University of Louisville
ThinkIR: The University of Louisville's Institutional Repository

Electronic Theses and Dissertations

5-2014

Development of a light-powered microstructure : enhancing
thermal actuation with near-infrared absorbent gold
nanoparticles.

Thomas Matthew Lucas
University of Louisville

Follow this and additional works at: https://ir.library.louisville.edu/etd

b Part of the Electrical and Computer Engineering Commons

Recommended Citation

Lucas, Thomas Matthew, "Development of a light-powered microstructure : enhancing thermal actuation
with near-infrared absorbent gold nanoparticles." (2014). Electronic Theses and Dissertations. Paper 862.
https://doi.org/10.18297/etd/862

This Doctoral Dissertation is brought to you for free and open access by ThinkIR: The University of Louisville's
Institutional Repository. It has been accepted for inclusion in Electronic Theses and Dissertations by an authorized
administrator of ThinkIR: The University of Louisville's Institutional Repository. This title appears here courtesy of
the author, who has retained all other copyrights. For more information, please contact thinkir@louisville.edu.


https://ir.library.louisville.edu/
https://ir.library.louisville.edu/etd
https://ir.library.louisville.edu/etd?utm_source=ir.library.louisville.edu%2Fetd%2F862&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/266?utm_source=ir.library.louisville.edu%2Fetd%2F862&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.18297/etd/862
mailto:thinkir@louisville.edu

DEVELOPMENT OF A LIGHT-POWERED MICROSTRUCTURE:
ENHANCING THERMAL ACTUATION WITH NEAR-INFRARED
ABSORBENT GOLD NANOPARTICLES

By

Thomas Matthew Lucas
B.S., Electrical and Computer Engineering, University of Louisville, 2009
M.Eng., Electrical and Computer Engineering, University of Louisville, 2010

A Dissertation
Submitted to the Faculty of the
J. B. Speed School of Engineering of the University of Louisville
In Partial Fulfillment of the Requirements
For the Degree of

Doctor of Philosophy

Electrical and Computer Engineering Department
University of Louisville
Louisville, Kentucky

May 2014



Copyright 2014 by Thomas Matthew Lucas

All rights reserved






DEVELOPMENT OF A LIGHT-POWERED MICROSTRUCTURE:
ENHANCING THERMAL ACTUATION WITH NEAR-INFRARED

ABSORBENT GOLD NANOPARTICLES
By

Thomas Matthew Lucas
B.S., Electrical and Computer Engineering, University of Louisville, 2009
M.Eng., Electrical and Computer Engineering, University of Louisville, 2010

A Dissertation Approved on

April 7, 2014

by the following Dissertation Committee

Cindy Harnett, PhD,
Dissertation Director

John Naber, PhD

Shamus McNamara, PhD

Stuart Williams, PhD

Roger Bradshaw, PhD

i



DEDICATION

To my family, friends, and future.

i1



ACKNOWLEDGEMENTS
I would like to give specific thanks to Damien Wilburn, Tyler Kilgore, and Tyler
‘Tweek’ Adams for a decade of friendship, support, and shenanigans. I also extend my
gratitude to Cindy Harnett for her intellectual support and guidance, and Evgeniya

Moiseeva for teaching me how to be a graduate student.

v



ABSTRACT

DEVELOPMENT OF A LIGHT-POWERED MICROSTRUCTURE:
ENHANCING THERMAL ACTUATION WITH NEAR-INFRARED

ABSORBENT GOLD NANOPARTICLES
Thomas M. Lucas

April 7,2014

Development of microscale actuating technologies has considerably added to the
toolset for interacting with natural components at the cellular level. Small-scale actuators
and switches have potential in areas such as microscale pumping and particle
manipulation. Thermal actuation has been used with asymmetric geometry to create large
deflections with high force relative to electrostatically driven systems. However, many
thermally based techniques require a physical connection for power and operate outside
the temperature range conducive for biological studies and medical applications. The
work presented here describes the design of an out-of-plane bistable switch that responds
to near-infrared light with wavelength-specific response.

In contrast to thermal actuating principles that require wired conductive
components for Joule heating, the devices shown here are wirelessly powered by near —
infrared (IR) light by patterning a wavelength-specific absorbent gold nanoparticle (GNP)
film onto the microstructure. An optical window exists which allows near-IR wavelength
light to permeate living tissue, and high stress mismatch in the bilayer geometry allows
for large actuation at biologically acceptable limits. Patterning the GNP film will allow

thermal gradients to be created from a single laser source, and integration of various



target wavelengths will allow for microelectromechanical (MEMS) devices with multiple
operating modes. An optically induced temperature gradient using wavelength-selective
printable or spinnable coatings would provide a versatile method of wireless and non-
invasive thermal actuation. This project aims to provide a fundamental understanding of
the particle and surface interaction for bioengineering applications based on a “hybrid” of
infrared resonant gold nanoparticles and MEMS structures.

This hybrid technology has potential applications in light-actuated switches and
other mechanical structures. Deposition methods and surface chemistry are integrated
with three-dimensional MEMS structures in this work. The long-term goal of this project
is a system of light-powered microactuators for exploring cells' response to mechanical
stimuli, adding to the fundamental understanding of tissue response to everyday

mechanical stresses at the molecular level.
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CHAPTER I

INTRODUCTION

Development of microscale actuating technologies has produced diverse options
for interacting with natural components at the cellular level. Small-scale actuators and
switches have potential in areas such as microscale pumping and particle manipulation,
and microelectromechanical systems (MEMS) sensors have revolutionized the way data is
collected from the environmentn. Sensing techniques developed at the microscale are often
more efficient and sensitive than those at the macroscale [1].

MEMS devices can be classified into categories by function and by the physical
phenomena used by the device. In this introduction, MEMS applications are divided into
sensing and actuating. Within each group, mechanical and microfluidic based techniques
are discussed.

This dissertation will catalogue the development of a light-driven thermal actuation
technique for integration with MEMS. It will provide a basis for developing bioengineering
applications based on a hybrid of infrared resonant gold nanoparticles and MEMS
structures, and to manipulate a MEMS structure with light as a proof of concept. The
mechanics of the pop-ups and gold nanoparticles are detailed in the chapters following this

introduction to MEMS and microfluidic systems.



1.1 Mechanical Sensing

Mechanical sensing can be used to extract parameters from both mechanical and

fluid-based phenomena. An example of a mechanics-based sensor would be an accelerator,
gyroscope, or pressure sensor. An accelerometer translates the force from an acceleration
of a body into an electrical signal through capacitive or piezoresistive elements. A mass
element is typically suspended and subject to the same movements as a body that it is
attached to [2-4].
A gyroscope is a kind of device based on the principles of angular momentum for
measuring or maintaining orientation. Most of the MEMS gyroscopes are based on the
Coriolis effect which is an apparent deflection of moving objects when they are viewed
from a rotating reference frame. In a reference frame with clockwise rotation, the deflection
is to the left of the motion of the object; in one with anti-clockwise rotation, the deflection
is to the right [5, 6].

Pressure sensors often rely on a sealed chamber and a deflecting diaphragm. Like
other physical methods, it relies on either piezoresistive elements or a capacitive region to
convert a pressure to an electrical signal. A difference in pressures on each side of a
micromachined diaphragm will cause a deflection that can be directly related to the
surrounding pressure [7-9].

As for the sensing of fluids, many types of mass flow sensing methods have been
developed that integrate gas and fluid sensing to lab-on-a-chip systems [10]. Traditional
methods of gas flow sensing at the microscale can be generally separated into two
categories, thermal or mechanical, depending on the type of measurable response [11].

Thermal sensing methods can monitor flow conditions by either directly measuring the



temperature profile of a heated wire, or sampling the temperature of the medium around it.
In the direct case, the element loses heat to the surrounding medium and its temperature is
monitored as a response to flow [12]; faster flow corresponds to lower temperatures. This
information is combined with known properties of the medium to find the flow speed [13].
In the indirect sensing case, the thermal profile of the flow is monitored near the heater and
flow velocity is extracted [14]. The advantages of measuring the thermal behavior of the
medium are that the heater and sensing element can be made in-plane, and the sensing
technique is viable at the macroscale. However, a thermal gradient is required and the
readings must be calibrated to the properties of a specific fluid.

Various mechanical flow sensing methods have been developed at the microscale
using a wide range of mechanical [15], optical [16], and biologically [17] inspired
techniques. Structures that show a measurable response based on mechanical interaction
with the flow are most common. These mechanisms include cantilever deflection,
differential pressure, resonating behavior, and deflection from lift force. Changes in
resistance or capacitance correlate to properties of the flowing medium. Cantilever-based
systems work by similar means to their macroscale counterparts. Deflection is caused by
drag force on the structure and is correlated to flow speed [18, 19]. Direction can also be
extracted with multiple sensing elements [20]. Differential pressure methods are based on
pressure drop in a confined channel [21]. The difference in pressure across a channel can
be examined by examining a pair of deflecting diaphragms at the ends of a known channel
segment, a standard technique for pressure sensing. The pressure change can be correlated
back to the fluid properties. Resonating structures also mechanically respond to the flow

around them with a known response profile [22]. Lift force structures have also been



proven to react in a measurable way [23] and have been integrated with hot-wire techniques
[24].

Disadvantages of mechanical sensors include sensitivity to particulate matter in the
air, and unidirectionality with a single element. Air flow samples collected outside of the
lab frequently contain particles upon collection. An exhaled sample from a living organism
may contain liquid and solid components. Environmental samples contain pollen and
airborne bacteria as well as silica and conductive particles. These contaminants can damage
the sensing mechanism or cause false signals. The impact of particles can be lessened by
minimizing the surface area normal to the flow direction, thereby reducing the cross-
section for collision and deposition of particles. The use of lift force allows mechanical
sensing with a small surface area normal to the flow. The suspended lift-force element is
also separated from slow flow at the channel wall. Lift-based sensing structures have been
developed in previous work, but retain the unidirectionality common to other mechanical

flow sensing methods.



1.1.1 Microfluidic Sensing

While pressure driven flow is a mechanical phenomenon, systems that use a fluid
medium at the microscale can be categorized as microfluidic-based. Many of these rely on
a combination of electronic, optical, or chemical interactions to accomplish a task. A
common example of an electronically monitored system would be a flow cytometer. While
most technologies rely on electronics at some level, such as monitoring the resistance of a
mechanically coupled element, cytometers have an electrical or optical signal that directly
flows through the sample medium. Disturbances in the current can be related to event
counts, such as the passage of individual cells or particles in a medium.

Blood tests are something that must be completed at high frequency in hospitals
and doctor’s offices around the world. These tests are carried out for a variety of reasons,
from diagnostics to monitoring after surgery. One of the simplest and most commonly
occurring tests is to determine the numbers of various cell types within a blood sample. A
Coulter counter is the machine typically used in hospitals to perform this test. While the
machine itself can run samples quite quickly, there are still many steps that must be taken
to have the test completed. The test can be time consuming, and require large amounts of
blood [25]. Due to the time constraints and blood sample sizes needed many groups are
investigating MEMS devices for blood cell counting.

The two methods of counting particles and cells that are used most often are light
scattering or aperture-impedance. A Coulter counter, most often used in hospitals, uses the
aperture-impedance method. A typical Coulter counter can be used to count and determine
the size of particles that are suspended in electrolytes. These devices contain microchannels

between chambers filled with a blood sample, which can be considered a conductive



electrolyte solution populated with non-conductive particles because of the insulating cell
membrane. As a blood cell flows through the microchannel, the electrical path is blocked,
and the reduced current is detected. The amount of resistance change is an indication of the
size of the particle [26, 27]. The devices are designed to use an AC signal that can sample
to different depths within the cell membrane depending on frequency. Multi-frequency
methods allows for both counting and classification of cells [28].

