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Abstract

This thesis research proposes a novel and simple means of tilting micromirror on a microdroplet by
utilizing thermocapillary actuated droplet deformation. Device theory, device design, fabrication,
packaging, testing and results are discussed to demonstrate the operation of a 2-degrees-of-freedom
(2- DOF) scanning micromirror. Thermocapillary, or Marangoni, effect and contact angle hysteresis are
employed to control the droplet shape and position. Hysteresis in different liquids is studied with its
influence on the stability of the droplet. The device consists of a micromirror placed onto a microdroplet,
and can produce a 6.5° tilting angle when actuated at 30 V. The tilting angle is found to be almost linearly
dependent on actuation voltage. Linear, square and circular laser scanning patterns were drawn to
demonstrate its successful operation. This technique shows potential applications in scanning micromirror
and display technology. Finally, possible future work is discussed to further improve the device

performance.
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1 Introduction

The emergence of microfabrication and microelectromechanical systems (MEMS) technology has
enabled pathbreaking applications in the fields of science and engineering. Microfabrication involves
manufacturing miniature devices on silicon, glass, silicon-on-glass (SOG) and polymer substrates using
well-established microelectronics techniques like thin-film growth/deposition, photolithography, dry/wet
etching, direct printing and electroplating. MEMS technology employs principles of microfabrication,
electronics and mechanics to design and develop novel and sophisticated sensor and actuator devices.
Mass production capability, superior immunity to noise and vibrations, miniature size, low cost, high
sensitivity and light weight are some of the many inherent advantages that MEMS devices offer compared

to their bulk counterparts.

An average human being is using an ever-increasing number of MEMS devices to accomplish his
day-to-day work. Accelerometers in cars and cellphones, pressure sensors in automobile tires, humidity
and temperature sensors at home, and scanning micromirrors in projectors are some of the MEMS devices
that we use every day, knowingly or unknowingly. A number of MEMS devices like gyroscope, inertial
sensor and micromirrors are also used for sophisticated technologies like missiles, rockets and satellites

navigation and maneuvering.

Lately, micromirror actuation has gained tremendous interest in both industry and academia.
Micromirror actuation has widespread applications in the field of telecommunications, display
technology, medical equipment, space technology and consumer electronics, to name a few. For example,
various kinds of micromirrors manufactured by MEMS fabrication techniques have been demonstrated in
the literature. Werber et al. [1] used thermal expansion of air inside a cavity to get a micromirror tilt up to

13°. Yoshihata et al. [2] used electrostatic forces to deform a parylene-encapsulated microstructure and



tilted a silicon plate by ~1° at 270 V. Elata et al. [3] tilted micromirrors suspended on beams, using

thermally-induced dipole moment.

Meanwhile, micromirror actuation in x-y directions can also be used to demonstrate a two degrees-of-
freedom (2-DOF) scanning micromirror. The actuation mechanisms for these micromirrors generally
resort to electrostatic [4-6], piezoelectric [7], electrothermal [8], electromagnetic [9-11], thermo-
pneumatic [1], and temperature gradient [3] techniques. However, micromirror devices based on these
mechanisms often require complex microfabrication processes, containing beam or hinge structures,

which suffer from mechanical degradation, due to contact or torsion.

To address these issues, micromirror actuation in conjunction with microfluidics has gained
commendable interest recently. For instance, electrowetting based droplet actuation is exploited to control
the micro-object movement and to show its potential in piston-motion micromirror applications [12].
Microscale droplet manipulation has been widely employed in microfluidics and lab-on-a-chip
development, where microdroplets are often used to transport and mix small volumes of fluids in
biological and chemical sample processing [13-16]. Two major methods utilized for droplet manipulation
are the use of electrowetting and thermocapillary effects [16-18]. Meanwhile, thermocapillary forces due

to the low actuation voltages have drawn great attention in the microfluidic applications [17-18].

To implement a simple mechanism and fabrication technique, as well as to have a low voltage for
micromirror actuation, our device exploits the thermocapillary effect, also called Marangoni effect, to
create convection flow inside a droplet, inducing the droplet deformation to tilt the micromirror on the
top. More importantly, contact angle hysteresis is utilized to prevent the droplet from rolling out of its

position and to stabilize the device.




2 Motivation and Background

The motivation for this research was Texas Instruments Digital Light Processing (DLP) technology,
which employs millions of micromirrors laid out in a matrix on a semiconductor chip, also known as a
Digital Micromirror Device (DMD) [19-22]. State of the art chip these days employs up to 2 million
hinge-mounted micromirrors. Each pixel on the projected screen is represented by a single micromirror
on the DMD chip. Therefore, the number of mirrors determines the resolution of the DLP projector.
Figure 2.1 shows an exploded view of a single CMOS SRAM memory cell together with a micromirror,
on a DMD chip. CMOS memory cell is used for independently addressing and controlling each

micromirror on the chip.

Mirror
Landing
tip Torsion
hinge

Mirror
address
electrode

Yoke

Yoke
address

electrode e

CMOS SRAM memory cell

Figure 2.1: The detailed view of an individual CMOS SRAM memory cell with a micromirror structure on top, used
in Texas Instruments Digital Light Processing (DLP) technology [21] (permission requested).



Each micromirror is actuated due to the generation of electrostatic force between the mirror-addressed
electrode and the yoke addressed electrode, as shown in Figure 2.1. Typical micromirror tilt obtained is
+ 10° which corresponds to ON and OFF states, when voltage is applied to the underneath electrodes as
shown in Figure 2.2. This produces a light and dark pixel on the projected screen. Different gray shades
are generated corresponding to different actuation frequencies of the micromirrors. A light gray pixel is
generated when a micromirror is switched ON more frequently than OFF, and a darker gray pixel is
created when micromirror is switched OFF more frequently. The DLP chip micromirrors have a

frequency response of up to 5 kHz.

A DLP chip can project up to 1,024 shades of gray pixels, thus projecting a high resolution grey
image. Subsequently, to add color, white light from a source is passed through a color filter as it reaches
the DLP chip surface as shown in Figure 2.3. This filters the light into a minimum of red, green, and blue,
thus creating at least 16.7 million colors from a single DLP chip. DMD technology requires a complex

fabrication process; however, once fabricated they have been tested to operate even after 1 trillion cycles.

hmrar 10 deg

Figure 2.2: The schematic of micromirror actuation on a DMD chip. Micromirror can be tilted £ 10° when actuation
voltage is applied to the underneath electrodes [22] (permission requested).
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— Screen

Shaping
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Color
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—— White Light
Source

Figure 2.3: The schematic of a colored picture generation using a DMD chip. An RGB color filter wheel is used
along with optics to project the screen (adapted from [23]).

Subsequently, to get further ideas about research and development in the field of micromirror
actuation, different kinds of micromirror actuation techniques were studied. For example, Figure 2.4(a)
shows micromirror actuation employing vertical comb drive actuators, which works on the principle of
electrostatic force [4]. Micromirror tilt angles from 4° at low frequencies to 40° at resonance are obtained
at an applied voltage of 75 V,,,. Resonance frequencies ranged from 5 kHz to 15 kHz, making it suitable
for scanning and switching applications. Werber ez al. [1] showed micromirror actuation using thermo-

pneumatic expansion of air inside a cavity as shown in Figure 2.4(b).

(b)
Movahle comb Membrane
elecirode ".I
Mirror surface "

Pyrex chip
Static comb Mechanical
electrode Spring e

Figure 2.4: The schematic of micromirror actuation techniques. (a) Micromirror tilting using vertical comb drive
actuators after permission [4] (after permission), (b) Micromirror tilting on a deformable membrane using thermo-
pneumatic pressure generation inside an air cavity [1] (with permission).
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The authors fixed micromirrors to a highly elastic membrane, and the microcavity air is heated using
built-in microheaters, causing the membrane to expand, thus tilting the micromirror. They successfully
demonstrated tilt angles up to 13° with a stroke distance from 0 to 80 pm. A 30 V actuation voltage is
applied to get a tilt of approximately 13°. Since heating and cooling of cavity air is a relatively slow
process, the limitation of this technique is the low frequency response of device (frequency response ~ 10

mHz).

