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ABSTRACT 

INCORPORATING NANOMATERIALS WITH MEMS DEVICES 

Evgeniya Moiseeva 

November 26,2012 

This dissertation demonstrates an elegant method, known as 'micro-origami' or 

strain architecture to design and fabricate three-dimensional MEMS structures which are 

assembled using actuation of a metal-oxide bilayer with conventional planar lithography. 

Folding allows creating complex, robust, three-dimensional shapes from two-dimensional 

material simply by choosing folds in the right order and orientation, small disturbances of 

the initial shape may also be used to produce different final shapes. These are referred to 

as "pop-up structures" in this work. 

The scope of this work presented the deposition of colloidal gold nanoparticles 

(GNPs) into conformal thin films using a microstenciling technique. Results illustrated 

that the gold nanoparticle deposition process can easily be integrated into current MEMS 

microfabrication processes. Thin films of GNPs deposited onto the surfaces of silicon

based bistable MEMS and test devices were shown to have a significant effect on the 

heating up of microstructures that cause them to fold. 

The dissertation consists of four chapters, covering details of fabrication methods, 

theoretical simulations, experimental work, and existing and potential applications. 

Chapter II illustrates how control of the folding order can generate complex three-
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dimensional objects from metal-oxide bilayers using this approach. By relying on the fact 

that narrower structures are released from the substrate first, it is possible to create multi

axis loops and interlinked objects with several sequential release steps, using a single 

photomask. The structures remain planar until released by dry silicon etching, making it 

possible to integrate them with other MEMS and microelectronic devices early in the 

process. 

Chapter III depicts the fabrication process of different types of bistable structures. 

It describes the principle of functioning of such structures, and simulations using 

CoventorWare are used to support the concept. We talk over about advantages and 

disadvantages of bistable structures, and discuss possible applications. 

Chapter IV describes fabrication procedure of nanoparticle-MEMS hybrid device. 

We introduce a convenient synthesis of GNPs with precisely controlled optical 

absorption in the NIR region by a single step reaction ofHAuCl4 and Na2S203. We take a 

look at different techniques to pattern gold nanoparticles on the surface of MEMS 

structures, and also provide a study of their thermal properties under near IR stimulation. 

We demonstrate the first approach of laser-driven bistable MEMS actuators for 

bioapplications. 

Finally, in Conclusion discuss the contributions of this dissertation, existent 

limitations and plans of the future work. 
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CHAPTER I 

INTRODUCTION 

This dissertation describes a "hybrid" microactuator design that combines light

absorbing nanomaterials with a thermally-driven microelectromechanical (MEMS) 

actuator. The core topic investigated in this study is the integration and alignment of 

photothermal nanomaterials with a MEMS device in a manner that does not interfere with 

MEMS fabrication or the thermal functionality of the nanomaterials. Chapter I reviews 

MEMS actuators and relevant nanomaterials. Chapter II reviews the origami fabrication 

technique in detail, and Chapter III investigates bistability as a way to achieve sudden 

actuation from a gradual thermal process. Chapter IV evaluates the thermal performance 

of the nanomaterials on MEMS substrates. 

A wide variety of MEMS devices have found commercial success. These devices 

include electrical and optical switches, pumps, valves, motors, scanning mirrors, displays, 

gyroscopes, accelerometers, and pressure sensors [1]. MEMS technology has enabled a 

reduction of size and power by orders of magnitude, while increasing the consistent 

performance of devices and systems by employing batch fabrication techniques. 

Meanwhile, integration of MEMS technologies with the semiconductor industry allows 

the development of new micromachining processes for MEMS side-by-side with 

electronic circuits, at the cost of longer development time, higher price, and greater 

complexity. The clear advantage of integrating MEMS components is their ability to 
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provide a transduction mechanism from analog physical signals into digital electrical 

signals and vice versa. Common transduction mechanisms used by MEMS sensors and 

actuators are presented in [1]. 

Some physical phenomena (inertia, magnetostatics) decrease in strength at the 

micro scale relative to other forces that dominate or are more efficient when miniaturized 

to the micro- and nanometer scale. That is why it is essential to be mindful of scaling 

when creating micro fabricated devices. The effect of scaling on material properties is 

important, for example, in thin-film materials where properties are often considerably 

altered from their bulk or macro scale form. Important material properties to characterize 

include elastic modulus, Poisson's ratio, compressive, tensional and shear stresses, 

conductivity, etc. Due to the flexibility of microfabrication, it is typically convenient to 

integrate microstructures that can be used to provide in situ measurements of material 

properties. 

However, thin films are often not the ideal form factor for sensing and actuation. 