An example of an optical fluidic sensing technique can be seen with particle image
velocimetry [29, 30] in MEMS channels. Particle Image Velocity (PIV) is an optical
method of flow visualization that correlates a collection of images into associated velocity
and fluid properties. Traditionally, particles monitored through PIV are seeded with tracer
particles to enhance visibility and characterize fluid motion. Particle Image Velocity differs
from other imaging techniques, as it can produce two dimensional and sometimes even
three dimensional vector fields associated with particle movement, by comparing
successive image sets. Particle concentrations within each image set makes it easier to
identify individual particles, but cannot always be used to track particles between
successive image sets, i.e. as seen in particle tracking velocimetry (PTV).

Chemical based techniques cover a broad range of sensing abilities that are often
closely tied to biochemistry. This can include not only interactions with the medium, but
chemically creating the microfluidic system itself with the use of chemically modified
surfaces. One such example is in Surface Tensioned Confined Microfluidic (STCM)
devices. The operation of STCM 1is primarily based on the interaction of fluids with
hydrophobic and hydrophilic surfaces. With the proper preparation of a glass surface, a

sharp wettability gradient can be designed to confine fluid flow. The sample moves along



by capillary action when the adhesive force of the liquid with the substrate is more than
that with the edge [31]. Unlike some micro-scale projects, the working principles are not
a small version of a macro-scale device. The containing pressure is small compared to
many forces, and would not provide the same results at larger scales, but it has been shown
that chemical reactions and mixing can take place in this setting [32, 33]. At the scale of
the devices discussed in this thesis, surface tension plays a major role [34].

Many of the design principles that go towards a ‘dry” MEMS system are also
influential in the microfluidic realm. There are many examples where the fields of work
overlap, such as in the fabrication techniques of Coulter counters [27, 35], or can merge to
form a new methodology. For example, a material bilayers that are more traditionally used
for thermal actuation [36, 37] have been appropriated as a structural material for a novel
electroosmotic pumping system [38]. Aspects of microfluidics are influential within this

thesis, and MEMS-fluid interaction is discussed further in Chapter 1.



1.2 Active Microfluidics and Actuators

Sensors are mostly composed of passive elements that react based on an input from
the world. However, there are many instances where a user wants to incite the action on
something at the microscale. For this task, MEMS actuators and active pumping techniques
have been developed. There are a variety of microfluidic pumping techniques that are used
to move a fluid medium through a channel or to a sensor. This technology has particular
significance for biological samples that may require a medium to survive.

1.2.1 Microfluidic Pumping and Mixing

Methods of microfluidic pumping include electrokinetic and dielectrophoretic
techniques, as well as pressure, ultrasonic, and thermally activated methods. Some fluids
have useful electrical properties that allow them to be electrokinetically manipulated. In
this case, these properties can be exploited to aid in mixing and movement. A periodic
signal can be applied across a channel to alter the flow of the streams. If the two interfacing
fluids have different electrical properties, the flow pattern can be varies from a laminar
state some one that is more chaotic and conducive to diffusion in the case of mixing [39,
40].

Alternating flow patterns can be created using dielectrophoresis. Certain geometries will
form flow vortices when their surfaces are electrically charged in an electric field. These
patterns can change when the charge is reversed, allowing the streams to split and interact
in a new way. This forced interaction and movement in different patterns will greatly
increase mixing (as compared to diffusion) and can be used to create a net flow in a system
[41]. Applications of dielectrophoresis have included the selective spatial manipulation and

separation of bacteria, various cell types, and red and white blood cells.



The other aforementioned techniques are useful for speeding up mixing at the microscale.
Pressure perturbation implies a state where streams being injected into a channel can have
the pressure varied to change the interaction of the two fluids. At equal rates, side-by-side
streams will form and have a single interface for diffusion down the center of the channel.
If the pressure of one (and possibly both) is pulsed or changed in a periodic fashion, the
area of the interface between the two streams can be greatly increased. This allows more
surface for diffusion to occur [42, 43].

Ultrasonic and thermal methods can be used to enhance mixing by affecting an air
bubble. Changes in temperature or applied pressures can cause pulsing to pump or mix a
medium. In each case, this changing condition will lead to increased energy and mixing in
the microfluidic device [44-46].

1.2.2 Microactuators

There are a multitude of actuating schemes that have been developed to manipulate
objects at the microscale. Types of actuators can be grouped into three categories (high,
medium, and low), by the level of pressure that they can generate. The highest pressure
potential lies with stacked piezoelectric actuators. This type relies on materials that have a
high Young’s modulus and expand and contract based on the type and magnitude of voltage
applied across the bulk. These are most suitable for applications that require large forces
[47, 48].

The medium pressure range includes techniques such as pneumatic [49-51],
thermopneumatic [52], and shape-memory alloy [53, 54]. Pneumatic actuation involves
using a pressurized air flow to deflect a diaphragm or fill a chamber, thereby causing net

movement in the system. In the case of thermopneumatic actuators, this air pressure is



brought on by the expansion during the state change from liquid to gas in a reservoir. The
evaporation is caused by heating, hence ‘thermo.’

Shape memory alloy (SMA) actuators undergo phase transformations from a ‘soft’
martensitic state at low temperatures to a ‘hard’ austenitic state at higher temperatures.
Applications of this property are based on its ability to return to the original state with a
temperature change. Thermomechanical actuation also falls in this category, is discussed
in detail in the following section, and is a critical aspect of the work in this dissertation.

Low-pressure actuating types include electrostatic [55-57] and electromagnetic [58,
59] actuators. The more common of these is the electrostatic method based on attraction
between two oppositely-charged plates. Their operation is based on Coulomb’s Law; it
defines the force between charged particles. This principle is most simply applied in a
parallel plate capacitor, and is expanded as the MEMS comb-drive actuator, a more
complex geometry that arises from the need for motion in the plane of the wafer, and from
the limitations of planar microfabrication fabrication techniques.

A commonality with many of the many actuation techniques is that they require a
physical wired connection to feed an electrical signal into the system. For some devices
this direct connection is unavoidable, but for those that are thermally based, there are other
options to provide heating by other methods than Joule heating with applied current. For
example, the surrounding environment can be heated, or a targeted light source can be used
to add thermal energy. Stimulating devices with laser light offers a versatile wireless

medium for powering such devices.
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1.3 Light-Driven Thermal Actuators

Light-induced actuation based on plasmonic heating is similar to existing thermally
driven types of actuators such as thermopneumatic, solid-expansion, and bimetallic. The
basis for these devices is the thermal expansion of a material; some type of heating is
applied to exploit the material properties of the actuating medium with known response to
temperature change.  In general, optically-actuated MEMS structures respond
proportionally to their absorption of the incoming light energy. Under continued exposure,
a photothermal device will heat up to reach equilibrium with the surrounding environment.
The extent of actuation is based on the physical properties of the heated material, such as
its thermal expansion coefficient and modulus of elasticity.

Geometry can be designed to exploit thermal expansion in devices that demonstrate
large displacement and moderate force compared to other MEMS techniques. There are
advantages and disadvantages to integrating a light-driven functionality with these
mechanisms; this topic will be discussed further in the next section.

Solid expansion offers high force compared to other micro-scale actuation
techniques [60]. Often the displacement of this type of actuator is low, but such devices
can act as a lever to overcome this limitation. Absorption-based actuation is a sufficient
option for this method. Generally a single absorbent material is doing the actuation so the
heating would be direct, as opposed to a resistive electrical trace that might act on another
material with a large expansion coefficient. The added bulk required for more complicated
expansion-based structures is detrimental to the heating of the system, and the response
time suffers from the thermal capacitance. A larger thermal mass requires more time to

heat and cool, which directly translates to the response time of the system.
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Bilayer systems offer large out-of-plane displacement with a thin-film based structure [37].
They can even be designed to push on other elements to create a nearly horizontal
architecture [61]. This out-of-plane fabrication style is more appropriate than thin planar
films for light-based actuation, because thin suspended structures exhibit a faster response
to temperature than a bulkier planar solution. Phase change can also be used to generate
rapid transitions [62]. These systems have a near-instantaneous response to joule heating,
which cannot be physically matched by optical heating which is restricted by the surface
absorbance. However, the potential for large displacement is restricted by the need to make
electrical contact for that method, and the selection of materials is limited to those with a
rapid phase change. Optical energy transfer removes this restriction at the cost of response
time.

In the realm of other technologies, thermal actuators are not the most efficient
available. A comparison of many actuator types was gathered and can be used for
comparison [63]. The data suggests that electrostatic and piezoelectric actuators are far
more efficient than thermally driven systems. This high efficiency is due to these methods
using other physical phenomena that do not rely on temperature conduction for their
operation; energy lost to thermal dissipation cannot be recovered, but energy stored in a
capacitor or elastic structure can be recovered. However, because optically-driven thermal
actuators apply to a wide range of material and fabrication systems, they offer many
practical advantages. This work looks to improve their performance and include their

functionality in microelectromechanical systems.
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1.4 Bistable Geometry

Devices with bistable geometry offer the advantage of requiring power only when
changing mechanical configuration. This behavior is critical for applications that require
mechanical actuation in power-limited situations. The function of a bistable structure is to
have two discrete stable states that can be selected by application of an external stimulus,
such as heat, vibration, electrostatic fields, magnetic fields, or pressure. The devices
maintain their new state without a continuous power input which leads to a substantially
lower time-averaged energy consumption than active devices. Bistable MEMS have been
used for a variety of applications such as electrostatic and optical switches [64, 65],
magnetic actuators [66], micro-valves [67], pressure-actuated switches [68], multiplexing
switches [69], and cross-bar latches [70]. Bistable thermal actuators have been shown to
perform well with optical systems for they have a relatively large deflection and use MEMS
bulk micromachining techniques, enabling low cost fabrication with a high percentage
yield [71].

1.5.1 Buckled Beam Theory

A simple system can first be examined for further insight into bistable behavior.
Buckled beams are a well-researched and useful structure in MEMS. Most simply, a beam
1s compressed between two anchors, and a switching behavior is created because of the
strain in the structure. If the beam was a perfect cylinder the deflection direction could not
be predicted. However the planar nature of microfabrication leads to rectangular beams
with non-uniform width and height parameters. In-plane motion is achieved by having
beams with greater thickness than width, so bending occurs on the axis with less resistance

to deflection. Several groups have made use of this phenomenon to design sensors and
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actuators. For example, Qiu et al. [72] used a similar technique with coupled parallel beams
to make a bistable switch. This beam displayed a similar behavior experimentally to the
theoretical switching behavior explained in this report. Charlot et al. [73] demonstrated
the scalability of this technique and ability to sense the state of the beam in their work for
memory applications. A deflected nano-beam acts as a memory bit, and the state is read

by electrode capacitance located near the beam deflection extents.

q
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Figure 1- A typical compressed beam structure. The beam is suspended between two

anchors [74].

The theoretical modeling of this system has been well-documented. One of the more
common citations for this behavior is the model for MEMS application presented by
Vangbo [75]. In-depth development of the theory has also been shown by Park [74]. The

relation that governs the suspended beam is shown in Equation 1:
d*v d*v .
EIF + Pﬁ = 0 Equation 1
In this case, v is the y-displacement of a point on the beam x, more accurately shown
as v(x), and P is the total applied load. This equation can be solved to provide a non-trivial

sinusoidal solution. The mathematical details of this displacement solution and the bending

moment M are contained in the work by Park cited above. In general terms, the load is
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considered to be perpendicular to the beam and suppresses higher order components of the
displacement, leaving the main amplitude term a;. The potential energy U stored in the
beam can be calculated by integration over the beam with known force, strain, and bending
moment parameters. The resulting equation for energy U stored in the beam is:

3EAn* (a%-4ha3 +4h%a? nta?El aql .
(a3~ 4hay il 1 _g-X~ Equation2

U=
6413 3 2

This can be solved by assuming that the center amplitude a; should minimize the
strain energy U under applied force q. In other words, solving dU/da;=0 results in the
following relation between the applied load and beam amplitude. This relation is shown
in Figure 1.