In an another paper, Yoshihata et al. [2] demonstrated a scanning micromirror using deformation of a
parylene-encapsulated liquid structure (PELS). Silicone fluid is used as an encapsulated liquid between a
silicon plate and an electrode-patterned structure as shown in Figure 2.5. Gold is used for the upper
electrode and aluminum for the base electrode. When voltage is applied to the two electrodes,
electrostatic force causes the parylene structure to deform, hence tilting the top silicon plate as shown in
Figure 2.5. A typical micromirror tilt angle of 1° is obtained at 270 V actuation voltage. The limitation of
this device is low tilt angles and high actuation voltage requirement. Furthermore, the fabrication process

seems to be highly complex, requiring extreme care.

Another interesting technique to tilt a micromirror is demonstrated by Kang ef al. [24] using an
electrowetting-on-dielectric (EWOD) method. Figure 2.6 consists of a micromirror placed on top of four
water microdroplets. When the voltage is applied, electric potential across the liquid-solid interface
changes the wettability due to charge redistribution, causing the contact angle of droplets to change. This
effect has been utilized in this paper to tilt micromirror on top of four microdroplets. A 4° micromirror tilt
is demonstrated at 90 V actuation voltage at 15 Hz frequency. The drawback of this technique is the
requirement of high actuation voltage and low tilt angles. Additionally, the device does not look stable

since water microdroplets evaporate very fast even at room temperature.



Electrostatic force
. =,

| Au
[ Parylene
g Al
[ Si

7] Silicone fluid
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[l TN S

Figure 2.5: The schematic of silicon plate tilting using parylene-encapsulated liquid structure (PELS) by generating

electrostatic force between gold and aluminum electrodes [2] (with permission).

S Exposed conductive

Hydrophobic layer EE Electrode
Dielectric layer [ Substrate

Figure 2.6: Micromirror tilting on top of four water microdroplets using electrowetting-on-dielectric (EWOD)

technique [24] (with permission).




3 Device Theory

The device reported in this thesis works on the principle of thermocapillary effect, or Marangoni
effect, where the gradient of surface tension due to temperature variation causes liquid to flow away from
the regions of low surface tension. Thermocapillary effect results due to the variation of interfacial
surface tension at a liquid-liquid interface caused by temperature differences [18]. Meanwhile, the surface
tension gradient (dy) can also be caused by concentration of surfactants (c), and even by an electric field

(E) [25] as expressed by eq. (3.1)
N
dy—aTdT+aCdc+aEdE, (3.1

where y is the surface tension of liquid and 7 is the liquid temperature. However, this device utilizes only
temperature to create the required surface tension gradient. It is important to mention here that

thermocapillary effect depends on temperature gradient rather than temperature alone.

3.1 Understanding Contact Angle

To better understand the thermocapillary effect, it is significant to understand the contact angle and
surface tension at solid-liquid-gas interfaces. Figure 3.1 shows the schematic of a liquid droplet on a flat

homogeneous solid surface with and without the influence of any force applied.

(b)

Figure 3.1: The schematic of contact angle and surface tension at solid-liquid-gas interfaces for a liquid droplet on a
solid surface: (a) Equilibrium contact angle with no force applied. (b) Force F induces advancing and receding
angles inside a droplet.
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The contact angle of a droplet is the equilibrium angle that a liquid meniscus makes with a solid
surface as a consequence of surface tensions at the solid, liquid and gas interfaces as shown in Figure

3.1(a). It can be further expressed by Young’s equation (eq. 3.2)
Vi cos(e)+7/SL =7SG’ (3.2)

where 6 is the droplet contact angle, ¥, is the liquid-gas surface tension, Y, is the solid-liquid surface

tension and Ysc is the solid-gas surface tension. Furthermore, equilibrium contact angle can be

represented as in eq. (3.3)

0 =cos”! [(75"6 - 7SL)/7LG} (3.3)

The contact angle of a droplet also provides the inverse measure of surface wettability. A surface is
considered favorable for wetting if the contact angle is less than 90°, whereas it is considered unfavorable
if contact angle is greater than 90°. As can be seen from Figure 3.1(b), the droplet deforms under the
influence of force F, creating advancing (6,) and receding (6,) angles. It is important to mention here that
the contact angles shown in Figure 3.1 are just for theoretical demonstration and may not comply with

contact angles of mustard oil droplet in our experimentation.

Additionally, when a droplet deforms, the advancing angle is always greater than the receding angle
and the droplet always deforms and moves in the advancing angle direction. For interested readers, the
two different approaches used to measure advancing and receding angles in a droplet are discussed in

detail in Appendix A.

3.2 Thermocapillary Effect
For the case of thermocapillary effect in droplets, liquid flow from a hot region towards a cold region

exerts Marangoni force on the droplet, creating advancing and receding angles as shown in Figure 3.2.



For a small temperature range, the liquid surface tension (o, ) decreases linearly with temperature and

can be described mathematically as in eq. (3.4)

le(T):UlvO_g(T_TO) (3.4

b
where o, is the liquid-vapor surface tension at room temperature, ¢ is the temperature coefficient of

surface tension, 7 is the liquid temperature and 7 is the room temperature. Therefore, the liquid in the
warmer region is pulled towards the colder region, where the surface tension is higher, to minimize the
total surface energy. The liquid flow inside the droplet exerts a hydrodynamic force on the solid surface in
the direction of applied temperature gradient. As a result, the solid immobile surface exerts an equal and

opposite force on the droplet, causing droplet deformation [18]. Hence, temperature gradient (A7 = T T

T") can be utilized to change droplet shape and to demonstrate droplet actuation.

It is interesting to note that the liquid flow inside the droplet in Figure 3.2(a) and Figure 3.2(b) are
directly opposite to each other due to the different position of microheaters. Since the microheater in
Figure 3.2(a) is directly below the microdroplet, it causes liquid to flow in clockwise direction. This
happens because convective heat flows from the center towards the surface of the droplet. Whereas, for
the case of microheater away from the droplet liquid moves in the counter-clockwise direction. This is

due to the transfer of heat from the surface of the droplet towards the centre.

(a) (b)

Figure 3.2: The schematic of thermocapillary actuation or Marangoni effect. Liquid moves from the hot (7 ) to the
cold (T ) side on a hydrophobic substrate. (a) Liquid inside the droplet flows in clockwise direction. (b) Liquid
inside the droplet moves in counter-clockwise direction.
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Meanwhile, proper operation of this device requires a hydrophobic surface with good droplet contact
angles. Since oils are extremely hydrophilic towards silicon, Teflon® AF 1600 is spin-coated to make a
hydrophobic surface, thus increasing the contact angle of the droplet. The contact angle of mustard oil is
found to be 82.4° and 32° with and without Teflon layer, respectively. Polysilicon microheaters were
fabricated to create the required temperature and surface tension gradients, causing the liquid flow and
thus changing the droplet shape. According to the thermocapillary effect, the droplet advancing angle
increases (6,) and the receding angle (6,) decreases when increasing voltage is applied to the polysilicon

microheaters.

3.3 Contact Angle Hysteresis
The difference between the maximum advancing angle and the minimum receding angle of the

droplet determines the contact angle hysteresis (H), as expressed in eq. (3.5) [26]
H =[max(6, )-min(6, )] (3.5)

This hysteresis is the measure of the droplet’s resistance to any motion and determines the stability of
device. The larger the contact angle hysteresis, the greater is the force required to move the liquid
meniscus and the droplet from its current position. Therefore, selecting the right liquid and substrate is a
crucial task for better device performance. Table I shows various liquids with their viscosity, contact

angle and hysteresis factor.