Origami-like techniques have been commonly used to build complex three-dimensional 

(3D) micro- and nanoscale structures, devices and advanced materials, both for artistic 

and technological purposes, from patterned thin films. A variety of such structures have 

been made using conventional nano- and microfabrication processes for patterning 2D 

elements and following sequential strain based folds into the final three dimensional 

configuration. The folding sequence has a large and sometimes irreversible effect on the 

ultimate shape of the micro-objects. Planar 2D elements used in micro-origami could be 

anything from standard integrated circuit (IC) and MEMS components to novel 

microfluidics and photonics systems. 
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Nowadays, out-of-plane micro- and nanostructures are desired mainly in 

applications where MEMS must interface with the external environment. For example, 

micro-origami has produced mirrors [2], [3], [4] stages [5], shutters [6] and comer-cube 

reflectors [7] to handle optical signals, out-of-plane directed cantilevers to act as field 

emitters [8] and nanopipelines to handle fluids [9]. A significant fraction of micro

origami research concerns actuators, including thermal actuator [10], [11], [12], [13], 

electrostatic actuators [6], [14] and chemical actuators [10], [12]. While these actuators' 

typical purpose is to manipulate cells and other small objects, a very practical application 

is one-time-use integrated levers [15] to assemble complex MEMS systems without 

human involvement. 

However, while macroscale folding can be completed by hand or by using probes 

and automated machines, manual or mechanized folding becomes increasingly difficult at 

the smaller scales. There are a few methods or phenomena that used to produce 3D 

micro- or nanoscale objects. For example, capillary forces and surface tension usually do 

not have evident effects on solids at macro scales, but they become dominant at the sub

centimeter scale as the surface effects start overcome bulk effects. Both phenomena have 

been especially significant mechanisms in MEMS and nanotechnologies, but might bring 

undesirable difficulties at the same time (for instance capillary forces damaging thin 

MEMS cantilevers at the liquid-gas interface). [16] Meanwhile, capillary forces have 

been suggested as methods to assemble, orient, or deflect rigid objects in 2D at the water 

surface, and cause the spontaneous folding of an elastic sheet around a liquid droplet 

leads to a prearranged 3D shape. [17]. Self-folding due to magnetic [18] and surface 

forces [19], pneumatics [20], swelling of polymers [21], photosensitive polymers [22], 
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stressed thin films [23], [24], [25] thennal and shape memory alloy actuation [11], [26], 

[27], and muscular actuation [28], are other ways to manipulate micro- and nano-objects 

to create new objects of various shapes, sizes, and complexities. 

1.1 SELF-ASSEMBLY 

Self-assembly is the fundamental principle that generates structural organization 

on all scales from molecules to galaxies. It is defined as a reversible process of unassisted 

arrangement of elements into structures or patterns that involve no human interference. 

As was mentioned earlier, strain and surface tension based self-assembly are potentially a 

very attractive method to fonn or reconfigure 3-D micro and nanostructures, and a variety 

of final shapes and structures might be achieved by altering the initial planar geometries. 

1.2 BILAYER STRUCTURE 

The bilayer structure is widely found in plants and in animals. Several plants have 

bilayer structures which are able to alter of fonn or accumulate mechanical energy (due 

to strain) via changes in the environmental medium (temperature or humidity). For 

example, the wild geranium uses a sort of shoot using bilayer structures to spread out its 

seed [29]. The bilayer or bimorph structures can be used to amplify the small amplitude 

of the displacement, a similar principle used for the movement of cilia in lungs or in the 

eye of mammals and birds for the focusing of lens by changing their shapes [29]. 

The bilayer structures can be either actuators or sensors, using physical, thennal, 

electrical, chemical, or piezoeffects. It is commonly known that layered sheets of 

materials with mismatched strain will roll up with a well-defined radius of curvature, a 
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principle which has long been used in macroscopIc systems such as bimetallic 

thermometer coils. Recently, however, researchers have applied this strained-bimorph 

principle to thin film bilayers at much smaller scales, using epitaxially grown 

semiconductor films to produce coiled cantilevers and tubes with internal radii down to 

2 nm [30], [31], [2]. Metal/semiconductor systems have been used to produce nanoscrolls 

with radii less than 500 nm [32]. 

1.3 MICROACTUATORS AND DIFFERENT TYPES OF ACTUATION 

As previously mentioned, microactuators allow microelectromechanical systems 

to implement physical functions (e.g., to convert an electrical signal into a mechanical 

signal). The actuation principle of MEMS actuator is dependent on the structural 

dimensions, technology, response time, maximum power consumption, force and torque 

as a function of displacement. Table 1 shows the most common classification of MEMS 

actuators and sensors by their actuation principle [33]. 

Type of actuation Force Range Displacement 

Electrostatic 1llN-lmN Up to 200 11m 

Magnetic O.1IlN - 0.1 mN 10 Ilffi - 1 mm 

Piezoelectric 101lN-mN 0.1 Ilffi - 1 mm 

Thermal -1OmN Up to 250 11m 

Table 1. Actuators: their actuation principle and characteristics. 
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Electrostatic actuation is the most frequently applied principle--combining simple 

technology, compatibility with electrical energy sources that are likely to be already 

available in other parts of the system for running logic circuits, and versatility. Perhaps 

the most commonly used type of electrostatic microactuator is the comb-drive one [34], 

[35]. Electrostatic actuators are faster, usually are not strongly affected by temperature 

changes and can function at high efficiency, but they have smaller stroke and do not 

generate large forces when compared to other types of MEMS actuators. 

Piezoelectric actuators can offer large actuation forces with fast switching action, 

but cannot produce large strokes, require high voltage to function and yield highly 

temperature-dependent results. Piezoelectric bimorphs made of more than one material 

can exhibit larger displacement output at the expense of lower force output. MEMS 

piezoelectric actuators do not significantly exceed the performance of MEMS 

electrostatic actuators. 