3EAn*(a3-3ha%+2h%ay) + anta EI

q= ol m Equation 3

Figure 2 - Characteristic S-Curve associated with bistable compressed beams [74]

The diagram in Figure 2 shows the relative force-vs-displacement curve associated
with a bistable compressed beam. The points along the horizontal axis O and O, represent

the configurations with local minimum strain in the beam. Multiple displacement
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possibilities with the same force range indicate that the structure is bistable. It is seen that
within a certain force (q) range, the beam deflection is proportional to the applied load. On
the plot, this is the arc between D-A and C-B. The beam will revert to the nearest minimum
strain state (O) if the load is removed. In this way, the compressed beam is bistable, and
able to stay in one of two states without external input.

The transition region between A and C is not physically realizable as shown in the
graph. When the beam is at stable state 1 (O1), an applied critical forward load (qerf) will
rapidly transition the system from point A to B. Likewise, when the critical backward load
(qerv) 1s applied to a beam in state two it will rapidly deform to the amplitude at point D.
The critical amplitudes at the brink of a state change are labeled above as acf and ac, for
forward and backward amplitude, respectively. The extension to the left of D and right of
B represent further stretching of the beam eventually leading to critical deformation and
fracture.

1.5.2 Bistable Out-of-Plane Structures

This theory can be extended to more complex geometry. “Pop-up” architecture has
been used to make bistable devices such as a bistable windowpane structure. The shape
presents with two stable configurations as seen in Figure 3. The device will randomly

conform to one of two symmetric shapes upon release from the substrate during fabrication.

Figure 3 - SEM view of the bistable windowpane structures, released to one of two states.
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The bistable nature of the sensing device is clearly expressed in the row of devices
above. The stable states are seen to alternate in Figure 3. The shape will conform to one of
two shapes upon release from the substrate during fabrication. The three dimensional
geometry used in this is created from a bilayer of silicon dioxide and platinum. The material
strain responsible for the shape is created during fabrication and is heavily temperature

dependent.
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6 A MEMS — Gold Nanoparticle Hybrid

Structures such as the one in Figure 3 require a more complex control scheme than
bulk heating to change them into a controlled state. However, the three-dimensional nature
makes Joule heating difficult because of the requirement of physical wiring. Light-based
heating is ideal for this situation, as it requires no physical connection. However, without
a mechanism to confine the light-based heating to certain areas, the light will not provide
a controlled switching behavior; it only allows random chance to act in the same way a
state is selected at fabrication. To add controlled-switching functionality, it is proposed in
this work to selectively pattern the device surface with gold nanoparticles to produce
thermal gradients in the regions that are intended to induce specific switching.

Chapter 2 details mechanical interactions of bilayer pop-up structures with different
types of forces. Biological integration of this light-actuated technique will require a
structure that can successfully apply forces and be subjected to a fluid flow without damage
to the device. The first sections describe using the bilayer for containment and controlled
interaction with a microbubble. Results provide insight into the elastocapillary length and
flexibility of the MEMS component in a fluid medium. The second half of chapter two
examines the reaction of a structure in a moving fluid. This combination of experiments
details the aspects of the project that are critical to interaction with biological components
such as cells and nerve endings, as well as the survivability in flowing mediums such as in
vessels and lungs.

Chapter 3 investigates the feasibility of adding gold nanoparticles to increase the
efficiency of a surface’s nIR absorption. In this work, it quantifies the impact of these

particles on a platinum surface, and documents a technique for deposition onto a solid
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substrate. These two components are critical for meeting the end goals of this project. An
efficiency increase must be established to make the technique useful, and the method must
be compatible with standard cleanroom processing techniques so it can be applied to a
complex range of MEMS sensor and actuator technologies.

Chapter 4 expands the scope of a patterning a surface by comparing the
performance of particles that are tuned to different wavelengths. This theory is paramount
for establishing more sophisticated control over photothermal actuation than simply
increasing laser power or duration. Wavelength-specific patterning will allow for
controlled thermal gradients to be created, opening the possibility of new switching,
pumping, and asymmetric actuation techniques in a thermally driven system.

Chapter 5 details the convergence of the previously described work. An out of plane
thermal actuator is coated with particles and the mechanical actuation is stimulated by a
nlR laser. The response is monitored and deflection is estimated from captured images of
the movement. Experimental evidence is provided to support a laser actuated structure with
enhanced absorption caused by gold nanoparticles.

Finally, Chapter 6 provides a summary and concluding remarks on the overall

project. Future directions and improvements are proposed to expand on this body of work.
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CHAPTER I

MECHANICAL CHARACTERIZATION OF BILAYER STRUCTURES

The structure for the light-driven microactuators is a material bilayer. The
composition, fabrication, and structural analysis of this architecture are important for the
design of thermally actually MEMS devices based on this technique. Interaction between
fluids and these structures has been examined to experimentally characterize the bilayer
component of this project. Two application platforms were examined. In the first,
submerged bilayer structures were used to contain microbubbles and analysis gave insight
into their elastocapillary length. That is the radius of curvature that produces equilibrium
between interfacial energy and strain energy in a filament that contacts an interface.
Second, bistable pop-up structures were exposed to flowing gas. There was a mechanical
response because of lift and drag forces that can be related to the spring constant and
strength of these devices. The following sections detail these laboratory examinations of

bilayer interactions.
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2.1 Bilayer Interaction with Microbubbles

The first investigation outlines work towards generating and controlling
microbubbles as protective “lids” for samples collected from the environment. The
fabrication method uses “strain architecture” to construct three- dimensional cages with
high surface area. These structures confine the bubbles and perform as electrodes for
electrochemical sample collection and electrolysis-based gas bubble generation. The focus
of this section is on the interaction between the microcages and generated bubbles,
including the bubble generation mechanism, bubble growth rate, response to hydrostatic
pressure, effect of interfacial-tension modifying coatings, and long-term stability.

2.1.1 Motivation for a Bubble Shield

Gas-trapping microstructures have evolved on plants that develop
superhydrophobic surfaces [76] to create a controlled air-water interface. Such structures
use geometry at multiple scales to make a tent-like bubble layer as on the fern Salvinia
[77]. In microfluidics, bubbles have been used for numerous applications such as particle
sorting [ 78], inkjet printing [79], and implementation of Boolean logic [80]. Bubbles can
also be detrimental, blocking flow in microchannels [81] and interfering with
electrophoretic applications by blocking signals and altering fluid flows [82]. They are an
unwanted byproduct of electroplating. In all these situations, methods to control and trap
microbubbles are of interest.

The devices referenced in this section of the thesis consist of a metal electrode that
is energized to plate out trace metals from natural water sources. The collected sample is
returned to the lab for analysis. If left in the field unprotected, a biofilm will form on any

electrode surfaces exposed to the water [83]. This film will block reactions between the
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surface and surrounding solution. A gas bubble could protect the metal surface from water
until testing, and then preserve a collected sample from contamination. Such an array of
bubble-lidded microcontainers is illustrated in Figure 4, where a series of metal-lined cages
is sequentially exposed to the environment. After releasing a trapped bubble and collecting
a sample on the cage walls by electroplating from solution, the bubble is regenerated. The

result is a time-stamped archive of the chemical environment.

Figure 4 - Array of 300 micron diameter bubble traps undergoing an electroplating sample

collection sequence across the front row.

2.1.2 Microbubble and Trap Theory

Stress-mismatched metal-oxide bilayers form three dimensional (3D) microcages
that serve as plating electrodes in the system. Their interaction with bubbles can be
modified by changing the surface wettability and cage geometry. The devices are fabricated
with a two mask metal and oxide process that has been documented by Moiseeva et al [37].

Figure 5 shows a two-dimensional (a) microcage layout, (b) optical, and (¢) electron
micrographs of released cages, and arrayed cages within (d) sample wells allowing access
to contact pads. The transition from planar to a 3D structure only at the last step means that
bubble-generating electrodes can be integrated at the base of the cages in one step (Figs.

2(a) and 2(b)). This geometry is more difficult to achieve by bulk micromachining, in
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which features are etched in thick layers of silicon. The result is that bubbles can be

electrolytically “inflated” from points inside the cage.

Figure 5 - Released cage devices used for bubble generation and trapping.

Electrolysis of water occurs at voltages above 1.21 Volts, which is within the
operating range used for electroplating with these devices. However, it is not energetically
favorable to form oxygen at until 1.8-2.55V on metal electrodes [84]. This threshold is an
advantage in applying the cages to electrolytic sample collection of trace metals, because
it reduces bubble formation during routine electroplating.

Heavy metal analysis is commonly performed at low (.1 to 1) voltages [85]. These
potentials can be applied as long as needed to get a sufficient film on the electrodes. The
film growth rate is dependent factors such as the surrounding metal concentration and the

deposition time. The electroplating routine may range from five minutes [86] to the order
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of an hour [87] depending on the application. These low potentials across electrodes are
insufficient to create bubbles capable of shielding the surface. This allows for independent
bubble growth and electroplating stages of the device operation.

Maximum gas volume (hydrogen plus oxygen) vs. time is described in Equation 4
for 100% efficient electrolysis:

Vgas =VH, +Vo, =(BRTIt)/(4FP)  Equation 4

where T is temperature, R is the universal gas constant, I is current, t is time, F is the
Faraday constant (F = 96485 C/mol), and P is absolute pressure. However, actual efficiency
is reduced by dissolution of oxygen and hydrogen back into solution instead of into the
bubble, as well as electrode configuration [88] and ohmic loss in the aqueous solution [89].
In the bubble trap structure, the efficiency is much below the theoretical maximum.

2.1.3 Experimental Methods

Experiments were conducted at voltages ranging from 2.5 to 3 V. The electrodes
were set at a constant voltage for 20 minute intervals, and the applied current and bubble
growth were recorded through LabVIEW software and time-lapse photography at 6 frames
per minute. The images were analyzed for bubble diameter, which was converted to gas
volume. By comparing the experimental results with the ideal gas volume equation, the
efficiency of the water electrolysis can be determined. Figure 6 compares Equation 4 with
the experimental results and shows images of bubble evolution at different stages during

growth; a fit to the results gives .8% efficiency for electrolysis-based gas generation.
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Figure 6 - Measured bubble volume present over 20 minutes plotted beside the ideal gas

law predicted generation at 0.8%.

2.1.4 Analysis of Bilaver-Bubble Interaction

Bubble volumetric growth is linear with time, and the power input is in the tens of
nanowatts. With currents in the 10-20 nA range, and voltages below 3V, the electrical
requirements are well within the resources of a battery-powered autonomous sensor array.
At 2.7 V it takes approximately four minutes to fill the microcage. Bubbles nucleate at
random points within the cages, which have a metalized inner surface and a hydrophilic
oxide outer surface. As they grow, the hydrogen and oxygen bubbles merge and move to
the center of the cage. Growth self-terminates if the bubble completely covers the metal
and prevents it from further reacting with the water. Octadecanethiol (ODT) was applied

to the device surface in some cases. This self-assembled monolayer rendered the metal
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hydrophobic and bubbles adhered to the surface longer than on a non-coated device, in
agreement with previous work [90].

Figure 7 is a time series of a bubble confined to a cage as the hydrostatic pressure is
increased. Pressure was varied by sealing the sample well, then connecting the chamber
through tubing to a regulated nitrogen tank. As the pressure is increased, the filaments
conform to the shrinking bubble surface until the force needed to bend them can no longer

be supplied by the interfacial tension of the bubble.

Figure 7 - An air bubble trapped in a microcage in water. The filaments conform to the
surface of the bubble over a range of bubble diameters. The outline of the original etch

pattern remains on the plane of the substrate, while filaments fold around the bubble.