As can be seen from Table I, mustard oil (allyl isothiocyanate) has high viscosity, good contact angle
on Teflon and high hysteresis factor, which makes it the best liquid choice for device testing [27].
Although large contact angle hysteresis is preferable, as explained earlier, other considerations are also
needed to optimize the device performance. For instance, deionized (DI) water shows high hysteresis, but
it has evaporation problems due to the heat application. In addition, high-viscosity liquids show little
internal convection, but provide a better stability to hold the mirror; whereas low-viscosity liquids are

often agitated by convective motions easily. Mustard oil, or allyl isothiocyanate, is chosen for better
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device stability and performance. This is due to its large hysteresis, high viscosity, and lower vapor
pressure, thus, eliminating the evaporation problem as seen otherwise in aqueous-solution-based actuation

devices.

Table I: Liquid selection for the thermocapillary device and their properties (from measurement).

Liquid Viscosity Contact angle  Contact angle
(Pa:s @ 25°C) on Teflon© hysteresis (H)
Mustard oil 70 82.4° 4.6°
Silicone oil 9.3x10” 51.4° 3.2°
Glycerin 1.5 108.5° 4.5°
DI water 8.9x10™ 120° 5.5°

3.4 Understanding Droplet Dynamics

Meanwhile, Chen et al. [26] have developed a steady-state model that explains the droplet velocity
and used it to find out the threshold stress required for droplet motion. Their model provides an excellent
understanding of the relationship among liquid surface tension, applied temperature, advancing and
receding contact angles. The schematic of the droplet geometry and actuation is shown in Figure 3.3.

Various assumptions made to implement the model are discussed below:

i.  The model is solved within the lubrication approximation considering a Newtonian liquid.
ii.  The droplet is moving at a constant velocity U in response to a positive thermocapillary

stress.

ii. 6 >> dys and d7.6 >> dYs
dTr dT dT dTr

dy,.
dr

iv. remains constant for the range of interest.

v.  Slip length b is orders of magnitude smaller than local droplet thickness 4(x), which is a valid

assumption except at droplet edges.
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Figure 3.3: The schematic of the droplet actuation under the influence of temperature gradient. Liquid moves from
the hot (') to the cold (") side on a hydrophobic substrate.

Using this model, velocity of the droplet can be expressed by eq. (3.6)

(3.6)

|d7/LG|AT VG €080, — ¥, ;€080
6vJ| | dr |2R " R ’

where v is the liquid viscosity, R is the droplet radius, y .is the liquid-gas surface tension at the
advancing edge of droplet, y,, is the liquid-gas surface tension at the receding edge of droplet.

Furthermore, J is defined as in eq. (3.7)

1 R
_RJ; h(x)+3b G-

where A(x) is the droplet shape and b is the Navier slip length. Since we know that the surface tension is a

j. (3.8)

linear function of temperature y,, . can be expressed by eq. (3.8)

dy
= AT LS
Varc Vi T ( | AT
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Using eq. (3.8) velocity of the droplet can be expressed by eq. (3.9)

U — 1 |:(1+2c089a)|d}/LG|M_erG(Coser_Cosea):|‘

(3.9)

6vJ dT | 2R R

Therefore, droplet movement depends on the contest between thermocapillary stress and contact angle
hysteresis. Since our device works on droplet deformation without any droplet motion, setting U = 0
provides the threshold stress required to move the droplet as expressed in eq. (3.10). Therefore, eq. (3.10)

can be used to study the pinning down of a droplet in the center of the chip.

F; — (‘dj/LG
dT

As discussed earlier a higher hysteresis is required as it minimizes the droplet linear motion.

(3.10)

£ R = Y6 (COS 9’” —Cos 90 ) _ Varg (COS Hr —Cos Ha )
2R 1+2cos6, 1+2cosé. '

Meanwhile, the droplet motion can be further prevented with proper selection of the liquid surface
tension, droplet diameter and applied voltages, thus contributing only to droplet actuation. Additionally,
Brzoska et al. [28] have demonstrated that for the onset of droplet motion there exists a critical droplet

radius R, as expressed by eq. (3.11)

-1 _
R V69 Wie [dT)l (3.11)
=0 Lar ) lax) |

Furthermore, J is an another form of representing contact angle hysteresis which can be expressed as in
eq. (3.12)

5=cos(0,)—cos(6.) (3.12)

As obvious from eq. (3.11), the critical droplet radius depends on temperature and surface tension

however, independent of liquid viscosity. However, once this critical radius is achieved the droplet

velocity is linearly proportional to the applied temperature gradient and inversely proportional to the

liquid viscosity.
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Furthermore, viscosity of the liquid depends on the temperature at the center of the droplet and can be

V=V, exp{B.STb (TL_TLH ) (3.13)
c 0

where v, is the viscosity of liquid at room temperature 7, 7, is liquid boiling point and 7 is the

expressed as in eq. (3.13)

temperature at the center of the droplet [29]. In addition, it is demonstrated that the droplet velocity is
minimized if the droplet diameter is approximately 2 mm [28]. This research utilizes this phenomenon for

the pinning down of the microdroplet.

Utilizing Marangoni convection and contact angle hysteresis our mechanism of the mirror actuation is
illustrated in Figure 3.4. Initially, the micromirror is resting horizontally on a spherically-capped oil
microdroplet without any Marangoni flow, when no voltage is applied to the microheaters, as shown in
Figure 3.4(a). However, when the voltage is applied, the microheater locally raises the temperature of the

droplet, causing the hot liquid (T +) to move towards the colder region (7 ). Thus, the Marangoni flow

introduced inside the droplet deforms the droplet and tilts the micromirror on top, as depicted in Figure

3.4(b).

[ Silicon Poly-Si Heater [ Micromirror

(a) (b)

Figure 3.4. The schematic of micromirror tilting on a hydrophobic substrate. (a) Micromirror resting on the oil
droplet without any actuation voltage applied. (b) Liquid moves from the hot (T’ +) to the cold (7 ') region on a
hydrophobic substrate when actuation voltage is applied to the right microheater. Micromirror is tilted due to the
droplet shape deformation.
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4 Device Design

The layout of the device is designed using Mentor Graphics software and requires a total of four mask
layers as shown in Figure 4.1, namely: poly, contact, metal and Teflon. The device design consists of four
polysilicon heaters making a donut shape as numbered 1, 2, 3 and 4 in Figure 4.1. Polysilicon
microheaters are designed in a circular shape to completely cover the droplet circumference. Therefore,
these microheaters also define a circular area for placing the microdroplet on top of the chip. Outer
circumference and inner circumference of each microheater are measured 2 mm and 1.25 mm
respectively. Each microheater area is measured to be approximately 0.825 mm”. Voltage can be applied

to each microheater independently, thus heating one-fourth of the droplet volume.

Teflon Box Electrode Pad
EFd
Microheater &=
fadl
e
]
fpmm
/ =i
- &z
Contact Cut

A
v

2.59 mm

A
v

4.0 mm

Figure 4.1: Layout of the device showing polysilicon microheaters (1, 2, 3 and 4), and metal electrodes. Teflon is
coated, except in the “Teflon box” regions.
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Each microheater is connected with two electrodes for applying actuation voltage. Contact cuts are
designed to connect metal pads with polysilicon microheaters. Finally, the “Teflon box” defines the

region where hydrophobicity, or Teflon layer, is not required.