Electromagnetic actuators provide a relatively large stroke and force, but they 

need a solenoid with a magnetic core to generate a practical electromagnetic field. This 

requires a large power input, most of which is converted into heat. 

Thermal expansion actuators can send a wide spectrum of displacements and 

forces that depends on the selection of expansion materials. Where large displacement 

actuators are needed, the material's thermal expansion coefficient is maximized, typically 

requiring the use of polymers [36]. However the power consumption is high and there is 

restriction by the speed of heating and cooling the microactuator for frequency of 

operation, and, thermal actuation can display much higher forces than electrostatic 

actuation. Thermal actuation could also enable movements away from the substrate and 
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towards the substrate; there is no pull-in voltage collapse of the structure as occurs in 

electrostatic actuation. 

1.4 NANOSTRUCTURES: NANOPARTICLES AND NANOTUBES 

Nanotechnology is expected to provide a route around physical limitations in 

miniaturizing current electronics fabrication techniques. Reducing each device in size 

obviously allows one to fit many more devices in a certain area. That isn't the only 

benefit of nanotechnology. As was pointed out earlier, basic properties and characteristics 

of materials can turn into completely different properties at the nanoscale. For instance, 

nanowires and nanotubes of common materials like carbon, silicon and oxides 

demonstrate outstanding electrical, mechanical, chemical and optical properties [37], [38] 

[39], [40], [41], [42], [43] and nanoparticles (NPs) hugely increase the surface area of a 

material to enhance its catalytic ability. Advancements in nanotechnology enable 

innovative applications in the biomedical field: sensing and imaging [44], [45], [46], drug 

and gene delivery [47], [48], [49], therapeutic and diagnostic applications [50], energy 

conversion [51], and many others [52], [53], [54]. 

Metal nanoparticles are being widely used in numerous applications due to the 

possibility of large batch fabrication and their useful geometries, including small size and 

correspondingly large surface-to-volume ratio, various shapes (e.g., nanoprisms, 

nanorods, or nanoshells), and adjustable photothermal and optical properties. Noble metal 

nanoparticles, gold nanoparticles (GNPs) in particular, are attractive due to their 

flexibility of synthesis and biofunctionalization, low toxicity and good biocompatibility, 

ease of detection, and strong and tunable surface plasmon resonance (SPR). Plasmon 
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resonance caused by the free electrons of the metal nanoparticle experience a collective 

resonant oscillation with respect to the positive metallic lattice in the presence of light 

which enhance the optical and photothermal properties of noble metal nanoparticles. The 

SPR can either radiates light (scattering), or be rapidly converted to heat (absorption). 

Alteration in size, shape, composition, and the surrounding environment of metal 

nanoparticles brings out exceptional control over the plasmon resonance properties and 

allows the design of nanostructures for specific biomedical applications. For instance, 

gold nanoparticles and nanoshells can be designed to either strongly absorb or scatter 

inside the near-infrared (NIR) wavelength region (650-950 nm). Gold nanoparticles (10-

50 nm) present five or more orders of magnitude larger absorption coefficients compared 

with conventional dyes. They work as light-triggered "heaters" for selective localized 

photothermal therapy at the nanoscale, especially for selective heating and killing of 

cancer cells at much lower laser powers than would damage healthy tissue. 

Immunochemical coatings prevent significant binding to healthy cells, allowing 

differential heating of tumor and healthy cells when illuminated with infrared light in the 

biological transmission window. Nanorods or nanoshells can be tuned to the near-infrared 

(NIR) region of the spectrum, especially 650-900 nm, due to the high transmission of 

tissue, blood, and water in this window, through SPR to make in vivo imaging and 

therapy possible. 

1.5 NANOPARTICLE-MEMS HYBRID DEVICE 

Inserting high quality nanoparticles into a standard semiconductor fabrication 

process will enable placement of nanoparticles on precisely defined areas of a bistable 
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MEMS "skeleton" to fabricate a hybrid device that folds rapidly in response to 

illumination. Two mechanisms contribute to this composite hybrid effect: (1) the effect of 

thennal mismatch of metal/silicon oxide bilayer film, and (2) tunable optical properties of 

gold nanoparticles. These inorganic MEMS structures reversibly store strain energy that 

can be triggered to release within less than a second. Noble NIR-responsive metal 

nanoparticles have high absorption and low scattering of light in this wavelength region 

that leads to heating and thennal expansion of the medium surrounding the nanoparticle. 

Beyond basic heating, the tunability of the absorption wavelength can enable the hybrid 

micro-nano devices to be addressed wirelessly by wavelength multiplexing instead of the 

direct current that is usually required to drive MEMS actuator. 