2.1.5 Insight into Elastocapillary Length

The elastocapillary length Lgc =(B/y)"? is the radius of curvature that produces

equilibrium between interfacial energy and strain energy in a filament that contacts an

Ll
interface[91]. Here B is the bending rigidity Eh3/ 12(1- vz) , v 1s the interfacial tension, E
is Young’s modulus, h is the filament thickness, and v is Poisson’s ratio for the filament
material. .

In the structures of Figure 7, the elastocapillary length of ~120 microns is in the same

range as the 150 micron cage radius and the overall filament length. Thus the filaments are
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short enough that they are not immediately destroyed by surface tension, yet are compliant
enough to be strongly deflected by the bubble.

The cages have been observed to retain bubbles for a week, in contrast to bare gas
bubbles in equilibrium with a solution. Bare bubbles not in contact with a surface are known
to have a typical lifetime measured in minutes, with bubbles larger than a critical radius
accumulating gas and floating to the surface, and bubbles below the critical radius diffusing
gas into solution and dissolving completely. For oxygen in water near saturation, the critical
radius is in the range of 100 microns [92]. The cages here (100 to 300 micron radius) exceed
the critical radius and are in the growth regime.

Trapped bubbles must be released to expose fresh plating surfaces. Overinflated
bubbles were observed to escape cages with triangular cross-sections by opening the
filaments. These interdigitated structures could serve as release valves on the side of a
spherical cage.

Microcages with electrodes can stabilize a bubble against both growth and shrinkage,
refilling a shrinking bubble by electrolytic gas generation. They can slow the growth of a
bubble by forcing a high local curvature (high surface energy) between the filaments where
the growing bubble makes contact with the surrounding water. By stabilizing a gas pocket
over a surface, these microcages could be useful in underwater chemical sensors that require
diffusional contact with dissolved gases. Such structures are also able to re-inject gas by
electrolysis if the water level rises and increases the hydrostatic pressure, shown in Figure 7.

These advances will improve aquatic sampling platforms in which bubbles are
generated through existing electroplating contacts at a higher potential, without additional

structures or mechanical parts. Once created, the bubbles are stable at a size large enough to
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protect a majority of the plating surface—providing surface-passivation options for low-

power autonomous sample collection and archiving.
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2.2 Bistable Bilavers Subjected to Lift and Drag Forces

The second experiment uses a bistable 3D MEMS structure for application as a
bidirectional gas flow sensing. This switching mechanism is fast, repeatable, and requires no
additional input power. This sensor is suitable to energy-starved applications such as wireless
sensor nodes where low energy consumption is critical. An array of such sensors could
provide a no-power passive memory bank for no-power storage of threshold flow levels for
an indefinite amount of time before the device is retrieved. This sensor adds new low power
functionality to the methods available for air flow detection in aeronautical, environmental,
and medical systems, including lab-on-chip systems that monitor gas flows in anesthesia and
respiration.

For this exploration, a lift-force based mechanical sensor for recording flow speed
and direction from a single structure has been envisioned. Minimal surface area is presented
to the oncoming flow before flipping from one stable state to the other, drastically reducing
the impact area for particulates and reducing the need for additional on-chip components to
filter the air flow. This novel structure also incorporates a directional element within a single
device to further reduce the system footprint compared to systems that need multiple sensor
elements to determine flow direction, and it interacts with the flow a distance above the
surface to avoid the no-slip wall condition. The sensing range can be modified by altering
the device parameters that dictate the lift coefficient of the geometry. Unlike previous
mechanical devices that operate in a continuous bending mode, the structure has two
mechanically stable states which serve to archive a sensed flow velocity indefinitely without

power consumption.
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A schematic of the sensing principle is shown in Figure 8. The device at rest will
deflect with an air flow in any direction, but only shows a state transition when applied
parallel to the curved plane. The device orientation is mechanically switched if the energy
threshold between stable states is overcome by the lift force acting on the device. This flow
speed threshold is recorded by mechanical change of the structure. A perpendicular flow
does not cause the state to reset, and the event is recorded until the device is reset with a flow
of the same magnitude but with a 90 degree rotated flow direction, as demonstrated in Figure
8. The device threshold can be adjusted by changing the surface area impacting the lift force

or by modifying the device dimensions to change the bilayer stiffness.

(A) (B)

FLOW CAUSES SWITCH TO (B) NO STATE TRANSITION

Figure 8 - Schematic view of the bistable windowpane device used in this work. Air flow
along the down axis will cause a deflection to the other stable state. The transition is only

reversible if the air flow direction is rotated 90 degrees.

2.2.1 Windowpane Theory of Bistability

The three dimensional geometry used in this device is created from a bilayer of
silicon dioxide and platinum. A stress mismatch between the two materials causes the

structure to deform out of the plane with a well-defined radius of curvature [36]. The
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material strain is created during fabrication and is heavily temperature dependent because
it is based primarily on the difference between the thermal expansion coefficients of the
bilayer. As discussed previously, these bilayer structures have been used to interact with
fluid and gas at the microscale [93].

The windowpane shape used for this investigation presents with two stable
configurations [20]. The device will randomly conform to one of two symmetric shapes
upon release from the substrate during fabrication. These two stable orientations are

shown as they correspond to the net energy stored in the structure in Figure 9.
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Figure 9 - Potential energy estimation in the bistable windowpane. Switching occurs at

the central peak and stable states are at the two local minima.

The bistable nature of the sensing device is illustrated in the energy diagram. The
stable states are seen as the minima in the graph. These points correspond to the
windowpane structure curved parallel to either the horizontal or vertical in-plane axis.

The shape will fall to rest at the nearest local minimum if no additional energy is applied.
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Structures with a square side length of 550pum to 700um at 25 pm intervals were
fabricated to characterize the effect of surface area on the lift force, and therefore flow

speed. The lift force is:

F,=(1/2) pv’c,A  Equation 5
The lift force (Fv) is proportional to the density of the medium (p), the flow velocity
squared (v2), the lift coefficient (cr), and the surface area (A). The force enacted by a

flow was changed by modifying the side length parameter, which is a component of the

surface area.

2.2.2 Suspended Bilaver Fabrication

The devices for this project are fabricated with a two mask cleanroom process.

Figure 10 is a fabrication diagram for the complete cleanroom process.
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Figure 10 - Fabrication diagram for the cleanroom process used to fabricate the wind

sensing devices.
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A standard 4 inch silicon wafer acts as the substrate for material deposition. The
bilayer required for creating the pop-up geometry is created by first thermally growing a
500nm SiO; layer on the substrate (a). Photoresist is then deposited and patterned to
mask the surface for the metal deposition (b). Next, a 10nm/90 nm titanium/platinum
(Ti/Pt) layer is deposited by sputtering (c). The features are defined by lift-off of the
previous patterned photoresist (d).

A second photomask is used to define where the SiO; will be etched to make
windows to the silicon. The exposed photoresist and patterned metal act to mask areas of
the SiO> while the wafer is exposed to a reactive ion etch to create open windows to the
substrate (e). Finally, the openings allow an isotropic XeF etch of the silicon that

releases the strained bilayer from the surface (f). The final resulting structure curls to one

of two states as pictured in Figure 11.

Figure 11- Schematic view of the bistable windowpane device used in this work. Air flow
along the down axis will cause a deflection to the other stable state. This is only

reversible if the air flow direction is rotated 90 degrees.

2.2.3 Method of Applying Flow to a Pop-up Element

A micro wind channel was created for testing these devices. Figure 12 shows the
micro wind tunnel opened for exchanging the device die. Pressurized N> was used for the
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flow medium. The gas was applied to a single channel with a centrally situated device.
The fabricated wind channels are at 90 degree intervals to allow testing of the full
switching range. The devices were optically monitored via and Olympus BX-71
microscope for a change in state with a 1 second air burst at a known velocity. The device
will reliably switch in both directions at or above a flow speed threshold depending on

the geometry.

Figure 12 - Picture of the wind tunnel used for experiments with the wind sensor. The top

can be removed to allow the test chip to be changed.

The wind tunnel is laser cut out of three layers of 1/8th inch (3.175mm) acrylic.
Straight cut and raster modes are used to create the air channels and seating area for the
device. The inlet and outlet channels are Smm wide with an approximate height of 3.2mm
including the raster etch. Plastic tubing is installed in these channels for air flow into and
out of the system. The center device chamber is a 1cm square with a height of 3.175mm
from substrate surface to the chamber ceiling. A 500um raster etch of the center base was

included so the substrate surface was even with the chamber bottom. The air flow in the
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center device area is calculated to be laminar. The flow speeds with air used in this
experiment, 5 to 10 LPM, suggest a Reynolds number range from 800 to 1600.

2.2.4 Discussion of the Force Interaction

The data shows that the air flow required to cause a state change is reduced as the
surface area of the device increases. There are multiple explanations for this behavior.
First, elongating the side length increases the surface area of the structure. Lift force is
proportional to this area for a constant air speed (A in Equation 5), so larger devices
experience more lift. Second, the stiffness (k) or spring constant of the beams is inversely
proportional to the square side length which results in more deflection with an identical
force as length increases.

These two conditions indicate that the flow speed required to induce a state
change will decrease with increasing side length. A longer side length will produce more
lift and be less stiff, therefore requiring a lower flow speed to meet the energy threshold
in bistable operation. The inverse also holds true, a smaller device will require a larger
magnitude flow to cause a state change in the system. In all cases, the device will deform
under a flow but will return to the initial orientation once removed if the energy threshold
is not met. The experimental correlation between side length and critical flow speed is

displayed in Figure 13.
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Figure 13 - Data relating the side length of the folded windowpane with the air flow

speed required to cause a state change.

The measured results verify the expected trend of the data. The data shows that the
threshold can be adjusted by changing physical parameters of the device. This is important
for the tunability of the system. An array of these structures could be used to monitor and
store an even event occurrence at various levels. Currently the detection of a state change
is not automated, but the metal-oxide structure of the device may allow for capacitive
measurement between the structure and surface [94]. The large deformation seen in this
device also lends itself well to simple image processing for automated reading of an array
of elements.

2.2.5 Applying This Device to Air Flow Sensing

Numerous air flow sensing techniques have been developed at the microscale, and
often the appropriate sensing method is the one that most facilitates the particular sensing
as needed per application. The preceding discussion has outlined a lift-based bistable

MEMS structure for recording and archiving flow speed and direction. An advantage
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over current technologies is that the device has minimal surface area facing the oncoming
flow so particulate build-up is highly minimized. This three-dimensional structure
responds to the flow at a distance above the surface and also records direction
information. This work has shown that the flow speed threshold can be tuned by
modifying the device parameters that impact the device stiffness and lift force generated.
This technology may allow for new air flow sensing techniques on a miniature scale that

are more resistant to contamination and require less power than current methods.
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2.3 Monitoring a Suspended Element

There must be a way to interface with a MEMS sensor for it to be useful. Electronic
methods have been traditionally used to monitor mechanical changes in a structure. This
includes measuring the capacitance of a gap or resistance of a physically or thermally
strained element [94]. Optical methods of data collection have become more viable in the
last decade. Imaging at a sub-micron level has become a feasible route because of
increased pixel density in CCD arrays. The following discussion investigates the feasibility
of each method for the windowpane structure.

2.3.1 Electronic Sensing

Monitoring the system electrically is possible in theory but would rely on the ability
to measure capacitance in the pico or femto range. However, it would require nanometer
precision to on the release of the devices to create the gaps required. Figure 14 shows the

potential circuit to be created:

Figure 14 - Physical layout and circuit diagram for capacitance measuring across a

released device

These difficulties are present because of the platinum trace dimensions. In this case the

electrode area for calculating capacitance is 200nm x 20um. The gap between the surface
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circuit and released device would have to be sub-nanometer to achieve a measurable
capacitance. Electrically monitoring the status of these devices is not ideal for this reason.