After the successful fabrication, operation and testing of the device in Figure 4.1, different layouts
were generated. Various designs were used for testing the device and micromirror actuation using
different shape and size polysilicon microheaters and actuation schemes. For example, Figure 4.2(a)
shows the device design with smaller size microheaters. A smaller droplet on these microheaters ensures
faster liquid heating and improved droplet actuation. The layout in Figure 4.2(b) is designed to employ
four microdroplets supporting a single micromirror on top. As shown, each resistor can heat one-half of
the droplet volume. Smaller droplet volume would further increase the droplet deformation, causing
higher micromirror tilt angle. Furthermore, the design in Figure 4.2(c) was drawn to test the vertical
actuation of the droplet. The Figure 4.2(d) design was implemented to test the operation of a liquid
micromotor. This design was specifically made for rotating the micromirror on the droplet, thus acting as

a liquid micromotor. Similarly, various other designs were drawn which have not been discussed here.

Finally, all the designs were assembled to make a 5 x 5 matrix (as shown in Figure 4.2(e)) which is
repeated to produce the final mask layout as shown in Figure 4.2(f). Alignment marks and critical
dimension structures employed for the proper alignment of different layers are shown in Figure 4.2(g). A
level 1 alignment mark scheme was used during the fabrication of the devices. Finally, GDSII files were
generated for each mask layer and sent to Photosciences for fabrication on a 5 x 5 x .090 inch sodalime

glass with chrome masking material.
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Figure 4.2: Designs: (a) Smaller polysilicon heater design to place a smaller droplet for increasing the Joule heating
and droplet actuation. (b) Four microdroplets for supporting a micromirror. (c) Vertical actuation of the
microdroplets. (d) Layout for a liquid micromotor. (e) 5 x 5 cell of different designs used for making mask layout.
(f) Final mask layout by repeating cell shown in figure 4.2(e). (g) Alignment marks and critical dimension structures
used for layer alignments.
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5 Device Simulation

Numerical calculations were conducted to evaluate the device performance and to explore the steady-
state analysis of the Marangoni flow or liquid flow inside the droplet. The simulations were performed by
employing Incompressible Navier-Stokes, Convection and Conduction and Weak Form, Boundary
application modes in the Comsol® software. The main objective of performing simulation was to
understand the different liquid flows, liquid flow directions and velocity vectors inside the droplet. This
was important as it provided better understanding of droplet actuation and micromirror tilting. Some

constants used during the simulation which will be used in the following sections are shown in Figure 5.1.

f Constants

Mame Expression | Value Descripkion

delcaT 110 110 Temperature Difference ”
gqamma -ge-1 -0.8 Temperature Derivative af Surface Tension T
rhoi 1020 1020 Density
ekal 70 70 Drymamic Viscosity
k1 0.15 0.15 Thermal Canductivity
Cpl 2090 2090 Heat Capacity
alphai Te-4 Te-4 Thermal Expansion Coefficient —
] 9.8 9.8 Acceleration Due ko Gravity

b/,
< I >

Figure 5.1: The different constants used during simulation in Comsol® software.

5.1 Model Design

A 2-D mustard oil droplet model with a microheater underneath is shown in Figure 5.2. The droplet
diameter is set to be 2 mm with an approximate height of 0.65 mm. The contact angle of droplet is
designed to match approximately the contact angle of actual oil droplet during the device operation. Since

the height of droplet is much larger than the thickness of microheater, our simulation model neglects the
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effect of topography on droplet actuation. The simulation boundary shown in Figure 5.2, describes the

outer peripheries of the simulation model.

- Simulation Boundary

| ™

= ‘ ' ‘ ' ' Oil Microdroplet
1
0s £
g
Lo
©
05 o
0.4
. o _
Microheater
-L2 -1 -08 0.6 -0.4 0.2 o 0.2 04 0.6 [1¥:] 1 L2 B

10’

2mm

Figure 5.2: Model of the microdroplet on top of a microheater for simulating convective flow inside the droplet.
Model designed using Comsol® software.

5.2 Model Meshing

Subsequently, the droplet model was meshed using a fine triangular meshing scheme. The meshed

model is shown in Figure 5.3. The maximum element size for meshing is set to be 4e-5 and solved with

47520 degrees of freedom.
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Figure 5.3: The triangular meshed model of a droplet on top of a microheater. Meshing performed using Comsol®
software.

5.3 Incompressible Navier-Stokes Model
An Incompressible Navier-Stokes application mode with no-slip boundary condition was used in

Comsol® to simulate the liquid flow inside the droplet.

5.3.1 Boundary Conditions

The different boundaries selected for correctly simulating the model are shown in Figure 5.4.
Furthermore, Table II demonstrates the different boundary types and boundary conditions used for liquid
momentum balance. As obvious from Figure 5.4 and Table II, B1 and B2 represent the boundaries where
droplet is sitting on top of the microheater. Similarly, boundary B3 represents where droplet is touching
the chip surface. Therefore, B1, B2 and B3 are all set as wall with no-slip boundary condition. In
addition, B4 and B5 represent boundaries between the droplet and the ambient environment. A symmetry
boundary type is used to establish no penetration and vanishing shear stresses across the liquid-air

interface.
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Figure 5.4: Various boundaries used for implementing Incompressible Navier-Stokes application mode in Comsol®
software.

Table II: Boundary conditions used for Incompressible Navier-Stokes application mode in Comsol® simulation.

Settings B1 B2 B3 B4 B5
Boundary Type Wall Wall Wall Symmetry Boundary ~ Symmetry Boundary

Boundary Condition = No Slip NoSlip No Slip - -

5.3.2 Subdomain Settings

The subdomain settings are used to define the physics on a model’s domain, which is divided into
different subdomains. For the Incompressible Navier-Stokes application mode subdomain S1 is defined as
a mustard oil liquid droplet as shown in Figure 5.5. Table III shows various settings used for defining

density, dynamic viscosity and volume force in y-direction for the S1 subdomain.
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Figure 5.5: Subdomain used for Incompressible Navier-Stokes model in Comsol® software.

Table III: Subdomain settings used for Incompressible Navier-Stokes application mode in Comsol® simulation.

Settings S1
Density rhol
Dynamic Viscosity etal
Volume Force in y-direction alphal* g * rhol* (T - deltaT/2)

5.4 Convection and Conduction Model
Convection and conduction application mode was used to take heat flow inside the droplet into

account.

5.4.1 Boundary Conditions

The different boundaries selected for simulating the Convection and Conduction model are shown in
Figure 5.6. Table IV demonstrates the different boundary types and boundary conditions used for
convective heat transfer inside the fluid. As obvious from Figure 5.6 and Table IV, B1l, B3 and B4
represent the microheater boundaries and are set to deltaT (AT). Since the fabricated device has a 0.5 pym

thick oxide layer below the polysilicon microheater, it is fair to assume that heat loss through the bottom
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part of chip is negligible. Henceforth, boundaries B2, B7, B8 and B12 are set as thermal insulation.
Similarly, boundaries B9, B10 and B11 are also set to thermal insulation by assuming that there is no heat
loss outside the model periphery. Since B5 and B6 represent boundaries between the droplet and the

ambient environment both are set to room temperature i.e. 298.15 K.

leg‘( T T T T T T T T T T T T )l

B10

!

3]

B11
08 - <— B9
w2 B12 Bl B2 B7 B8

107

Figure 5.6: Various boundaries used for Convection and Conduction model in Comsol® software.

Table IV: Boundary conditions used for Convection and Conduction application mode in Comsol®” simulation.

Settings B1, B3, B4 B2, B7, B8, B9, B10, B11, B12
Boundary Condition Temperature Thermal Insulation Temperature
Temperature deltaT - 298.15K

5.4.2 Subdomain Settings

For the Convection and Conduction application mode subdomain S1 is defined as a mustard oil liquid
droplet, S2 is defined as a polysilicon microheater and S3 is defined as room air as shown in Figure 5.7.
Table V shows various settings used for defining thermal conductivity, density, heat capacity and velocity

field for different subdomains.
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Figure 5.7: Subdomains used for Convection and Conduction application mode in Comsol® software.