The ability to integrate metal nanoparticles-MEMS hybrid into biological systems 

has greatest impact in bioapplications. Biocompatibility will make it possible to create 

cellular-scale mechanical actuators that can be distributed throughout a tissue sample and 

driven remotely using infrared light. 
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CHAPTER II 

ORIGAMI FABRICATION OF MICROSTUCTURED 3D DEVICES BASED ON 

STRESS-MISMATCHED LAYERS 

The ancient Japanese art of paper folding known as origami allows generating 

complex three-dimensional objects from planar two-dimensional (2D) plates. A similar 

approach can be utilized to create 3D micro- and nanostructures including electronic, 

optical or mechanical devices using conventional layer-by-Iayer lithographic methods 

[55]. Standard planar microfabrication tools and techniques are used to make 2D 

structures or patterns, creating a predetermined pattern of folds on a thin substrate that is 

the equivalent of "paper" used in conventional origami. The folding actuation 

mechanism--whether based on intrinsic stress, thermal, electric, magnetic, or 

photo actuation, as well as the creases or hinges along which the segments fold, are 

patterned into these devices in one fabrication process. At the end of the process, 

actuation is triggered for automatic rapid folding of the structures out of the plane. These 

built-in actuation methods must be controllable and compatible with the fabrication 

technology. 

The Nanostructured Origami™ process [56] allows fabricating out-of-plane 

micro- and nanostructures that would not be possible with conventional planar 

lithography and offers a few extra advantages. For example, complications related to 

multilayer fabrication are avoided by patterning and repeatedly folding only one layer. 
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Alignment and positioning of the folded layers can be improved through the use of 

pyramid-shaped alignment features. 

Stacked sheets of materials with mismatched strain roll up with a well-defined 

radius of curvature that depends on their thickness, modulus, and the amount of strain 

mismatch. Recent research efforts demonstrate applications of this strained-bimorph 

construction technique to thin film bilayers at much smaller scales than ever before, using 

epitaxially grown semiconductor films (SilSiGe, InGaAs or GaAslInGaAs) to produce 

coiled cantilevers, nanocoils and tubes with internal radii varying from some nanometers 

to several microns [24], [57], [32], [58]. Free-standing strained heteroepitaxial layers 

automatically bend when the layers are released from the substrate (Figure lee)). This 

process requires heteroepitaxial layers with precisely controlled thicknesses and 

compositions, and a suitable sacrificial layer built in under the heteroepitaxiallayer. 

Ion implantation of silicon nitride membranes with Ga + ions is well suited for 

folding membranes into three-dimensional micro-structures for device fabrication [59]. 

Localized ion irradiation into a silicon nitride cantilever creates great stress gradients and 

folds the cantilever at the irradiated area. Cantilever thickness, the ion dose and the 

sputter depth into the silicon nitride are all factors that define the fold angle and radius of 

the cantilever. 

The well-known phenomenon that nanoscale grains can produce extremely high 

intrinsic stress through grain coalescence during a film deposition process is another 

method to curl up nanostructures (Figure 2.I(d)). Due to the grain coalescence of Sn, the 

stress within the Sn film is large enough to cause SnlNi and Sni Ah03 bilayers to curl up 

with nanoscale radii of curvature [60]. 
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The laser origami technique presents a possible alternative for generating 3D self

folding designs [55]. This method generates the pop-up features through laser 

microfabrication, followed by selective laser cutting, and, finally, uses laser ablation to 

achieve out-of-plane actuation (Figure lea»~. This was accomplished by back-irradiating 

an indium-tin oxide (ITO)/copper multilayer film stack on a fused silica substrate with a 

355nm UV laser pulse. Instead of vacuum-deposited thin metal films, it is also possible to 

use metallic nanoinks (a highly viscous, organic solutions with suspended metallic 

nanoparticles), with the same laser fabrication method to generate the desired 3D 

microstructures. The inks that function as the activation layer are transferred by laser 

printing, and then tailored by selective laser curing of the inks which causes significant 

volume shrinkage across the hinges to create folding 3D assemblies. 

Metal bilayer films are not the only materials that work as tensile-stressed layers 

to achieve folding. The SU-8 polymer is used often to define structural layers for 

fabrication of MEMS structures with pre-programmed three-dimensional shapes 

(Figure l(c». Stress mismatch introduced between the two layers during the cross-linking 

of a second SU-8 film produces a variety of self-folding stress-inducing structures [61]. 

The novel discipline of origami engineering extends to the nanoscale in 

biomedical applications, such as strategically folding molecules including DNA into 

prescribed shapes to tailor their properties (Figure l(b» [62], [63] and to the macroscale 

with flexible medical stent grafts [64]. New origami stent grafts are made from aNi-rich 

titanium/nickel (TiNi) shape memory alloy (SMA) single foldable foil with hill and 

valley folds. The expansion or folding of the stent graft is accomplished either by the 
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shape memory effect at body temperature or by making use of the property of 

superelasticity . 

Figure 1. Examples of micro- and nanostructures created with origami 

technique. (a) Laser-bent micro enclosures at various stages of closure 

generated by laser origami [55], (b) Patterning and combining DNA 

origami into desired shapes [62], (c) spiral structure based on the multi

user SU8 polymer MEMS process [61], (d) Curved nanostructure created 

with a coalescing Sn film atop a relatively neutral stressed Ni film [8], (e) 

Row of AlGaAs/GaAs dielectric mirror and an InGaAs strained layer 

grown by molecular-beam epitaxy on a GaAs substrate with different 

lengths after release from the substrate [2]. 
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The method of producing 3D cell-laden microstructures by exploiting the cell 

traction force to drive the self-folding of microfabricated flat plates is called cell origami 

[65]. This technique does not require the conventional need for external actuation forces, 

such as thermal actuation or electromagnetic forces to produce 3D microstructures. 