2.3.2 Optical Detection

Optical detection would be more suitable for reading an array of these devices, and
has been used in other work with similar actuating structures [95] , switches [96], and
sensors [97]. There are two methods that could be utilized to read the state of these sensors.
The first method would be to have a single line of devices and shine a laser parallel to the
surface. The device has two definite states that are 90 degrees shifted. This means that
one orientation will block light, and another will allow it to pass. Figure 15 demonstrates
this concept with a single device. To use this setup with multiple devices, there could only
be one row of structures that would be perpendicular to the laser direction. This limits the

amount of data that can be collected per area.

7 Laser Source

CCD Panel

Figure 15 — Horizontal optical measurement

The second method would be to expose the surface to a perpendicular laser light.
This method has been used in other work to monitor the deflection of cantilevers under
temperature change by Rogers at Murray State. In this case, the output reflection has a 90

degree shift when the square symmetric structure changes state. The platinum surface will
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act as strips of concave mirror surface, and the light response to this change would be clear.
Figure 16 demonstrates the reflective profile of a device from above. When switched into
the other state, this profile will be rotated 90 degrees. The mechanical motion of this

system makes this interferometric measurement possible.

Figure 16 - Concave profile for vertical reflection

An optical method has some advantage in this system. It allows for a two
dimensional array of structures to be read on a surface, as opposed to the parallel reading
technique. This increased the amount of sensing elements per area that can be functional
in a packaged device. These structures do not require an electrical connection to operate
because their functionality is embedded in the geometry, so the only limitation is the beam
focusing restrictions and resolution of the capturing CCD. Multiple devices would be
captured at once, and a digital system could sort the signal into individual devices in post-
processing. Issues with fabricating an electronic interface to the 3D structures are also
eliminated.

The optical sensing technique has drawbacks to consider. The measuring system
itself is more complex than simply measuring a capacitance or resistance, so this could

increase the overall cost of the system. The optics will also require a larger setup and
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possibly more complex computing to extract usable data from the CCD signal. The power
required will depends on the measurement laser and required processing. Low-power LED
and CCD array may make it feasible to perform this sensing on-chip. An optical sensing
method is more feasible than electrical measurement for recording the state of an array of
sensing structures.

2.3.3 Advantages of Autonomous Sensing

The proposed system would allow remote data collection. The bistable nature of
the device provides an advantage over analog systems that must be read during a sensed
event. An array of structures with a switching threshold (a critical temperature or vibration
frequency, for example) would react to an event and retain that data physically. This allows
for flexibility in the data recording approach and may give insight into situations where
constant data collection is difficult.

For example, a packaged array that responds to a vibration magnitude could be attached to
a soldier who is exposed to hazardous sound levels from gunshots and explosives. The
threshold levels reached could be sensed off the battlefield later and the devices could be
reset using nIR techniques being developed. These powerless threshold sensors may also
be useful for space exploration, where radio connection is often interrupted and even small
power consumption would be critical in a long term mission. Temperature data could be
collected passively with threshold devices during logistically intense situations such as

passing close to a celestial body or atmospheric entry.
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CHAPTER III

AN OPTIMIZED POLYMER FILM WITH GOLD NANOPARTICLES

The proposed hybrid MEMS structures are reliant on understanding the power
transfer physics behind driving the thermomechanics with light. This chapter presents the
development, optical absorption, thermal properties of a thin-film platinum device coated
with gold nanoparticles. These particles are engineered to have a light absorption peak near
808 nm. The response of bare and particle-coated thin-film platinum was examined under
an 808 nm infrared laser. The results show that a particle coating is a significant factor in
the thermal efficiency. This work is the foundation for wavelength-specific MEMS

actuators powered by infrared light.
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3.1 Developing a GNP Film

Biomedical engineering has benefitted greatly from advances in MEMS. Small-
scale actuators and switches have potential in areas such as microscale pumping [98] and
cell manipulation [99]. Powering these micro devices is often a challenge because of the
invasive wiring needed. Tissue-permeant infrared (IR) light has been used in therapeutic
applications [100], and provides a noninvasive energy transfer method for heating
nanoparticles with enhanced IR absorption for cancer cell ablation [101]. Depositing these
particles onto a MEMS device could provide new optically induced functionality if the
absorption behavior remains the same.

The potential to use this heating method to provide thermal energy in MEMS
applications has not been thoroughly investigated. However, many MEMS are thermally
driven such as thermal expansion based actuators [102] and microfluidic pumping elements
[46]. The most common MEMS heating mechanism is direct current (Joule) heating, but
this requires wiring to the active region which is undesirable in biomedical applications.
Coatings such as platinum black have produced absorbing layers for thermal infrared
detectors [103] and inkjet printing has been used to localize absorption at the macro scale
[104], but these layers are not wavelength-selective. Wavelength-matched air gaps work
well to tune thermal absorbers, but the absorbance wavelength must be decided at the start
of the process, and will be the same for all devices on a wafer [105]. An optically induced
temperature gradient using wavelength-selective printable or spinnable coatings would
provide a more versatile method of wireless and non-invasive thermal actuation. This
project examines the particle and surface interaction that will be the focus of ongoing effort

to develop novel biomedical applications for this technology.
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Metal nanoparticles are one of the basic building blocks of nanotechnology. Gold
nanoparticles (GNPs) have attracted enormous attention in chemistry, biomedicine, and
electronics due to their very small size, oxide-free surfaces, bio-conjugation properties,
good biocompatibility, and unique optical properties. Specifically, because of their optical
activity in the near infrared (nIR), GNPs are extensively utilized in immunoassay [106,
107] and drug delivery systems [108] as well as imaging, detection [109], and thermal

therapy for cancer [110].

Absorption Scattering
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Figure 17 - This Figure shows an overview of the system being characterized in this
work. Particles are coated onto a Pt trace on a glass substrate. Light at a certain
wavelength is applied. Absorbed light will provide additional thermal energy to the

system.
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3.2 Plasmonic Heating Characterization

Each particle acts as a plasmonic heater. This property of the GNPs is based on a
phenomenon called surface plasmon resonance. The mean free path in gold is around 50
nm [111]. Therefore most of the interaction in a gold nanoparticle is with the surface.
Incoming light energy causes the electrons on the shell of the GNP to oscillate and a
resonance condition can be reached if the wavelength is larger than the particle dimension.
The migrating charge on the particle surface causes a changing electric field to induce
heating. The absorption and electric field created are affected by the particle geometry
[112]. The particle solution used in this report contains a mixture of particle shapes and is
engineered to converge on the desired absorption properties.

For this work, the absorption of the particles when coated on a platinum layer is of
interest. A metal surface is a typical feature in MEMS structures, and the particle
interaction and thermal properties under laser light will be important in designing
mechanical behavior. Figure 17 contains a schematic of the working principle. The
platinum thin film serves as a resistive temperature sensor to measure the thermal
properties. Selected areas of the MEMS structures will be heated and thermal gradients
may even be created from a single light source by patterning the particle deposition.

3.2.1 Particle and Substrate Fabrication

A meandering thin-film platinum resistor was developed to monitor the behavior
of deposited nanoparticles under near IR stimulation. This structure allows for accurate
measuring of the surface temperature. The hybrid optothermal test structures are created
by combining the resistor with the GNPs. Platinum is used as the surface layer because of

its biocompatibility and functionality in high-displacement MEMS actuators [36].
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Gold nanoparticles with precisely controlled near infrared (nIR) absorption were
synthesized by one-step reaction of chloroauric acid and sodium thiosulfate, without
assistance of additional templates, capping reagents or seeds assembly. The nIR absorption
wavelengths and average particle size increase with increasing molar ratio of
HAuCl4/NaS>03. This provides the base for synthesis of gold nanoparticles with tunable
nlR absorption wavelength. The nanoparticles produced from this reaction include small
spherical colloidal gold particles with resonance at 530 nm and anisotropic gold
nanostructures with nIR resonance. The pseudo-spherical crystals have diameters in the
range of 15 to 45 nm, and the edges of the nanoplates are in the range of 40 to 90 nm. The
tunable peak range for the particles used is from 800 to 1100 nm [113]. Other work has
shown that geometry selective processing can yield gold nanorod solutions that have a peak
absorbance between 600 and 1000 nm [114].

The planar resistors were fabricated with a single mask cleanroom fabrication
sequence. First, photoresist was deposited and patterned to define the metal features on the
surface of a 500 um thick borosilicate float glass wafer. A 200 nm layer of platinum was
deposited by sputtering after a brief deposition of titanium to aid adhesion. The intended
metal geometry was defined via liftoff of the photoresist. After drying, the planar resistor

is complete and can be coated with nanoparticles.
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Figure 18 - (a) Optical absorption spectrum of synthesized gold nanoparticles, with a
TEM image of particles as background. (b) Fabricated planar resistor used to gather
temperature measurements. (¢) SEM images of GNPs with PVP polymer matrix after

spin-coating on the platinum test surface.

The spectrum of the GNPs used for this experiment is shown in Figure 18 (a), and
the absorption peaks of each type of GNP are clearly seen. The particles are coated onto
the center square in Figure 18 (b). This region contains a long (0.58 meter) thin-film resistor
trace with a 20 pm width and 200 nm thickness that zigzags to fit within a Smm square.

The left and right solid blocks are bonding pads for interfacing with the test surface. SEM
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images were taken after GNPs were distributed on the surface. The particle distribution on
the platinum surface can be seen in Figure 18 (c). Samples were prepared by spin-on
deposition of gold nanoparticle solutions with optical density (OD) of 100 onto an air
plasma treated surface. The OD is a measure of the particle concentration in a fluid
medium.

3.2.2 Nanoparticle Dispersion

The nIR resonant GNPs were found to most evenly disperse with spin-on coating
at 4000 rpm at a somewhat uniform thickness. However, if the particles were in a water
medium, the adhesion was not sufficient for any of the substance to remain on the surface
and coat the device when the spinning was applied. The polymer polyvinylpyrrolidone
(PVP) has been used in other work as a suspension for nanoparticles [115], and was
included in the liquid medium at 8% concentration to act as a matrix for the particles on
the surface. This allowed for a uniform film to remain across the test resistor. The average
film thickness was measured to be approximately 150 to 200 nm. A PVP film without
GNPs was shown to have the same thermal behavior as a bare surface to ensure the GNPs
are the active heating element.

The GNP film was created using a suspension with an optical density (OD) of 100.
Films were created from OD ranging from 25 to 200 to determine an optimum spread.
High OD films often showed particles aggregating together. This behavior will interrupt
the plasmonic heating properties and lower the heat generation efficiency. However, a
higher dispersed particle count will add to the heat generation. Minimal particle

aggregation was observed with the 100 OD film, and SEM analysis showed that the GNPs
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were distributed normally on the surface with a mean density p = 50 particles per um? and

standard deviation ¢ = 13.
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3.3 Characterization Objectives

The first objective of this work is to verify that a thin-film polymer film with
suspended gold nanoparticles will provide enhanced nIR absorption. A batch of 20 samples
was made to contain half bare and half particle coated surfaces. The two sets were exposed
to a fixed nIR light intensity for a defined trial period. The surface temperature during the
heating and subsequent cool down was recorded and the resulting curve was analyzed for
maximum temperature and other properties related to thermal efficiency, such as a thermal
time constant.

Quantifying the absorption effect is critical for the design of future devices. The
experiment was repeated with multiple devices from different wafers. This allowed us to
determine if there was a wafer-to-wafer effect in the device operation and strengthened the
significance of the data collected during the trials by repeated measurements.

This fabricated device was also used for a second experiment. A study of the surface
response to varied laser intensity was performed. Previous theoretical work on single gold
nanoparticles predicts a linear temperature response to energy input [116]. However, the
heating profile of a particle film on a metal surface has not been previously confirmed.

The diode laser energy intensity on the surface was adjusted by changing the height
of the focusing lens from the surface, and the energy per area is easily calculated and
measured by recording the spot size. The metric used for this analysis is the maximum
temperature reached by the substrate after two minutes.

