, where in both
actuation modes the output signal increased. Note that the required current values needed
for full actuation for piston mode are smaller than that for the tilt mode. This is caused by
the difference in extrinsic stress over the VOsg film, between the actuation modes. In [18], it
is observed that the mechanical coupling of the legs affected the transition of the VOg. This
is believed to be due to the extrinsic stress added by the non-actuated legs on the actuated
leg. The non-actuated legs behave as static springs, creating an opposite force against the
movement of the actuated leg. When all the legs are actuated (i.e. piston actuation), this
extrinsic stress does not exist —or at least is significantly reduced. Given that an external
stress can shift the VOg transition temperature[96, 97], the required current to actuate one

leg (tilt-mode) is different from the current required to actuate all the legs (piston-mode).
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Figure 6.2 Hysteretic behavior caused by VO, when a triangular input is applied for the
major loop, observed on both modes: top) rotational angle of the tilt-mode and, bottom)
vertical displacement of the piston-mode. The minor loop are taken after the first input
signal by applying another triangular input signal with a minimum and maximum values of

of i_ and iy4.

Although it is possible to program any state enclosed by the major hysteretic loop, for
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purposes of simplicity of the proof-of-concept, we focused the experiment on two different
states: one above, and one below a pre-heated state. The experiment required three different
current references: a constant current (i,) —to remain inside the hysteresis; a high current
value (i) —to reach the high state; and a low current value (i—) —to reach the low state. It
should be noted that a particular input programming sequence is applied for each mode. This
generated programmed rotational angles for the tilt-mode, one for the pitch and another for
the roll (see Figure 6.2-top), and a programmed vertical displacement for the piston-mode

(see Figure 6.2-bottom).

6.1.2 Time Response

Time response experiments are performed to study the thermal time response of each actu-
ation mode. The pulse width for the programming pulses can then be set larger than the
thermal response time, so as to reliably and sufficiently heat-up the device. A sequence of
current steps of increasing magnitude is applied as the input, while the outputs (rotational
angle for the tilt-mode and vertical displacement for the piston-mode) are measured. Two
actuation mechanisms can be seen from the output signals, where the decrease in output
signal between steps is caused by the difference in TECs between the layers of the bimorph,
while the increase in the output signal is due to the phase transition of VO9. The results are
shown in Figure 6.3 and summarized in Table 6.1. The time constants are calculated from
the measure rise time (¢, ), using the following relationship between them: 7 = t,.;5./2.2.
The rise time of the signal is measured from the 10% to 90% of the output signal for each
step outside the transition of the VO9q. Across the transition of the VO9, the extrinsic stress
(caused by the mechanical coupling between the legs) alters the transition temperature of
the VO [96, 97], but not the time constant of the VOg phase transition. It has been re-
ported in [25, 139], that the VOs transition induced by a gradient of temperature is as fast as
the temperature change. The extrinsic stress causes a pseudo-creep effect in the mechanical

response of the device during the VO9 transition, increasing the time needed to reach the
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steady-state. The thermodynamics of the system is independent of a mechanical stimuli,
such as an extrinsic stress, because of this the thermal time response is obtained outside the
transition of the VOg, where the difference in the TEC between VO9 and SiO9 dominates

the actuation.
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Figure 6.3 Step response measurements where the output and the input are shown for both
modes: top) rotational Angle of the tilt mode and, bottom) vertical displacement of the

piston mode.
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Table 6.1 Thermal time response of each mode.

Current (mA)

Mode Thermal Time Constant (ms)
Tilt Pitch 6.3
Roll 10.7
Piston 11.3

6.1.3 Programming

The programming for both modes is performed by first applying an input current that
increased the temperature up to the preheated stage (z'ph), followed by a sequence of pulses
to move between states. A positive current pulse (i4) is used to move to the higher state,
while a negative pulse (i—) is used to move to the lower state. With each input pulse,
the temperature of the actuated part is increased (or decreased, depending on the pulse)
momentarily. The values of the current references used for the programming of two states
are demonstrated in Figure 6.2 and shown in Table 6.2. To ensure the temperature has
reached a steady-state, the pulse width is chosen to be longer than the time response of the
modes, with a value of 300 ms. The results are shown in Figure 6.4, where the 2 states

between the pulses are clearly observed.

Table 6.2 Input current references used for the programming of 2 states for each mode.

Current (mA)
Mode i dpp 4

Tilt 5.74 6.83 8.39
Piston 4.42 5.78 7.09
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Figure 6.4 Programming of 2 states on the different modes: top) rotational Angle of the tilt
mode and, bottom) vertical displacement of the piston mode.

The power consumption is measured for both modes and the results are shown in Figure
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6.5. The maximum power for the tilt-mode is 7.70 mW with the positive pulses, while the
piston-mode is 21.32 mW. It is appropriate to compare the power consumptions of tilt mode
and piston mode since for both of the cases, the maximum of motions (pitch/roll angles and
piston displacement) are realized under the chosen high current steps (Figure 6.5). The
power shown for the piston-mode is for the 4 legs, while the tilt mode is for only one leg.
Assuming that each leg had the same resistive heater elements, then the required power
per leg for the piston-mode would be 5.33 mW. The difference in maximum power between
modes, demonstrates the effect of the non-actuated legs that oppose the movement and
add an extrinsic stress to the actuated leg, in this case increasing the input power needed to
induce the transition of the VOsq. If the extrinsic stress did not affect the VO9, the maximum
total power consumed by the piston mode would be expected to be approximately 4 four

times larger than that for a single actuator in tilt-mode.
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Figure 6.5 Consume power of the device for both mode (tilt and piston) during the program-
ming of the 2-states.