In this chapter, the intrinsic-stress method was employed to achieve three

dimensional microstructures. The distinctive features of this work over previous literature 

are that we investigate the effect of folding order on the final shape of these three

dimensional micro-objects, and explore the ability of the structures to actuate between 

their fabricated final shape and other shapes that are local minima in the strain energy 

landscape. 

The strain mismatch was created by patterning a metal-on-Si02 layer on a silicon 

substrate. Thermally grown Si02 generally has compressive stress, while the metal films 

used in this work have tensile stress. The silicon is isotropically etched to undercut and 

release the metal-oxide bimorphs. The width of features in a single photomask 

determines the folding sequence; because the silicon etch process will undercut the 

narrowest lines first, enabling those structures to curl up from the substrate before other 

features are released. It was demonstrated that folding sequence has a large and 

sometimes irreversible effect on the ultimate shape of the micro-objects. 

2.1 THEORY OF THERMAL BENDING 

Bimorph structures are composed of active layers (two materials) with different 

properties. Usually, these structures take the form of thin strips, beams or cantilevers. 

Every bimorph structure bends due to imbalanced strains in those two layers, and the 
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amount of bending is sensitive to temperature, electric fields, and other variables that 

affect the stress in either of the two materials. Strain-mismatched bimorphs attain a radius 

of curvature that minimizes the potential energy of the entire structure. Like a spring with 

stored elastic energy, a thin film that is compressively stressed while constrained to the 

substrate will expand when released. A single released layer will bend only at the release 

point, and expand volumetrically elsewhere, resulting in a folded over flap [9]. However, 

if the layer is coated with another film having less compressive stress or tensile stress, the 

upper film will constrain the expansion at the top of the lower film, causing the released 

bilayer to curl uniformly upward from the substrate (Figure 2). Beam equations 

developed for much larger structures can account for most of the features seen in 

microscale strain architecture devices, although the approximations become less accurate 

as the curvature radius becomes small relative to beam thickness [14]. For a released 

beam of uniform width, with no applied moments, the reciprocal of the radius of 

curvature is given by Equation (1)-{4). Those formulas for deflection ofa bimorph beam 

was first analyzed by Timoshenko in 1925 who applied the analysis to bi-metal 

thermostats [66] 

1 6E(1 + m)2 
-= 1 
P d[3(1+m)2+(1+mn){m2+-}] 

mn 

(1) 

(2) 

(3) 

(4) 
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(5) 

In these equations above, p is the radius of curvature, d is the combined thickness 

of the two layers d1 and d2, E is the in-plane biaxial strain or fractional difference in the 

between the two films unconstrained relaxed lengths of the two layers, n is the ratio of 

the Young' s moduli of the layers and m is the ratio of their thicknesses (ddd2 ). 

Insulator 
(Highly compressive stress 

Metal 
(Slightly compressive, 
neutral, or tensile stress) 

during release 

Figure 2. Schematic of a metal-insulator bimorph bending because of 

strain mismatch induced curvature upon release from the substrate. 

In case of bi-directional curvature for the narrow beams typical of MEMS 

structures, transverse bending moment is important and should be included in 

consideration by replacing the elastic modulus with the biaxial modulus, v , of each 
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material. Neglecting the role of Poisson's ratio has been documented to result in errors as 

large as 50% for representative MEMS structures [67] 

E 
E'=---

(1- v) 
(6) 

where v is Poisson's ratio and E is the elastic modulus. 

For many choices of materials, the biaxial moduli are similar (n=0.5-2), making 

this parameter's effect on the radius of curvature small compared to the effects of strain 

mismatch and film thickness. Considerable insight can be gained by assuming that both 

layers have the same biaxial moduli (n=1). Equation (1) then becomes 

(7) 

Notably, the inverse radius is directly proportional to the strain mismatch s, which 

depends upon the choice of materials and deposition conditions. 

Often, the strain mismatch between two layers is an unwanted effect. For 

instance, bimorph cantilevers occur in atomic force microscopy with current-measuring 

probe tips that have a metal trace on a silicon bulk micromachined structure. The problem 

is non-zero tip deflection (or curvature) at room temperature due to residual stress in the 

layers. Deposition conditions and crystal-growth conditions put nearly all films in a state 

of residual internal stress [60]. The stress may be compressive or tensile. Residual stress 

is consisted of two components: intrinsic stress that reflects the internal structure of a 

material and develops during the film nucleation, and thermal stress that outcome from 

deposition temperature conditions and often dominates. In general, the intrinsic stress in a 

film depends on thickness, deposition rate and temperature, ambient pressure, method of 
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film preparation, type of substrate used, type of machine used for fabrication, and a 

number of other parameters. Intrinsic stress is less clearly understood, but a number of 

stress-causing phenomena have been suggested to explain it: lattice mismatch between 

the substrate and the film, rapid film growth, recrystallization processes, grain 

boundaries, phase transformations, incorporation of impurities or doping into the film, 

atomic peening, microvoids, and gas entrapment [68], [69]. 