These two metrics combined provided valuable insight into effectiveness of coating
a surface with GNPs to enhance absorption. The magnitude of the thermal response is

critical in designing future devices to operate on the nIR absorption principle. The behavior
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change with laser intensity will make it possible to tune the heating amount as needed. This

will be of paramount importance for biological applications, where a thermal limit for

living tissue will be a factor.

3.3.1 Experimental Setup

The tools needed to characterize the surface include a laser source, amplifying
circuit, and LabVIEW interface for data collection. Figure 19 shows a schematic of the
setup. The LabVIEW console controls the laser and receives the output from the amplifier

circuit with a USB - 6009 data acquisition unit. The laser beam focusing head is suspended

above the sample stage.
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Figure 19 - Thermal efficiency measurement setup: a LabVIEW console operates the 808
nm laser, and resistance-induced temperature changes are calculated from voltages

measured by an amplifier circuit.
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Surface particles are excited by a 5 W diode laser (808 nm). The intensity of the
laser for the first experiment is 1.433 W/m? and the initial temperature is 22°C. The voltage
across the fabricated resistor is extracted from a voltage divider setup and is conditioned
by an AD620 amplifier with 50x (adjustable) gain. The expected analog value being read
by the software is estimated by Equation 6. The temperature can be observed by measuring
the electrical resistance of the metal trace, which follows Equation 6. The amplified output
is read by a NI USB-6009 data acquisition unit and collected in LabVIEW software.

Vo= GVg(R{/(R+ R;)) Equation 6

The expected voltage output (V_0) is a function of the amplifier gain (G), the source
voltage (V_S=9 V), the fixed resistor (R_1=1000 Q) and the sample resistance (R). The
temperature change corresponds to the resistance-temperature relation in Equation 7.

AR = Ry(aAT) Equation 7

The resistance change (AR) is defined by the initial value (Ro) and change in
temperature (AT). The thermal coefficient of resistance (o) is a material constant. In a
metal, the resistance will increase with applied thermal energy due to increased electron
collision with the lattice structure.

The thermal coefficient of resistance (o) of thin-film Pt is known be less than the
bulk value (0.0039°C™"). The resistors in this work were measured to have o= 0.0013°C™")
by monitoring resistance while applying a known temperature increase of 100°C to the
structure. The coefficient was determined by the relation shown in Equation 7. The
calculated value is in the range of past studies examining sputtered thin-film platinum [117,
118]. This device is best used below 300°C because the thin-film will show the effect of
strain from thermal expansion in the resistance at high temperature.

52



The software manages the laser operation and trial times as defined by the user.
Standard run time for this experiment is four minutes total. The laser is activated for two
minutes, followed by two minutes of device cool down. The data being collected at is
packaged into an array at two Hz and written to a text file for further analysis. The time,

recorded analog voltage, and calculated resistance are recorded in respective columns.
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3.4 Particle Effect on Surface Heating

The data indicates that a platinum surface coated with functionalized GNPs absorbs
more incoming light than a bare surface. The average temperature difference was observed
to be about 15 degrees Celsius between the surface types, as seen in Figure 20. The spread
of the data is due to inconsistencies in the dispersion of the deposited particles and is
illustrated in Figure 21. Applying a general analysis of variance (ANOVA) model to the
data shows that particle presence on the surface is a significant factor in the max sample

temperature with a 95% confidence interval (R*=0.87).
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Figure 20 - Temperature data is averaged from each sample set. The time constant was
calculated from the exponential cool down from 120 to 240 seconds and the decay

equation is shown in the Figure.
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This energy difference is sufficient to create a temperature gradient in a MEMS
device. The spread of the peak temperature data is displayed in more detail in Figure 21.
The right box represents the sample set that was coated with GNPs. The spread of the
samples for each set can also be attributed to imperfections in the fabricating and seating
of the device on the test platform. A non-uniform contact to the surface would affect the

thermal transfer into the bulk below the device.
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Figure 21 - The box plot of the data demonstrates the difference in optical absorption

when nanoparticles are applied to the surface.

The most influential factor in the spread of the data is the distribution of the GNPs
on the surface of the device. Outliers in the data can be correlated to films that do not have

uniform deposition under optical inspection. The test cycle was repeated on each device
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three times, and the film response was consistent over this time. Devices that were exposed
to the laser for longer amounts of time reached an asymptote after three minutes and
remained in energy balance between the input laser energy and heat sink effect of the
surroundings without degradation of the particle film’s effect.

Particles can be selectively applied to regions of a surface. A method for selectively
spin-coating nanoparticles has been adapted for this project. A stencil is created on the
wafer surface by patterning Parylene-C. This method has been used in many applications
[119, 120]. The polymer is deposited and then masked with standard photolithography. The
stencil features are created by plasma etching through openings in the SPR 220 photoresist.
After spin-coating particles, the Parylene-C is peeled away, leaving only the particles
deposited through the pattern.

3.4.1 Thermal Efficiency

The thermal efficiency of the surface is also of interest in this investigation. This
measure lets the optical performance in this work be compared to other similar systems,
and is a key metric in thermal solar absorbers. The information within the preceding
Figures can be used to give insight into the response of the system to laser light. An
estimation of the thermal efficiency can be derived from basic thermodynamics theory and
the known material and geometric properties of the samples.

The derivation is performed with the goal of producing a ratio of total thermal
energy in the system Q over the energy input from the laser source. The assumptions for
this calculation are that the laser intensity is uniform, that the thin-film Pt holds a small

fraction of the thermal energy and most of the storage is in the substrate, and that the bottom
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of the device is thermally grounded. The thermal efficiency (1) is calculated in Equation 8
as follows:

n = (ATc,d)/27l Equation 8

The AT is represented by the difference in the maximum and minimum
temperatures measured (Tmax-Tmin). This is multiplied by volumetric heat capacity (cv) and
thickness (d) of the substrate. The intensity of the laser in this system (I) and the time
constant (t) are also factors. The maximum temperature and cool down time for this
calculation are pulled from this sample average data in Figure 21. The calculated factors

for the bare and coated substrates are summarized in Table 1.

TABLE 1. Efficiency Factors

Factor Bare Coated

Time Constant (1) 24.4738 18.4775
Max Temp (C) 77.8 94.8

Efficiency (1) 0.0685 0.1193

Table 1 - Thermal Efficiency of the Particle-Coated and Bare Surfaces

The particle coated surface shows about 75% greater thermal efficiency compared
to the bare platinum. Applying the particle film increases the thermal efficiency of the
device from 6.85% to 11.93% on average. In these test structures, the temperature exceeds

physiological limits for living cells. However, changes in the light intensity, device
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geometry, and materials would result in devices that are suitable for use in biological
systems.

3.4.2 Response to Varied Intensity

Adjusting the maximum temperature has also been addressed in this study. Each
GNP acts as a plasmonic heater, and is predicted to have a linear response to light intensity.
Trials were performed at a range of intensity levels to confirm this property, and the results
are shown in Figure 22. It is clear from the data that the response of the surface heating is
linear. A regression was calculated with a linear model, and it was found to fit with an R-
squared of 0.9998, indicating that this is an appropriate model for the system.
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Figure 22 - The intensity levels correspond linearly to temperature.
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A predictable response is a valuable feature of this particle film for two primary
reasons. First, in future applications of this method, a known model to apply to the heating
behavior will make it easier to define proper device operating conditions. Many biological
systems are very temperature sensitive, and modeling the response to possible input will
be a high priority. Second, this lends some credibility to the assertion that the particles
dispersed on a surface act the same as they do when modeled individually or are floating
in a liquid medium. The integration of MEMS requires that the behavior is characterized

for on-chip situations.
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5 Conclusions on Single Wavelength Tuned Film

Optical stimulation was used to induce surface heating of a GNP-coated platinum
surface. The heating performance of the surface was monitored to show the effect of
depositing near IR absorbent particles on the surface. A significant increase in optical
absorption at 808 nm wavelength was verified. The thermal efficiency was calculated and
can be used for comparison with other thermally and optically driven MEMS techniques.
Linear response to varied light intensity was also confirmed.

This hybrid of infrared absorbent gold nanoparticles and MEMS fabrication
technology has potential applications in light-actuated switches and other mechanical
structures. Deposition methods and surface chemistry are being integrated with three-
dimensional MEMS devices in the next phase of this work, where a bistable MEMS
structure has been developed to make use of this heating principle. Selective thermal
expansion powered by an infrared laser is localized at critical regions that are coated with
infrared-resonant gold nanoparticles. Actuation at laser power and thermal limits
compatible with physiological applications will enable microfluidic pumping elements,
studies of tissue response to three-dimensional mechanical stimuli, and other devices
triggered by tissue-permeant infrared light. The long-term goal of this project is a system
of light-powered microactuators for exploring cells' response to mechanical stimuli. Such
devices could apply forces at the cellular scale, offering potential therapies for heart disease
and osteoporosis, and increasing our fundamental understanding of tissue response to

everyday mechanical stresses at the molecular level.
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CHAPTER IV

PARTICLE FILMS AT TWO WAVELENGTHS
This chapter demonstrates a basis for designing light-powered MEMS with a
wavelength specific response. This is accomplished by patterning surface regions with a
thin film containing gold nanoparticles that are tuned to have an absorption peak at a
particular wavelength. The heating behavior of these patterned surfaces is selected by the
wavelength of laser directed at the sample. This method also eliminates the need for wires
to power a device. The results demonstrate that gold nanoparticle films are effective

wavelength-selective absorbers.
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4.1 Wavelength-Tuned Particles

Development of microscale actuating technologies has been critical for interacting
with natural components at the cellular level [121, 122]. Actuation, driven by differential
thermal expansion, has been used to create large deflections with high force relative to
electrostatically driven systems [102, 123, 124]. However, many thermally based
techniques require a physical connection for power and operate outside the temperature
range conducive for biological studies and medical applications. Stimulating devices with
laser light offers a versatile wireless medium for powering and controlling a microscale
element. This work demonstrates the basis for designing light-powered MEMS with
wavelength specific response.

This project builds on recent developments in gold nanoparticles (GNPs) that
resonate within the 650-1050 nm biological “optical window” where tissue is not strongly
absorbent [125]. In the previous investigation, a thin-film polymer with suspended GNPs
increased near infrared (nIR) absorption compared to a nanoparticle-free surface at a single
wavelength [126]. This chapter discusses surface heating trials with two different
wavelengths, 808 nm and 915 nm, of tuned GNPs in order to characterize and compare the

heating of wavelength matched and non-matched GNPs.
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Figure 23- A concept drawing of a patterned gold nanoparticle film that will show a
different response to a particular wavelength. Patterned areas may heat more strongly in

response to a specific wavelength of light.

4.1.1 Synthesizing Gold Nanoparticles

A meandering thin-film platinum resistor is developed to monitor the behavior of
deposited nanoparticles under near IR stimulation. The hybrid optothermal test structures
are created by coating the resistor with the GNP film. Platinum is used as the surface layer
because of its biocompatibility, functionality in high-displacement MEMS actuators, and
resistance change when heated [36].

Gold nanoparticles with precisely controlled near infrared (nIR) absorption are
synthesized by one-step reaction of chloroauric acid and sodium thiosulfate in the presence
of a cellulose membrane. The nIR absorption wavelengths and average particle size
increase with increasing molar ratio of HAuCl4/Na>S>0;3. The gold salt used is hydrogen
tetrachloroaurate (III) trihydrate 99.99% (HAuCls*3H>0) purchased from Alfa Aesar. A

1.72 mM solution is prepared with DI water and protected from light with aluminum foil.
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A 32.6 ml volume of the 1.72 mM gold salt solution is combined with 7.4 ml of a 3 mM
sodium thiosulfate pentahydrate solution (Na>S>03*5H>0; purchased from Sigma-Aldrich)
to perform the reactions for synthesizing the nIR GNPs (808 nm at this ratio).