Another experiment is conducted to demonstrate the repeatability of the programming
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action. By adding identical positive current pulses (i4) to the pre-heating current iphs
we are delivering programming pulses of the same power, which should result in the same
programmed state at the end of each pulse. The results are shown in Figure 6.6. It
should be noted, that the same state is reach with each pulse since the amplitude of the
pulse produce an output that always goes into outer loop of the hysteresis. The results
demonstrate that programming pulses of equal power will produce the same programmed
state for both actuation mode: the tilt-mode at 0.408° 4+ 0.076° and 1.971° £ 0.075° for pitch

and roll, respectively, and vertical displacement (piston-mode) at 29.885 pm + 1.15 pm.
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Figure 6.6 Programming of the high state by applying the same input pulse on the different
modes: top) Rotational Angle of the tilt mode and, bottom) Vertical displacement of the
piston mode.
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The final experiment is aimed at demonstrating the capability to program different states
from a single pre-heated state, for both actuation modes. For this, we applied programming
current pulses of different magnitudes. The input is increased to the same pre-heated stage
used for the other experiments (i,;). Then, every 5 seconds a current pulse of different
magnitudes is added to ip,. Five different programmable states are obtained, including
three resulting from positive pulses (i), followed by two from negative pulses (i—). The
results is shown in Figure 6.7. The number of programmed states can be increased by using
different values of the pulse amplitude. These states are related to the pre-heated stage
— different programmed states would have been obtained for a different pre-heated stage,
even if applying the same programming pulses. This can be further exploited by achieving
particular states using a model that describe the movement of the system, where a required

current could be calculated to reach a desired state.
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vertical displacement of the piston mode.

100



6.2 Summary

A programmable MEMS mirror is presented in this work. The device is based on the solid-
to-solid phase transition of VOg, and has a lower actuation temperature than typical elec-
trothermal MEMS mirrors based on thermal expansion coefficient mechanisms. Multiples
mechanical states can be programmed in each of the two operating modes: tilt- and piston-
mode. The tilt-mode consisted of two different angles: pitch and roll, while the piston-mode
consisted of vertical displacements. Ideally, any tilting angle (for tilt-mode) or vertical dis-
placement (for piston-mode) inside the major hysteretic loop of VOo can be programmed by

using a specific programming pulse for a given pre-heated state.
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CHAPTER 7

SUMMARY AND FUTURE WORK

7.1 Summary of Contributions

In this dissertation, the development of the first VOg-based MEMS mirrors with integrated
heaters is presented. A detailed set of studies that involved the characterization of VOs-
based devices in terms of total displacement and dynamic responses across the transition (for
both, angular tilting rotation and vertical piston-like movement) were presented. A detailed
design and fabrication process, which involved the use of FEM simulations, masks design,
and clean-room fabrication, is presented. A mathematical model is derived from a series of
simulations and experiments. From this, the lumped model of the system is extracted, such
as the time response, the spring and the damping constant of the system. This model will
not only enable future device control, but also develop a platform over which future devices
can be designed. Finally, taking advantage of the intrinsic hysteretic behavior of the VOo,
different programmable mechanical states for angular tilting rotation and vertical piston-like

movement were demonstrated by applying electrical pulses.

7.1.1 Problems Solved in this thesis

This work addresses the following;:

e VO9 thin films were successfully integrated into the design and fabrication of a MEMS

mirror with monolithically integrated heaters.

e The fabrication of the VOg-based MEMS mirror was optimized, with the fabrication

of two generations, increasing the yield from 12.5% to 75%.
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e VO9-based MEMS mirror were characterized across the phase transition during in-
dividual actuation of each element (i.e. angular tilting rotation) and synchronous
actuation of the 4 elements (i.e. vertical piston-like movement) in terms of quasi-static

and dynamic responses.
e Increased energy efficiency of electrothermal MEMS mirror devices was demonstrated.

e A mathematical model that describes the movement of the VOg-based MEMS mirror
was derived based on theoretical simulations and experimental measurements of the

device.

e A mathematical model that can serve as a platform for the design of future MEMS

mirror devices operated by any electrothermal process was presented.

e Memory capabilities on the VOo-based MEMS mirror were demonstrated, by program-

ming the tilting angles and vertical displacement of the device using electrical pulses.

7.2 Future Work

The programming properties of the device will be further studied by achieving particular
states using a quasi-static model of the system. The model will be used to calculate the
required input to reach a desired output, where any particular output value within the
hysteresis can be obtained. This would enable the programming of any particular mechanical
state (within the hysteresis) of the device for any actuation mode: piston- and tilt-mode.
Furthermore, this could be used as a platform for devices with hysteretic behavior to exploit

the memory capabilities of each system.
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