Since the minimum radius determines the lower size limit of objects that can be 

fabricated by this method, it is useful to extract further design rules by minimizing the 

reciprocal of Equations (1) and (2). For two layers with equal biaxial modulusCn = 1) 

and a fixed total thickness d, the minimum radius occurs when the top and bottom layers 

have equal thicknesses, Cd1 = d2 ). 

However, from a practical standpoint, oxidized wafers are typically purchased in 

a large batch, or oxide is grown on several wafers in one run, so the bottom layer often 

has a fixed lower layer thickness, d 2 , while the upper metal layer thickness d21 is varied 

in subsequent processing. In this case, when both materials have equal modulus, the 

radius is minimized when the top layer's thickness is half that of the lower layer. Adding 

more material to the top layer only increases the total thickness d in the denominator, 

producing a larger radius of curvature. In general, to minimize the radius if the biaxial 

moduli are unequal, the layer with the larger modulus must be thinner than the limits set 

by the aforementioned design rules. 
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2.2 FABRICATION PROCESS 

Figure 3 illustrates the fabrication steps used to produce metal-oxide bimorphs on 

silicon wafers. To create a compressively stressed lower layer impervious to silicon 

etching, thermal oxide (Si02) was grown at 1000°C on silicon wafers (Figure 3(a)). 

Thermally grown 400 nm oxide on silicon has a very high compressive stress due to the 

differential thermal expansion of the coating and substrate as the wafers cool. 

The oxidized wafers were treated with hexamethyldisilazane (HMDS) adhesion 

promoter by spinning at 4000 RPM for 10 seconds, followed by coating with Shipley 

1827 positive photoresist (MicroChem) at the same spinner parameters. The wafer should 

then be soft baked on hot plate at 115°C for 90 seconds for partial evaporation of 

photoresist solvents (Figure 3(b)). After UV light exposure in a Karl Suss contact aligner 

(SUSS MicroTec) through a photomask, resist was developed in Microposit MF319 

developer (MicroChem) for one minute to clear any exposed areas followed by rinsing 

and drying (Figure 3(c)). Metal layers were then coated onto the wafer in a sputtering 

system (Technics Inc) as shown in Figure 3(d). Three types of metal layers: chromium

nickel-chromium (CrlNi/Cr), TilNiTi (shape memory alloy) and TilPt layers were used in 

this study. 

2.2.1 CrlNilCr STRUCTURE 

For the chromium (Cr) adhesion layer, sputter conditions were 120 W DC power, 

30 mTorr argon chamber pressure, for three minutes. For nickel (Ni), 350 W RF power, 

30 mTorr argon pressure and five minutes. The Ni was topped by a second Cr deposition 

similar to the adhesion layer to protect it from subsequent etching if needed. Combined 
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layer thickness was measured at 160 run using a Dektak profilometer (Veeco Instruments 

Inc.). 

2.2.2 TilNiTi STRUCTURES 

For the titanium (Ti) adhesion layer, sputter conditions were the same as for Cr. 

For the NiTi, conditions were the same as Ni, except an equiatomic NiTi target was used. 

Three minutes nickel deposition followed by 10 minutes NiTi deposition resulted in a 

total layer thickness of270 run. 

2.2.3 TilPt STRUCTURES 

A titanium adhesion layer of --60 run followed by a platinum layer of 180 run. 

Sputtering was performed at 300 W RF power for Ti, and 120 W DC power for Pt, with 

an Ar sputtering gas pressure of 40 mTorr. 

After metallization process, excess metal was removed by liftoff in acetone 

followed by water leaving a metal pattern. The wafer was baked at 115°C for five 

minutes for dehydration and the same photolithography steps were performed as above. 

The resist was UV exposed through the photomask that opens certain areas to etch 

through the oxide in alignment with the metal pattern, then developed in MF319 and 

baked two minutes at 115°C (Figure 3(e)). 

While the exposed oxide was removed using plasma etching (Figure 3(f)), with 

240 mTorr pressure of CF4:H2 at a partial pressure ratio of 60:40 and a RF power of 

260 W. The patterned metal was used as a self-mask to transfer the design into the 
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underlying oxide. After 10 minutes of etching, the 400 nm oxide was completely 

removed from any areas unprotected by metal. 

Bimorphs were released from the wafer by undercutting in a XeF2 dry silicon 

etcher, Xactix Inc (Figure 3(g». This isotropic etch process completely removed silicon 

from the underside of the oxide layer, and left a silicon cusp on the substrate at the 

centerline of the released structure. The etch rate depends on the area of exposed silicon 

and will vary from pattern to pattern. However, wider lines always require more etch 

cycles for complete release, providing a mechanism to control the folding sequence of 

micro-objects based on XeF 2 etch time. The XeF 2 etch process is highly selective to 

silicon, enabling a wide range of metals and other materials to be used in the process. 
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Oxidation Lift-off metal 