A 12 kDa MWCO membrane (Flat Width = 43 mm) from Sigma-Aldrich is cut to
the desired length (150 mm for 770 nm GNPs and 100 mm for 940 mm GNPs), then one
end of the tube is closed with a weighted dialysis clip and filled with the gold salt solution.
The NazS;03 solution is then added into the tube via pipette followed by mixing of the
solution within the membrane by manually stirring with the tip of the pipette and aspirating
with the pipette pump. Subsequently, air is removed from the tubing and the other end of
the membrane is clipped. The sealed tube is placed in an 8 L beaker filled with 7 L of DI
water with a stir bar at the bottom of the beaker rotating at 200 RPM and allowed to react
for 1 hour. Particle batches, composed of various pseudo-spheres and anisotropic
nanostructures [113], are dispersed in 8% PVP by weight solution to make the polymer

GNP mixture used for this experiment with the spectra seen in Figure 24.
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Figure 24 - The absorption spectrum of the two batches of GNPs used for this

experiment.
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The planar resistors were fabricated with a single mask cleanroom fabrication
sequence. First, photoresist was deposited and patterned to define the metal features on the
surface of a 500 um thick borosilicate float glass wafer. A 200 nm layer of platinum was
deposited by sputtering after a brief deposition of titanium to aid adhesion. The serpentine
metal trace in a 0.5 cm square was defined via liftoff of the photoresist.

4.1.2 Film Deposition

Spin coating is used to disperse the polyvinylpyrrolidone (PVP) GNP solution on
the substrates. A pipette is used to place a 35 pL droplet on the center of a device, and then
the solution is dispersed by spinning at 4000 rpm for 10 seconds. The device is then baked
on a 115°C hotplate for 2 minutes to stabilize the film. Typical thickness of a PVP GNP
film is approximately 100 um. At this thickness, not all particles are flat on the surface and
may be at varying height and orientation, as observed in Figure 25.

In previous experiments, nanoparticles suspended in PVP solution were patterned
by spinning the solution on wafers through a peelable polymer stencil [119], as the final
step before the devices are released from the substrate. The stencils can be patterned in
registration with microfeatures already on the wafer. Spun-on PVP-dispersed nanoplate
films remain plasmonically active with a stable peak absorbance as long as the
concentration of particles in the solution is not too dense, < 50 nm between GNPs, to avoid
shifting the resonance peak due to the particles interfering with each other in the dried film
[127]. In preliminary work, polymer removal did not pull off previously-deposited
nanoplate coatings, suggesting that it may be possible to pattern a second layer. A SEM

image of'a 100 OD GNP film with 8% PVP can be seen in Figure 25. For this work, devices
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are simply masked over the bonding pads and exposed over the entire central temperature

sensing region.

Figure 25 - Drawing of the test thermometer surface used for this work and a SEM image

of a GNP film.
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4.2 Experiment Setup

This experiment is performed with a two-laser setup. Surface particles are excited
by a 4 W diode laser for two-minute intervals; first the 808 nm laser is activated for two
minutes, followed by a two- minute cool down, and then the 915 nm laser for two minutes
and a corresponding two-minute cool down. The voltage across the fabricated resistor is
extracted from a voltage divider setup and is conditioned by an AD620 amplifier with 50x
(adjustable) gain. The resistance change corresponds to the resistance-temperature relation
in Equation 7. A schematic of the setup used is seen in Figure 26.
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Figure 26 - Experimental Setup with Two Laser Sources.

The sample set used for this experiment consists of three sets of five devices. The
first is a set of bare resistors to provide a base level heating comparison. The absorbance
spectrum of an 8% PVP film without GNPs is measured to demonstrate that a PVP film
without GNPs does not add to the absorption spectra. Next, five surfaces with a film of 707

nm GNPs and five surfaces with 940 nm GNPs were created. Trials with both laser
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wavelengths are performed across all devices. The data is averaged for each wavelength

set and plotted on the same axis for comparison.
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3 Interpreting the Surface Performance

The data is transformed into temperature data through the relation in Equation 7
and is plotted against time in Figure 27 (A) and (B). The time sequence has been separated
into two portions, where (A) represents the trial time for the 808 nm laser, and (B)
represents the cycle with the 915 nm laser. The two are collected consecutively, but the
overall 8 minute timing sequence has been divided between Figure 27 (A) and (B) to more
clearly illustrate the effect of each laser. The blue trace represents the bare sample in each
plot. The red and green traces show the response of the 770 nm and 940 nm GNPs.

The plots shows that the type of film deposited on a surface will determine the
heating profile. In each case, it is seen that the GNP film with the highest absorption will
heat the most under a specific laser source. Figure 5 (A) shows the trials with the 808 nm
laser, and as expected the 770 nm GNP film performed the best. The same idea is expressed
in (B), where the 940 nm GNP film was most responsive to the 915 nm laser. The particles
still show enhanced absorption in both cases, although the energy difference between the
films is not as large as either wavelength-matched film to the bare surface. This predictable
energy difference is further evidenced by the small standard deviation of each data set,
which is displayed in the lower-left of the plot in (A) and (B).

Figure 27 (C) shows the net percent change that each particle showed compared to
the bare surface. This measure was chosen to normalize the data against the heating of a
bare surface. Thereby, yielding a comparable metric between the laser wavelengths
applied, which excludes influences from the absorption of platinum and differences in the

focal spots of the two lasers. The wavelength selective nature of the two GNP films is
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clearly seen in this format. This is important for demonstrating that a difference can be

obtained by patterning a particle film, which was the goal of this work.
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Figure 27 - Temperature increase vs. Time for GNP-coated and control surfaces
illuminated by A) 808 nm and B) 915 nm laser light. (C) A normalized comparison of the
temperature increase of each film type (y-axis unit is % / 100).
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The 770 nm and 940 nm peak solutions were diluted to have an OD of 25 and 100,
respectively. The OD is a measure of absorbance of a solution. The two solutions are
diluted to different levels to more clearly demonstrate the difference in peak absorption
between the samples. At the same OD, the 770nm peak particles showed greater heating
performance under either applied laser wavelength, although with a smaller gain at the non-
optimum peak. By adjusting the OD, it was possible to achieve the temperature difference
reversal shown in the results in Figure 27.

The data clearly shows an increased response to the optimum wavelength by the
particle films, displayed in red and green. The bare surface, shown in blue in Figure 27 (A)
and (B), is less responsive to all light, as expected. However the substrate does have some
absorption at these wavelengths, evidenced by the heating that occurs. Higher selectivity
could be achieved by using a non-infrared absorbing temperature sensitive surface. In that
case, the only IR-absorbing part of the device would be the nanoparticles, so differential

thermal expansion could occur at lower laser doses.
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4.4 Possible Optimizations

A future goal is to move the red and green traces farther apart in Figure 27 by
narrowing the absorption peak of the film through a combination of more uniform synthesis
conditions and better size separation techniques, aiming for a ~ 10 °C difference or greater.
Alternatively, there are many commercially available gold nanorods and other anisotropic
gold or silver nanoparticles with sharp absorption peaks that increase selectivity of the
response [101, 128-130]. Also, adjusting the maximum temperature is critical for
biomedical applications, where these films would need to operate at relatively low
temperatures (<40 °C) and laser power (<1.2 kJ/cm? [131, 132] at wavelengths that tissue
is relatively transmissive) for biocompatibility. The temperature sensitivity can be
controlled by adjusting the laser power targeted at the device since particle heating is linear
with respect to the energy input [116].

Coatings described in this work could actuate MEMS/NEMS under illumination,
even achieving fast cyclic actuation if different narrow-band wavelength selective coatings
are patterned on different parts of the device. Discoveries in this work will feed forward to
new applications in implanted photo-actuated mechanical devices. Because infrared light
can pass through tissue, these devices could potentially trigger cardiac muscle or other cells
that depend on an orderly mechanical impulse —without any batteries or wires inside the
body. The future goals of this work include development of freestanding cyclic
microactuators that can interact with cardiac, bone, and muscle cells, powered and

controlled by tissue-permeable infrared light.
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CHAPTER V

ENHANCING LIGHT-INDUCED THERMAL ACTUATION
The previous discussion has shown that the addition of gold nanoparticles to a solid
surface will add a wavelength specific plasmonic heating element to the underlying
material. This chapter advances that idea from a surface-deposited film to a layer on a
microstructure that is out of the plane of the substrate. This new geometry is critical to
investigate because of the dramatic difference in thermal mass between a solid substrate

and a suspended element with a small footprint.
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5.1 Combining Gold Nanoparticles with Pop-Up Structures

Bioengineering has benefitted greatly from advances in MEMS. Small-scale
actuators and switches have potential in areas such as microscale pumping and cell
manipulation. Powering these micro devices is often a challenge because of the invasive
wiring needed. Tissue-permeant infrared (IR) light has been used in therapeutic
applications [100, 114] and provides a noninvasive energy transfer method for heating gold
nanoparticles (GNP) with enhanced IR absorption for cancer cell ablation. Depositing these
particles onto a MEMS device could provide new optically induced functionality if the
absorption behavior remains the same.

The ability to use GNP-aided optical absorption to provide thermal energy for pop-
up structures has not been previously investigated. The most common MEMS heating
mechanism is direct current (Joule) heating, but this requires wiring to the active region
which is undesirable in biomedical applications. An optically induced temperature gradient
using wavelength-selective printable or spinnable coatings would provide a versatile
method of wireless and non-invasive thermal actuation. This project aims to provide
fundamental understanding of the particle and surface interaction that is required for
developing new research avenues towards bioengineering applications.

For this article, the pop-up structure is fabricated from a patterned metal-oxide
bilayer. The material strain is created during fabrication and is heavily temperature
dependent. As the temperature increases, the material strain is reduced and the curved
structure will lie flat in the plane. In contrast to thermal actuating principles that require

wired conductive components for joule heating, the devices shown here are wirelessly
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powered by near IR light by patterning a wavelength-specific absorbent gold nanoparticle

(GNP) film onto the microstructure.

Silicon

Figure 28 - Illustration of the system being investigated in this experiment.

The previous investigations showed that a polymer film with suspended gold
nanoparticles will provide enhanced nIR absorption compared to a bare platinum surface
at a single wavelength [126]. A following study presented surface heating trials with two
wavelengths (808nm and 915nm) of tuned GNPs in order to characterize and compare the
heating of matching wavelength GNPs, non-matched GNPs, and bare platinum surfaces
[133]. The work presented here integrates this heating technology with thermally actuated
pop-up MEMS structures, leading to the possibility of wirelessly applying a mechanical

stimulus at the cellular level.
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5.2 Fabrication

Composite structures with bistable geometry are the mechanical basis for this work.
Strain between layers of SiO> and platinum is responsible for the out-of-plane feature and
rapid temperature response [36]. Wavelength tuned GNPs are integrated into a polymer
film and applied during the fabrication.

5.2.1 Gold Nanoparticle Synthesis

Gold nanoparticles with precisely controlled near infrared (nIR) absorption are
synthesized by one-step reaction of chloroauric acid and sodium thiosulfate in the presence
of a cellulose membrane. The nIR absorption wavelengths and average particle size
increase with increasing molar ratio of HAuCl4/Na>S>0s. The gold salt used is hydrogen
tetrachloroaurate (III) trihydrate 99.99% (HAuCls*3H>0) purchased from Alfa Aesar. A
1.72 mM solution is prepared with DI water and protected from light with aluminum foil.
A 32.6 ml volume of the 1.72 mM gold salt solution is combined with 7.4 ml of a 3 mM
sodium thiosulfate pentahydrate solution (Na2S203*5H>O; purchased from Sigma-Aldrich)

to perform the reactions for synthesizing the nIR GNPs.
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Figure 29 - Absorbance spectrum of the gold nanoparticles synthesized for this study with

a peak at 812 nm, normalized by the spectrometer to a max y-value (absorbance) of 1.2.
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A 12 kDa MWCO membrane (Flat Width = 43 mm) from Sigma-Aldrich is cut to
the desired length (150 mm for 812 nm GNPs) then one end of the tube is closed with a
weighted dialysis clip and filled with the gold salt solution. The Na>S>03 solution is then
added into the tube via pipette followed by mixing of the solution within the membrane by
manually stirring with the tip of the pipette and aspirating with the pipette pump.
Subsequently, air is removed from the tubing and the other end of the membrane is clipped.
The sealed tube is placed in an 8 L beaker filled with 7 L of DI water with a stir bar at the
bottom of the beaker rotating at 200 RPM and allowed to react for 1 hour. Particle batches,
composed of various pseudo-spheres and anisotropic nanostructures [113], are dispersed
in 8% PVP by weight solution to make the polymer GNP mixture used for this experiment
with the spectra seen in Figure 29.