Table V: Subdomain settings used for Convection and Conduction application mode in Comsol® simulation.

Settings S1 S2 S3
Thermal Conductivity k1 34 [W/(m*K)] 0.0257 [W/(m*K)]
Density rhol 2320 [kg/m”3] 1.205[kg/m"3]
Heat Capacity Cpl 678 [1/(kg*K)] 1012 [J/(kg*K)]
Velocity Field u 0 0
Velocity Field \% 0 0

Furthermore, Table VI shows typical physical parameters used for mustard oil droplet during Comsol®
simulation.

Table VI: Mustard oil physical parameters used for Comsol® simulation.

Parameter ~ Dynamic Viscosity ~ Density ~ Thermal Conductivity =~ Heat Capacity ~ Thermal Expansion Boiling Point
(kg/(m.s)) (kg/m3) (W/(mK)) (I/(kg.K)) Coefficient (1/K) (°C)

Value 70 1020 0.15 2090 Te-4 151-153

5.5 Weak Form, Boundary Model
This application mode is used to implement the condition that the shear stress is proportional to the
temperature gradient on the surface. It defines the boundary conditions for liquid-air interface in our
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model. Weak Form, Boundary application mode is used for models with separate partial differential
equations (PDEs) on boundaries, edges or points. In general, all models are first transformed to the weak
solution form before solving. The advantage of using weak solution form is that it provides with the exact

Jacobian necessary for fast convergence of strongly nonlinear problems.

5.5.1 Boundary Conditions
The different boundaries selected for correctly simulating the model are shown in Figure 5.8.
Furthermore, Table VII demonstrates the different boundary types and boundary conditions used for
implementing Weak Form, Boundary application mode. Equation 5.1 describes the forces that the
Marangoni effect induces on the liquid-air interface in the droplet.

ou oT

! 5 ) 75 5.1
where 7 is the liquid dynamic viscosity, u is the liquid velocity, y is the temperature derivative of surface

tension (N/(m-K)), T is the temperature and x, y are horizontal and vertical coordinates of droplet. This

equation states that the shear stress on a liquid surface is proportional to the temperature gradient.

Xlﬂ'3 |< T T T T T T T T T T T T T L2 |

0.8
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0.4 1

Figure 5.8: Various boundaries used for Weak Form, Boundary application mode in Comsol® software.
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The boundary conditions B1 and B2 shown in Table VII are used to implement eq. (5.1). Meanwhile,
there is no subdomain setting for this application mode as it only implements the liquid-air interface.

1@

Table VII: Boundary conditions used for Weak Form, Boundary application mode in Comsol™ simulation.

Settings B1,B2 |

Weak Term Im_test* (etal * uy —gamma* Tx)+u_test * Im

5.6 Simulation Results

When a temperature difference (A7) of 110 K was applied to the microdroplet using a microheater,
surface tension gradient causes liquid to flow inside the droplet. Effectively that accounts for a
temperature difference between the left and right side of the droplet. Two kind of liquid flows can be seen
from Figure 5.9: liquid moving in counter-clockwise direction with higher velocity vectors and liquid
flowing in clockwise direction with lower velocity vectors. This demonstrates that higher temperature
difference causes higher surface tension gradient, causing liquid to move faster and thereby changing the
droplet shape. Additionally, as can be seen from Figure 5.9, liquid velocity vectors inside the droplet are
highest near the liquid-air interface, closer to the surface of the droplet. This is self-explanatory, as air is
much colder due to room temperature causing a large surface tension gradient near liquid-air interface.

This effect further enhances micro-object tilting and movement on top of the droplet.
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Figure 5.9: Thermocapillary effect causing liquid flow inside the droplet when a 110 K temperature difference was
generated at left and right end of the droplet. Higher velocity vectors in counter-clockwise direction and lower
velocity vectors in clockwise direction can be seen from the image. Simulation performed using Comsol® software.

Table VIII shows the maximum velocity in the x and y directions inside the droplet. Furthermore, low

Reynolds number confirms a laminar flow inside the droplet.

Table VIII: Liquid velocity inside the droplet.

Parameter ~ Maximum Xx-velocity Maximum y-velocity Reynolds Number
(mm/s) (mm/s)

Value 38.9 33.1 4.4e-5
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6 Fabrication

6.1 Device Fabrication

The process flow for device fabrication is based on the RIT CMOS/MEMS processes [30-31] with
necessary modifications, and it is illustrated in Figure 6.1. A total of four masks are needed for fabricating
the device namely: Poly, Contact, Metal and Teflon. Device fabrication starts with the thermal growth of
a 0.5 pum thick oxide layer, on top of a 500 pum silicon wafer. A 0.6 um thick polysilicon layer is then
deposited using LPCVD at 610 °C. Phosphorous-doped spin-on-glass (N-250) is coated, followed by
thermal diffusion to increase the conductivity of the polysilicon layer. The first mask (Poly) is used to
define the microheaters using photolithography and RIE dry etching. The poly microheaters are then
partially oxidized at 1000 °C in dry oxygen ambient. The resistance of each microheater is measured

using a multimeter and found to be approximately 430 £ 5 Q.

Silicon
Oxide
Poly-Si

LTO
Metal

Teflon

3 1l o e

\
A
_EI=a\EN

Figure 6.1: Process flow: (1) Thermal oxide is grown on top of silicon substrate. (2) Polysilicon layer is deposited
and patterned to create microheaters. (3) LTO deposition. (4) LTO is etched for creating contact cuts. Subsequently,
aluminum is sputtered and patterned for defining electrodes. (5) Finally, a Teflon layer is spin-coated and patterned.
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A 1 um thick LTO layer is then deposited using LPCVD. The second mask is then used to create
contact cuts. Subsequently, an aluminum layer (1 um) is sputtered and wet etched using the third mask to
create contact pads for applying voltage to the microheaters. A Teflon® layer of 2000 A thickness is spin-
coated and lift-off to increase the hydrophobicity of the surface, which increased the contact angle of the
oil droplet. The wafer is then diced into 4 x 4 mm? chips as shown in Figure 6.2. Additionally, Figure 6.3
(a, b) shows the close-up of two device chips. The complete process flow is discussed in Appendix B for

interested readers.

Figure 6.2: Different 4 x 4 mm? diced devices.

Figure 6.3: Device chips (a) Droplet actuator device used for micromirror tilting. (b) Droplet actuator device with
buried p-n diodes for measuring chip temperature.
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6.2 Micromirror Fabrication

The micromirrors were fabricated by depositing 0.8 um thick aluminum layer on top of a transparent
Polypropylene (PP) plastic sheet, using a thermal evaporator tool. The aluminum-coated plastic sheet was
then cut into various-sized micromirrors using a fine scissor. The different size micromirrors are shown in
Figure 6.4. Plastic micromirrors were used instead of silicon micromirrors, as they are more stable on top
of a droplet due to their light weight. Additionally, they are simple, cost-effective and quick to fabricate
compared to silicon micromirrors. For our preliminary test, a 1 x 1 x 0.1 mm® micromirror was placed

onto the droplet using a micromanipulator.

Figure 6.4: Different size aluminum coated micromirrors in a plastic dish.

6.3 PCB Fabrication

The fabrication process for making PCB boards is discussed below. The layout for PCB boards was
designed using ExpressPCB software as shown in Figure 6.5. Subsequently, it was printed on a
transparent plastic sheet and used as a mask. A copper board was first cleaned with fine steel wool
followed by isopropanol, acetone and DI water cleansing [32]. HPR504 photoresist was then spin-coated

at 1500 rpm for 60 seconds, followed by baking it at 110°C for 5 minutes. The copper board was then
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flood exposed, using the PCB mask in a Karl-Suss aligner for ~10 sec, followed by treatment with CD-26
developer. Copper was then etched using a mixture of water, hydrogen peroxide (H,O,) and hydrogen
chloride (HCI) in a 3:2:1 ratio. Finally, the copper board was cut into individual PCB boards using a sharp

blade.