(a) 
~------------~ 

(e) ~I ~~~~===l 

Spin resist 

(b) ~I ========:::j March Etch 

(f) ~I ~~~----, 

Pattern resist 
using soft lithography 

(e) I I 
XeF2 Etch 

Sputter metal 

(9) r===-----~ 

D Silicon D Silicon Oxide Resist II Metal 

Figure 3. Fabrication process flow. (a) Silicon wafer with 400-500 run 

thermal oxide, (b) - (e) A 200-300 run thick metal pattern is applied using 

photoresist liftoff, (t) The metal acts as an etch mask to pattern the oxide 

in a CF iI-h plasma etch, (g) The metal-oxide bimorph is released by 

etching the silicon in XeF2 gas. 
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2.3 DISCUSSION OF MATERIAL PROPERTIES AND PREDICTED 

CURVATURE 

The properties of materials used in this work are listed in Table 2 together with 

calculated curvature radii from Equation (1) for both CrlNilCr devices and TilNiTi 

devices. Note that these calculations do not account for the Cr or Ii adhesion layers, 

instead using the Ni or NiTi biaxial elastic modulus for the entire metal film. 

Strain mismatch and film thickness are far more important than elastic modulus in 

determining the curvature [66]. The strain mismatch required in Equation (1) was then 

computed as 

Emetal 

O"oxide(l - Voxide) 

Eoxide 
(9) 

Values for the elastic modulus and Poisson's ratio were obtained from the 

literature as noted, using values reported for thin films instead of bulk materials wherever 

possible. Where two values appear, these were averaged for use in the calculation. 

Since residual film stress is highly dependent upon processing conditions, the 

biaxial stress 0' of oxide and metal films were measured by profilometry. Veeco's Stress 

Measurement Analysis for Dektak® stylus profilers was used to calculate tensile and 

compressive stresses and displays the results [70]. The standard stress measurement 

technique is direct: one measures the curvature of the substrate of a substrate before and 

after film deposition along the same trace. The stress measurement analysis uses the 

bending plate method (or Disk method) to calculate stress in a deposited thin film layer, 

based upon the change in curvature and material properties of the film and substrate [71]. 

Stress in thin films affects substrate curvature as described in the Stoney equation [72] 
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1 E T2 
a= -

R6(1-v) t 
(10) 

where R represents the measured radius of curvature of the bent substrate, E / (1 - v) the 

biaxial modulus of the substrate, T the thickness of the substrate, and t the thickness of 

the applied film. 

IC"",,,ro<SIYe A"'9 3.009(+9 

0.000 

R. C ...... : 100; M. C" .... : 80000 

Matenol: 51 

Slbstrote: 500.00 IITI; f'tn: 0.1711T1 

Dynes/sq. an 

Dynes/sq. an 

Figure 4. Stress results summary window and stress measurement results. 

The white trace indicates compressive stresses are present in Si02 film. 

Figures 4-6 represent a few examples of thermal stress measurement results for 

Si02, CrlNilCr and TilNiTi (SMA) deposited thin film on Si substrate. Negative values of 

stress are compressive and have convex profile of surface; positive values are tensile with 

concave profile of substrate surface. The units of stress are dynes/cm2, where 1 dyne is 

10-5 Newton. 
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CCJI11)I'essive Mole 

CCJI11)I'essive AV\j 8.687E+6 Dynes/sq. em 

Tensie Mole 1.507E+10 Cl80000.0 Dynes/sq. em 

TensieAV\j 7.117E+9 Dynes/sq. em 

Sltess Par«neters 
R. Cursor: 100; M. Cursor: 80000 

Materlal: SO 

Figure 5. Stress results summary window and stress measurement results. 

The white trace indicates tensile stresses are present in SMA film. 

0.000 

9.8OSE+9 CP 42269.3.... Dynes/sq. an 

7.68'!IE+9 Dynes/sq. an 

Figure 6. Stress results summary window and stress measurement results. 

The white trace indicates tensile stresses are present in CrlNilCr film. 
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Typical values of the elastic modulus, Poisson's ratio, average values of measured 

stresses for oxide and used metals represent in Table 2. 

Measured 
Elastic Measured Calculated 

Device Poisson's residual 
Material modulus thickness radius 

composition ratio stress 
(GPa) (nm) (pm) 

(MPa) 

Thennal 71 [73] 0.20 [77] 400±20 -300±25 

oxide 
83 [74] 

CriNi/Cr 

Cr 140 [14] 0.21 [78] Combined Combined 64±7 

on oxide 

210 [75] 0.24 [76] 
metal film 

775±50 
Ni 

160±20 
(tensile) 190 [76} 

Thennal Same as Same as 475±20 Same as 

oxide above above above 

TilTiNi 
90 [79] 0.33 [82] Combined Combined 40±12 

on oxide 
Ti 

60 [80] 0.33 [81] metal film 750±100 

TiNi 
270±20 (tensile) 

29 [81] 

Table 2. Material properties, layer thickness, stress and calculated 

curvature radius for CrINi/CrlSi02 and Ti-TiNilSi02 bimorph structures. 
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2.4 SIMPLE STRUCTURES WITH TWO CHARACTERISTIC RELEASE 

TIMES 

The simplest structures described in this chapter have two characteristic line 

widths: one narrow width for released structures and one relatively large width to anchor 

the structures to the surface. Making the anchor width much greater than that of the 

released structures means that exact etch timing is not critical for achieving reproducible 

results. SEM images indicate that features roll up along their longest dimension, as 

shown for the radial design in Figure 7(a) photomask layout and SEM image of the 

resulting toroid with 400 nm oxide, 50-60-50 nm CrlNilCr film. In all SEM images, a 

ridge of silicon appears on the substrate at the centerline of the original two-dimensional 

pattern. When the lines are angled off-axis from the center of the circle, the slats of the 

toroid become tilted with respect to the surface, Figure 7(b) and Figure 7(c). 