5.2.2 Cleanroom Processing

The devices for this project are fabricated with a two mask cleanroom process. A
standard 4 inch silicon wafer acts as the substrate for material deposition. The bilayer
required for creating the pop-up geometry is created by first thermally growing a 500nm
Si0; layer on the substrate. Photoresist is then deposited and patterned to mask the surface
for the metal deposition. Next, a 10 nm/90 nm titanium/platinum (Ti/Pt) layer is deposited
by sputtering, the features are defined by lift-off of the previous patterned photoresist.

A second photomask is used to define where the Si02 will be etched to make windows to
the silicon. The exposed photoresist and patterned metal act to mask areas of the SiO> while
the wafer is exposed to a reactive ion etch to create open windows to the substrate. Before
releasing the devices, spin coating is used to disperse the polyvinylpyrrolidone (PVP) GNP

solution on the substrates. A pipette is used to place a 35 pL droplet on the center of a
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device, and then the solution is dispersed by spinning at 4000 rpm for 10 seconds. The
device is then baked on a 115°C hotplate for 2 minutes to stabilize the film. Typical
thickness of a PVP GNP film is approximately 100 um.

With evenly distributed particles on the surface, some of the residual PVP must be
removed to allow the final release step. The devices are placed in a very low percent oxygen
plasma for 30 seconds to remove the residual film that would otherwise prevent the Si
substrate from being exposed to the etching gas. Finally, the previously etched oxide
openings allow an isotropic XeF» etch of the silicon that is not hindered by the PVP film,

and that releases the strained bilayer from the surface.
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Figure 30 - SEM image of the fabricated devices (a), closer view to show the deposited

GNPs (b), and a TEM of the gold nanoparticles (c).
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5.3 Experiment Setup

An experiment was designed to characterize variation in the mechanical response
of a popped-up microstructure when resonant GNPs are applied to the surface. When
exposed to a specific wavelength of light, each particle acts as a plasmonic heater. This
property of the GNPs is based on a phenomenon called surface plasmon resonance. The
absorption and electric field created are affected by the particle geometry which allows the
film to be tuned to add to the absorption of the substrate in a specific way, such as the 812
nm resonant GNPs used here.

5.3.1 Laser Control and Device Monitoring

The GNPs were tuned to this wavelength to match the available 808 nm diode laser.
A schematic of the experimental setup is shown in Figure 31. The laser is controlled by a
490 Hz pulse width modulated (PWM) signal (5 watt at 100% power), generated by an
Arduino Duemilanove with an ATmega328P microcontroller (a). The duty cycle (DC) of
the waveform is varied to adjust the laser power (b).

The form of the surface structure while under the laser is monitored in an Olympus

microscope with a JenOptik ProgRes CF camera attachment (c).
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Figure 31 - Schematic of the setup used for data collection in this system.

Samples were fabricated on a single wafer, and half were coated in GNPs. Six DC
levels were chosen to test the device: 0, 10, 15, 20, 25, and 30 percent. This sequence was
randomized and collected from a pair of devices at each level with GNP coated and bare
surfaces. Data was captured in the form of a 250 image sequence taken at ~3 FPS (250
images in 90 seconds). Matlab was used to process the sequences and monitor the
reflection.

5.3.2 Segmenting Reflection in the Images

Image processing techniques were used to extract the reflected area and estimate
the windowpane structure’s radius of curvature. In Figure 32, raw images of a device’s
initial state is shown in (a), an intermediate heated state is in (b), and the reflection at full
deflection in (¢). To do the segmentation, an image is split into its RGB components, such
as the (R), (G), and (B) below which are the components of (b). The pixels in the (G)

component are categorized by an intensity threshold (I > 155) as seen in (d) in orange.
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Figure 32 - Reflection profiles of a pop-up windowpane at different stages (a, b, c), with
increasing temperature from left to right. The RGB components of a reflection image (R,

G, and B). The segmented reflection used for a pixel count (d).

A simple pixel count is taken, and this metric is proportional to the deflection of
the device, which is proportional to the light-induced temperature. This technique was
applied to each sequence of 250 images at each DC and sample combination (24 total
sequences). Reflectivity, as used in the following discussion, is the number of pixels with
greater than the threshold intensity at a given duty cycle divided by the pixel count at room

temperature for that same device.
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5.4 Results

At a glance, the resulting data indicated that adding a GNP coating will improve
the light absorption of the pop-up bilayer. Figure 33 shows averages of the duplicate trials
of GNP-coated and bare samples at each DC over 90 seconds. The dashed lines represent
bare sample averages, and solid lines have incorporated GNPs. Each color pair is at a
specific DC, as labeled in the legend. As expected, higher applied power resulted in larger
deflection, which is seen as a higher reflectivity in Figure 7. The Y-axis is normalized to
the starting value of the zero DC trace in each averaged data set. The variation around at

t=0 1is due to variation between each device.
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Figure 33 - Reflectivity averaged data for each sample type.

An analysis of variance (ANOVA) was performed to generate statistics on the

factors present in this study, with included interactions and independent devices from set
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to set. The deposition of GNPs on a device at any DC was found to be a significant factor

of the resulting reflectivity (p = 0.0042), and therefore deflection.
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5.5 Discussion

The reflectivity was taken at initial and maximum deflections for each device, and
a curve was fit between the two pixel counts. Using that estimation, a conversion between
reflectivity and radius of curvature has been established. The level after 90 seconds has
been collected at each DC (the end points in Figure 33) and is displayed in Figure 34. This

very clearly shows that there is an increased effect seen on the GNP-coated devices, shown

in red.
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Figure 34 - Fitted curves displaying the correlation between light and deflection of the

structure with error bars depicting 95% confidence interval of the fit.

The DC can be used as a direct measure of laser power being applied. The average
efficiency difference can be seen by plotting the difference between the lines at each DC
level, and making a linear fit. The slope of that line is 5.2, which is the percent efficiency
that is added by the GNPs. Conceptually, if you make a horizontal line by +5.2% from a
point on the red fit in Figure 8, it will intersect the blue fit. This is in the vicinity of

previously reported efficiency calculations on a planar surface [126].
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6 Conclusions from this Experiment

This work has demonstrated a hybrid of infrared absorbent gold nanoparticles and
MEMS fabrication technology leading to a surface with enhanced absorption, and has
potential applications in light-actuated switches and other mechanical structures. This
project adds to the foundation of knowledge required for designing a system of light-
powered microactuators for exploring cells' response to mechanical stimuli, and
performing studies that increasing our understanding of tissue response to mechanical

stresses.
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CHAPTER VI

CONCLUSION

This hybrid of infrared absorbent gold nanoparticles and MEMS fabrication
technology has potential applications in light-actuated switches and other mechanical
structures. Deposition methods and surface chemistry are being integrated with three-
dimensional MEMS structures in the next phase of this work. The long-term goal of this
project is a system of light-powered microactuators for exploring cells' response to
mechanical stimuli, increasing our fundamental understanding of tissue response to
everyday mechanical stresses at the molecular level. To this end, there are future directions

in mind that will continue the progression of this work.
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6.1 Future Directions

There are multiple avenues of research that can follow the aforementioned work.
The advancement can either be made with the particle film or on the MEMS structure itself.
Methods for patterning multiple wavelength-specific particle films is required to integrate
more complex actuation techniques, and can be accomplished in a number of ways. The
MEMS structure itself can be modified per application as required by altering the geometry
or materials used. Both of these routes would increase the range of functionality and
usefulness of the toolset developed in this dissertation.

6.1.1 Complex and Streamlined Fabrication

Improving the absorption of a surface with single particle film is nothing more than a parlor
trick, and offers no substantial improvement over a metaphorical black paint. However, the
possibilities of patterning multiple wavelength-reactive regions opens interesting new
opportunities. Nanoparticles tuned to different infrared wavelengths, applied at different
locations on freestanding microstructures, will drive complex actuation sequences such as
cyclic motions. Since the lasers were specifically chosen at wavelengths that penetrate
tissue, these tiny devices could mechanically trigger cardiac cells and nerve cells through
the skin without wires. As a new platform for pacemakers and for neural bypass devices,
this technology could be life-changing. However, getting to that point requires better
nanoparticle-patterning tools.

The foreseeable additions to the device fabrication to enhance the ability to pattern
a particle film are divided into two categories. The first is to selectively apply a particle

solution to the surface in a controlled dispersion technique. A second proposed method is
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to universally apply the particles as previously by spin-on deposition and then remove
selected regions with cleanroom-based techniques.

For patterning outside of the cleanroom, patterning can be done in a computer-
controlled fashion, such as with an inkjet-like deposition or with a defined stenciling
technique. These methods are both cost effective and less time consuming then including
a cleanroom patterning step to the process. Stenciling would require a chemical component,
where a stamp can be used to prepare a surface so when a particle solution is washed over
it, the gold particles will stay on the chemically defined features.

Within cleanroom-defined patterning methods, a stenciling technique has been
experimented with at the University of Louisville by etching parylene-c into a stencil after
deposition on a surface, and spin-on particles are ‘selected’ by what passes through the
stencil to the surface. The PVP component can sometimes provide troublesome linkage
between wanted and unwanted regions, but stenciling avoids the problems caused by the
often mischievous nature of the PVP by forcefully defining the pattern boundary.

6.1.2 IR Transparent Materials

Material changes can be made to improve the overall functionality of the structure.
The largest improve could be made by changing the material so that it is less absorbent to
the nlIR light being used to power these devices. By building a bilayer of material that does
not absorb nlR light, the difference in functionality between bare and GNP coated surfaces
would be much higher. In this case, the bare would not show much heating at all, and the
gold particles would drastically change the absorption profile of the surface. In theory, the
efficiency difference seen between bare and nanoparticle-coated surfaces would be much

higher than on reported devices.
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6.2 Conclusions

This dissertation describes the successful development of a laser-driven thermal
actuation method that is enhanced by the addition of gold nanoparticles. An overview of
actuating MEMS was presented in chapter one to build a foundation of comparison to
thermal actuation. The structural basis for the moving “pop-up” MEMS components is
described in detail through the published work presented in Chapter 2. That chapter
concludes that the proposed bilayer MEMS architecture is robust enough to sufficiently
handle a variety of microscale tasks.

Chapter 3 introduces the motivation, theory, and methodology behind the gold
nanoparticles in this work. In contrast to most other investigations of gold nanoparticles,
the particle properties are examined as a surface film rather than in solution. Chapter 4
introduces the wavelength tunability of the particles as a working principle. From these
two published works, it can be concluded that the thermal efficiency of a laser-driven
MEMS system can be increased using gold nanoparticles, and the thermal behavior can be
designed to be wavelength dependent.

Chapter 5 combines the resources investigated in the earlier chapters, and shows a
resulting example of a nanoparticle-enhanced thermal actuator with large (>100 pm) out-
of-plane movement. The device is confirmed to change behavior with the deposited gold
nanoparticles, and the cleanroom techniques used to successfully transfer particles from a
solution to a released device are documented. This method has the potential to be
developed into a more robust system for interacting with biological components. Such a

system could be instrumental in facilitating mechanical stimulus at the cellular level.
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