Figure 6.5: PCB board layout using ExpressPCB software.
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7 Packaging

Proper packaging of the MEMS device is a critical step before any device testing can begin. Good
packaging also ensures that the device performance is unaffected by external factors like vibration,
temperature, humidity, etc. Micromirror actuation device packaging involved epoxy gluing of device

chips in the center of a diced PCB board, using Hangar-9 6 minute epoxy as shown in Figure 7.1.

Figure 7.1: Device chip is epoxy glued in the center of the diced PCB board.

Subsequently, electrode pads on the device chip were wirebonded with PCB board electrodes using
an ultrasonic wirebonding machine. To further increase the wirebond strength against shock and
vibration, all of the wirebonds were encapsulated with a transparent epoxy glue (Hangar-9 6 minute
epoxy), as shown in Figure 7.2. Afterwards, holes were drilled inside the PCB board and pin-strip headers
(3M 929) were bonded to the PCB electrodes. This kind of packaging ensured the possibility of testing
this device on a breadboard circuit. Consequently, a 1.2 pL mustard oil (allyl isothiocyanate)
microdroplet, equivalent to a 2 mm base diameter, is placed in the center of the chip using a computer-
controlled microsyringe (VCA Optima tool). Finally, a micro-manipulator is used to place the

micromirror on top of the oil microdroplet. The complete packaged device with a micromirror onto a
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microdroplet is shown in Figure 7.3. For size comparison purposes an individual chip, a packaged device
and a penny are also shown in Figure 7.3. If required, microdroplet contamination can be minimized by

covering the entire chip using a transparent plastic cover.

Figure 7.2: Device chip is wirebonded with PCB board electrodes. Wirebonds are encapsulated with epoxy glue to
increase their strength against any shock and vibration.

Micromirror onto
droplet

Figure 7.3: The complete packaged device with a micromirror onto a microdroplet. A penny is placed near the
packaged device and device chip for size comparison.

X X X

35



8 Test Setups

8.1 Micromirror Tilting Test Setup

To find the relationship between the actuation voltage, the contact angles of the droplet, and the
tilting angles of the micromirror, the measurement setup in Figure 8.1 was utilized. A CCD camera was
used to capture video images of the droplet deformation and the micromirror actuation. A computer with
software control enabled the optimization and configuration of the CCD camera and microsyringe
systems. The control circuitry included employing a transistor switch and a function generator (Agilent
33250A) to apply pulsed DC voltages to the microheaters. The advancing and receding angles during
microdroplet deformation were calculated using a goniometer (VCA Optima) with an accuracy of + 0.1

degree.

Light Source ~ Testing Device

Software
Control

/ | \ Light Source
S—
CCD Camera

\|/

5 o
= 4 | Power Supply and

Control Circuitry

Figure 8.1: Schematic of the device test setup for measuring droplet advancing, receding angles and micromirror tilt
angles.

The experimental setup of device testing is shown in Figure 8.2. A syringe containing mustard oil
(yellowish liquid) was used to release microdroplet onto the chip surface. This phase of testing was
performed before device packaging. As shown in the center of Figure 8.2, a device chip with a

microdroplet was placed on a horizontal platform. Two probes were used to apply actuation voltages.
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Figure 8.2: Experimental test setup for measuring advancing angle, receding angle, micromirror actuation and
tilting.

8.2 Laser Test Setup

To test the application of micromirror actuation as a two-degrees-of-freedom (2-DOF) scanning
micromirror, the setup shown in Figure 8.3 was employed. A HeNe laser of 633 nm wavelength and
0.8 mW power was used to demonstrate laser scanning. The control circuitry included a Complex
Programmable Logic Device (CPLD, Xilinx CoolRunner-II CPLD board) and transistor switches to
address the microheaters on the chip in a programmed sequence [33]. The actuation voltage applied to the
four microheaters on the device chip in a programmed sequence (1, 2, 3, 4) is shown in Figure 8.4. As
obvious from Figure 8.4, at any given time only a single microheater is in ON state. The Verilog code

used to program CPLD board can be found in Appendix C for further details.

At first, the laser was focused onto the device micromirror after reflecting from a mirror as shown by
dotted blue ray in Figure 8.3. The reflected laser image, reflected from the device micromirror was then
captured on a flat screen, placed at a distance of 130 mm. A CCD camera was used to capture the video
images of the laser scanning pattern. Meanwhile, different logic sequences were applied to demonstrate

linear, square and circular laser scanning patterns.
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Figure 8.3: Schematic of the laser test setup to demonstrate a (2-DOF) scanning micromirror.
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Figure 8.4: Actuation voltage applied to the four microheaters in a programmed sequence using a CPLD board to
demonstrate a (2-DOF) scanning micromirror.
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Furthermore, Figure 8.5(a, b) show the actual experimental setup used to test laser scanning on top of
a shock- and vibration-free vacuum table. As shown in Figure 8.5(a, b) the device is placed onto a glass

slide for the ease of applying actuation voltage.

(b)

Figure 8.5: Laser experimental test setup to show the two-degrees-of-freedom (2-DOF) scanning micromirror: (a)
Showing function generator, voltage supply, control circuitry and laser source. (b) Showing laser, mirror and device.

X X X
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9 Results and Discussion

9.1 Thermocapillary Actuation

Initially, the device was tested to confirm thermocapillary actuation and droplet deformation. It is
worth mentioning that all the tests during research were carried out in an ambient environment, at room
temperature. A 1.2 pL mustard oil microdroplet was released in the center of chip with a computer-
controlled microsyringe. The base diameter of the microdroplet was measured to be approximately 2 mm.
Figure 9.1(a) shows the oil droplet without any voltage applied, hence no thermocapillary effect [34].
Similarly, Figure 9.1(b) shows the droplet actuation in the south-west direction when a 15 V, 1 Hz, 50 %
duty cycle is applied to the first microheater. Reflection of light from the droplet surface clearly shows the

change in droplet shape, thus confirming liquid flow due to Marangoni effect.

1IE

Figure 9.1: Reflection from the droplet surface, placed in the center of device without a micromirror: (a) without any
actuation, and (b) when the voltage is applied to microheater 1 [34].

9.2 Micromirror Actuation and Tilting
The device is further tested with a micromirror on top of the droplet. For simplicity, a 1 x 1 x 0.1 mm’

PP (Polypropylene) plastic sheet coated with aluminum was placed onto the droplet using a
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micromanipulator. Different voltages were applied to deform the droplet and tilt the micromirror. The
images in Figure 9.2 show the tilting of the micromirror [34-35]. As shown in Figure 9.2(a), a
micromirror is resting on top of the droplet without any actuation voltage applied. The micromirror tilted
6.5° towards left when a 30 V, 1 Hz with 50% duty cycle voltage was applied to the polysilicon
microheater using probes (as shown in Figure 9.2(b)). Furthermore, once the required micromirror tilt is
obtained, the applied voltage needs to be decreased; otherwise it causes oil evaporation. This effect
decreases the overall power requirements of the device. The typical current drawn by an individual

microheater is 0.05 A with a total power requirement of 1.5 watts at 30 V actuation voltage.

(@)  Micromirror | ‘ (b)
Oil Microdroplet
Probes

Substrate
6.5°

Figure 9.2: Micromirror actuation (a) Micromirror on top of the oil microdroplet @ 0V. (b) Microplate tilted 6.5° @
30 V applied to one of the microheater [34-35].

Subsequently, different actuation voltages were applied and corresponding micromirror tilt angle,
droplet advancing and receding angles were measured using the VCA Optima tool. Furthermore, Polytec
Micro System Analyzer MSA-500 was used to confirm and analyze micromirror actuation at different
applied voltage frequencies. Micromirror was found to be actuating even at 30 Hz frequency but with a
lesser tilt angle. Since the liquid heating and convective flow inside the droplet is a relatively slow
process it effectively decreases the Marangoni force on the micromirror at higher frequencies, causing a
smaller micromirror tilt angle. Figure 9.3 shows the dependence of droplet tilt angle and contact angles

with applied voltages [34-35]. The tilting angle of the micromirror was found to be almost linearly
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dependent on the applied voltage. The black dotted line shows the linear match with the tilt angle data
points. As the voltage was increased, the advancing (6,) angle of the droplet increased, effectively
increasing the micromirror tilt angle. The receding angle (6,) was also found to be increasing slightly,
instead of decreasing. This effect is possibly due to the presence of the micromirror on top of the droplet,
which exerts a gravitational force on the droplet liquid. The advancing angle of the droplet increased from

79° to 86° whereas the receding angle increased from 78.9° to 81.8°.

It is interesting to note that the receding angle is also found to be increasing instead of decreasing.
This is contrary to what can be expected from the thermocapillary effect theory in Chapter 3. This
phenomenon can be explained by the fact that the theory described in Chapter 3 (Figure 3.1 and Figure
3.2) considers droplet actuation without any micromirror on top, when a temperature gradient is applied.
However, when a micromirror is placed on the droplet it exerts a gravitational force on the droplet liquid.
This downward force along with clockwise Marangoni flow causes receding angle to increase slightly. As
the voltage is increased, the difference between advancing and receding angles increases, which correlates

with the increasing tilt angle.

A maximum of 6.5° micromirror tilt angle at 30 V makes this technique easily integrable with current
CMOS technology, thus providing an opportunity to fabricate a complete microsystem on a single chip.
The device microheaters were found to be operating up to a maximum of 583 K after which they broke
down due to excessive heat. Furthermore, the device was tested for up to 30 minutes at 30 V, 50% duty
cycle, 1 Hz voltage without any oil evaporation. However, oil evaporation starts occuring if actuation

voltage is increased above 30 V, thus limiting the device operation.
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Figure 9.3: The dependence of the advancing and receding angles of the droplet, and the tilting angle of the
micromirror at different applied voltages [34-35].

9.3 Laser Scanning

Figure 9.4(a) shows the linear scanning of laser beam when 30 V, 1 Hz actuation voltage was applied
to one of the microheaters. A linear scan of 290 mm was obtained, which is quite large compared to other
scanning results in literature. Subsequently, different actuation voltage sequences, implemented through
the CPLD board, were applied to the microheaters to demonstrate different laser scanning patterns. Figure
9.4(b) shows the square-shape laser scanning when a 30 V, 1 Hz actuation voltage was applied to the
microheaters in a 1, 2, 3, 4 cycle continuously using a CPLD board. In the case of Figure 9.4(a, b) the
distance between the device micromirror and the capturing screen was set to be 2400 mm, which confirms
large laser scanning distance. Consequently, microheaters were supplied with a 15 V actuation voltage at
10 Hz frequency in a continuous cyclic sequence (1, 2, 3, 4) using a CPLD board. As shown in Figure
9.4(c), a circular scanning pattern with a diameter of approximately 4 cm was obtained on the capturing

screen, which confirms the two-degrees-of-freedom (2-DOF) micromirror scanning. Figure 9.4(c) was
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obtained by superimposing three consecutive video frames of the scanning pattern using Image Stacker

software (TawbaWare) [36].

Figure 9.4: Different results obtained during the operation of the device. (a) Linear beam scanning @ 30 V, 1 Hz. (b)
Square scanning of laser beam @ 30 V, 1 Hz. (c) Laser beam scanning a circle @ 15 V, 10 Hz actuation voltage.

However, an elliptical scanning pattern rather than a perfect circle was obtained. This can be
explained by the fact that the camera was not at right angle to the capturing screen. Moreover, it may be
possible that the mirror did not have a perfectly square shape. Since the applied voltage was just 15 V, the
rotating angle of the micromirror was found to be approximately + 3.7°. The frequency response of the
device can be further improved by the miniaturization of the device, or by replacing the liquid with one

having a higher surface tension and a lower viscosity [37].

X X X
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10 Future Work

The performance of this device can be further improved by using a smaller droplet on top of smaller
microheaters. Since the thermocapillary effect is based on convective flow of liquid, smaller oil droplet
volume will ensure faster heat-up and flow of liquid inside the droplet, increasing the frequency response

of the device.

Furthermore, a major improvement can be made by using a silicon micromirror instead of an
aluminum-coated plastic micromirror. Oil heating by microheaters causes the heating of plastic
micromirror, which causes micromirror to bend. This phenomenon modifies laser reflection from the
micromirror, which changes the spot size of the laser on capturing screen. Since silicon has a relatively
higher temperature coefficient of expansion compared to polypropylene plastic, using a silicon
micromirror will minimize this problem and the same spot size can be expected during device operation.
Additionally, to prevent oil contamination from dust particles and contaminants a transparent structure

can be made around the microdroplet using polydimethlysiloxane (PDMS).

Another way to extend this research is by fabricating a 2 x 2 or 4 x 4 matrix of the devices and
demonstrating different patterns — for example, writing a name or projecting a pattern. Moreover, the
thermocapillary effect can also be utilized to demonstrate the operation of a liquid micromotor where a
micro-object can be rotated on top of an oil microdroplet. The design for this kind of device is included in

this research but device testing could not be finished.
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11 Conclusion

Successful operation of a novel and simple way to actuate a micromirror on top of a mustard oil
microdroplet is demonstrated. Thermocapillary effect in microdroplets is discussed with the effect of
hysteresis on the stability of the droplet. Testing results confirm that devices can work at merely 10 V dc
supply voltage. Increase in voltage increases the tilt angle of the micromirror with a maximum of 6.5° at
30 V, which is relatively improved compared to similar mechanisms reported in the literature. The small
voltage requirements of the device allow it to be integrated with current CMOS processes, thus providing

an opportunity for a complete microsystem on a single chip.

Device operational voltage and the stability of the microdroplet-micromirror system will further
improve with the miniaturization of the device. Actuation of the micromirror on top of the microdroplet
confirms that this device can be used for actuating micromirrors or micro-objects. Finally, a 2-degrees-of-
freedom (2-DOF) scanning micromirror was demonstrated using a laser setup. Linear, square and circular
laser scanning was demonstrated successfully, confirming possible applications in the field of scanning
and display technology. Furthermore, the thermocapillary effect, which causes liquid to flow within the
droplet from a hotter region towards a colder region and vice versa can be used judiciously for

demonstrating a liquid micromotor.
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Appendix A

Contact Angle Measurement
Two different methods commonly used to accurately measure the advancing and receding angles of

an actuating microdroplet on a surface are discussed in this section.
A.1l. Method 1

This method measures the advancing (6,) and receding (6,) angles of a microdroplet by continuously
releasing and sucking liquid from a computer-controlled microsyringe. For our case, microdroplet contact
angles are measured on a horizontal flat Teflon surface. For measuring advancing angle, liquid is released
continuously at a constant rate from a microsyringe as shown in Figure Al(a). The images of angles thus
formed by the droplet with the horizontal surface were captured using an built-in a CCD camera inside
VCA Optima tool. Finally, the advancing angle was measured using VCA Optima software. Similarly,
droplet receding angle can be measured by sucking the liquid droplet inside the microsyringe
continuously at a constant rate as shown in Figure Al(b). The angle between droplet and flat Teflon

surface thus formed will determine the receding contact angle.

Syringe Syringe

(0)

Figure Al: Contact angle measurement (a) Advancing angle is measured when liquid is moved out of the
microsyringe. (b) Receding angle is measured when liquid is moved inside the microsyringe.
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A.2. Method 2

The second method measured contact angles by employing a tilted surface, which causes liquid
droplet to deform under the influence of gravity. To measure the advancing and receding angles
accurately, a droplet is placed on a flat surface, which is gradually tilted to the maximum tilt angle where
droplet starts moving. The angles thus formed by the droplet with the surface are advancing and receding
angles as shown in Figure A2. A VCA Optima tool can be used to capture images of the droplet

deformation and to measure contact angles.

Figure A2: The dependence of the advancing angle and receding angle of the droplet, and the tilting angle of the
microplate at different applied voltages.

51



Appendix B

Process Flow
The process flow used for fabricating micromirror actuation device was adapted from Dr. Lynn
Fuller’s RIT MEMS bulk and surface micromachining process. A total of four masks are required

namely: Poly, Contact Cut, Metal and Teflon.

Step Instructions

1 Obtain qty 3, 4” n-type wafers

2 RCA Clean

10 min SC1, 15:3:1 H20:H202:NH40OH
5 min DI water rinse

60 sec 50:1 HF

5 min DI water rinse

10 min SC2 15:3:1 H20:H202:HCL

5 min DI water rinse

SRD

3 | Grow 5000A oxide recipe 350

Enter Nanospec thickness:

1 , 2 ,3 , 4 »5

4 | Deposit 6000 A poly LPCVD
Use 610C Poly recipe

Soak time from log sheet=
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Enter Nanospec thickness:

1 , 2 ,3 , 4 »5

Spin on Glass, N-250
3000 rpm 30sec

Blue oven bake at 200C for 20 minutes in air ambient

Poly Diffusion, Recipe 120

15 min in N2 at 1000C

Etch SOG

7 min 5.2:1 BOE

4 pt Probe on edge of wafer with manual 4pt probe

Voltage= , Current=

Rs= ohm/sq

Photo 3, Poly

Coat in wafer track — recipe 1 (HMDS vapor prime, coat
S1813 resist 4500rpm_60sec, softbake 90C 60sec)

Expose using KS55 aligner with 14 sec exposure.
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Develop in wafer track — recipe 1 (peb 115C 60sec,
develop CD26 50sec,hard bake 125C 60sec)

Enter minimum resolution line:

um
Alternate:
Hand coat with CEE spinner — Dehydration

bake 120C 60sec, HMDS spin_4500rpm_60sec, coat
S1813 resist 4500 rpm_60sec, softbake 90C 60sec)

Expose using KS55 aligner with 14 sec exposure.

Hand develop (peb 115C 60sec, develop CD26 50sec,
DI water rinse and air-gun dry, hard bake 125C 60sec)

Enter minimum resolution line:

um

10

Etch poly, LAM490

Use FACPOLY recipe, endpoint detection may not work
due to smaller 4” wafer area. (Expect ~1°05"")

Time/wafer =
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11

Strip Resist

5 min solvent clean + 10 min DI water rinse + SRD

12

RCA Clean

10 min SC1, 15:3:1 H20:H202:NH40OH
5 min DI water rinse

60 sec 50:1 HF

5 min DI water rinse

10 min SC2 15:3:1 H20:H202:HCL

5 min DI water rinse

SRD

13

Oxidize Poly Recipe 250

Soak: 54min dryO2 at 1000C

Enter Nanospec thickness:

1 ,2 ,3 4 )5

14

Deposit Ium LTO
LPCVD 410C LTO, include bare-Si dummy wafer

Soak time from log sheet=
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Enter Nanospec thickness of bare-Si dummy wafer:

1 ,2 ,3 4 ,5

15

Photo 4, Contact Cut

Coat in wafer track — recipe 1 (HMDS vapor prime, coat
S1813 resist_ 4500rpm_60sec, softbake 90C 60sec)

Expose using KS55 aligner with 14 sec exposure.

Develop in wafer track — recipe 1 (peb 115C 60sec,
develop CD26 50sec,hard bake 125C 60sec)

Enter minimum resolution line:

um
Alternate:
Hand coat with CEE spinner - Dehydration

bake 120C 60sec, HMDS spin 4500rpm_60sec, coat
S1813 resist 4500 _rpm_60sec, softbake 90C 60sec)

Expose using KS55 aligner with 14 sec exposure.

Hand develop (peb 115C 60sec, develop CD26 50sec,
DI water rinse and air-gun dry, hard bake 125C 60sec)

Enter minimum resolution line:

um
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16

Etch Contact Cut in BOE, Rinse, SRD

5.2:1 BOE, determine etch time based on LTO thickens.

Etch rate is ~2000A/min

Enter etch time: min

Enter approximate delta CD after etch. um

17

Strip Resist

5 min solvent clean + 10 min DI water rinse + SRD

18

RCA Clean, include extra HF

10 min SC1, 15:3:1 H20:H202:NH40H
5 min DI water rinse

60 sec 50:1 HF

5 min DI water rinse

10 min SC2 15:3:1 H20:H202:HCL

5 min DI water rinse

20 sec 50:1 HF

5 min DI water rinse

SRD

19

Deposit Aluminum, 10,000A

Al/Si 8” target, 2000 Watts, Argon, 5 mTorr dep pressure
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Dep time from logsheets: min (33min in 20062)

Use dummy wafer with tape to measure step height.

Alpha-step Al thickness = A

20

Photo 5, Metal

Coat in wafer track — recipe 1 (HMDS vapor prime, coat
S1813 resist_ 4500rpm_60sec, softbake 90C 60sec)

Expose using KS55 aligner with 9 sec exposure

Develop in wafer track — recipe 1 (peb _115C 60sec,
develop CD26 50sec,hard bake 125C 60sec)

Enter minimum resolution line:

um
Alternate:
Hand coat with CEE spinner - Dehydration

bake 120C 60sec, HMDS spin_4500rpm_60sec, coat
S1813 resist 4500 rpm_60sec, softbake 90C 60sec)

Expose using KS55 aligner with 9 sec exposure

Hand develop (peb 115C 60sec, develop CD26 50sec,
DI water rinse and air-gun dry, hard bake 125C 60sec)
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Enter minimum resolution line:

um

21 Etch Aluminum, Wet Etch
Use agitation or dunking technique to ensure that Al
etches in smaller spaces. Time should be 4-5 minutes.
Run one wafer first and inspect carefully, then the rest of
wafers.

22 Spin-coat Teflon AF 1600 solution. 500 rpm for 10 sec,
2000 rpm for 30 sec. Bake at 150 °C for 10 minutes.

23 | Spin-coat photoresist.

24 | Photo step for clearing Teflon from top of electrodes.

25 Etch Teflon from top of electrodes.

26 | Etch Resist.

27 | Dice wafer.

28 | Package devices on a PCB board for testing.

29 | Place microdroplet and micromirror in the center of
device.

30 | Test devices.
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Appendix C

Verilog Code for Xilinx CPLD Board
count :process (sclk processing)
begin
if sdata_in ="00000001" then
clk_divider <= "00000";
elsif (sclk_processing'event and sclk processing='1") then
if (clk_divider ="11101") then
clk_divider <= (others=>'0");
else
clk divider <= clk divider + 1;
end if}
end if;
end process count;
shift :process(sclk_processing, data_in)
begin
if data_in ="00000001" then
temp (15 downto 0 ) <= ("0000000000000001");
elsif sclk_processing'event and sclk processing ='1' then
if clk_divider <="01110" then
temp(15 downto 0) <= temp(14 downto 0) & temp(15);
elsif ("01111" <= clk_divider) then
temp(15 downto 0) <= temp(0) & temp(15 downto 1);
end if;
end if;

end process shift;
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sclk _processing <= clk processing;

hex <= temp;
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