The observed 64 11m curvature radius in Figure 7(a) is very close to the calculated 

radius of 64± 7 !lID. While neighboring structures were nearly identical to each other, the 

observed radius varied from 60 to 100 11m across the 4 inch wafer, due to local thickness 

or stress variations in the sputtered metal film. 
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Figure 7. (a) Layout and SEM image of released toroid structure, (b), and 

(c) Layouts and SEM images for tilted radial structure with arms off-axis 

from the center. 
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2.5 STRUCTURES WITH RANDOMLY DETERMINED RELEASE 

TIMES 

The seemingly unpredictable folding of a 'zigzag' structure points to the 

importance of the release sequence in determining the final three-dimensional shape. 

Figure 8(a) shows the layout of a repeating, symmetric zigzag with anchors pads 

30 J.tm x 30 J.tffi on each side, short central bar of zigzag is 5 J.tm wide. 

Due to random imperfections in the photolithography process, either the left or 

right bend in the zigzag is released from the surface first, as shown in the partially 

released structures in Figure 8(b). After initial release, the rest of the zigzag is undercut, 

and the fully released structure takes on a left- or right-oriented conformation that 

produces a local minimum for the stored elastic energy. Continued silicon etching after 

this point, until only a 10 J.tm diameter attachment point remains at the center of the 

square anchor pads, does not change the left or right orientation of the structures. 

Although the initial pattern is symmetric, the two possible release sequences produce a 

set of mirror-image final structures. 
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Figure 8. (a) Layout for symmetric zigzag structure while long bars are 7 

J.illl wide, (b) SEM image shows arrangement of bimorphs during the 

release process, (c) SEM image of a side view of released zigzag structure. 

30 



2.6 STRUCTURES WITH ENGINEERED INCREMENTAL RELEASE 

TIMES 

To study the interaction of structures having several incremental release steps, we 

created a series of nested 'V' structures with 1 J.lm differences in their line widths. One 

type of structure had the widest line on the outside, and was expected to produce 

independent structures. The other type had the widest line on the inside, and was 

expected to tangle as the narrowest V released first and curled over the still unreleased 

lines. Figure 9(a) shows the layout for the untangled V shape, and Figure 9(b) is a 

scanning electron micrograph above this structure after the three narrowest lines have 

released. Figure 9( c) shows the 'tangled-V' layout and Figure 9( d) a top view after the 

first three lines have released. In the untangled structure, the lines remain independent, 

while in the tangled version, the lines have wrapped around one another. Figures 9(b) and 

(d) use Ti-NiTi rather than the previous CrlNi/Cr metal films. The Ti - NiTi devices are 

expected to have a smaller radius of curvature (40 ± 12 J.lffi versus 64 ± 7 for CrlNi/Cr), 

but the curvature Equation (1) does not apply directly to these constrained structures. 

Figure lOis a side view of another tangled structure made from CrlNi/Cr, with 15 

instead of 5 J.lm spacing between the lines, showing the nature of the overlap that is 

initiated by narrow lines curling over wider lines before the wider lines are released, as 

well as a qualitatively larger radius of curvature than similar Ti-NiTi structures. Simply 

reversing the order of the line widths has created dramatically different final structures. 
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Figure 9. (a) Layout of untangled V-structure. Line widths range from 10 

~m to 5 ~ in 1 ~m increments, with 5 ~m spacing. (b) Partially released 

untangled V-structure, showing independent 5, 6 and 7 ~ wide 

structures. Oxide thickness is 475 nm, Ti-TiNi thicknesses are 50 and 220 

nm respectively. (c) Layout for tangled-V structure, with linewidth order 

reversed from untangled-V structure. (d) Partially released tangled V

structure, showing 5, 6 and 7 ~m structures wrapped around each other 

due to release sequence. Materials and thicknesses the same as (b). 
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Figure 10. Side view of a fully released tangled-V structure with 15 J..lffi 

spacing between lines. Oxide thickness is 400 nm and CriNi/Cr 

thicknesses are 5O---Q0-50 nm. 
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2.7 STRUCTURE WITH CAREFULLY CONTROLLED RELEASE 

SEQUENCE 

The layout for a three-step sequence for fabricating a multiaxis loop structure is 

illustrated in Figure I I (a), where the expected 100 J..LIIl coil radius has been used to design 

three single-turn loops which will orient themselves along three orthogonal planes when 

released. The 5 ~m wide coil releases first (red line), followed by the 6 (blue line) and 

7 ~m coils (green line). Figure 11(b) shows the resulting structure, with overlaps at the 

ends of the three loops. The resulting coil radius is 90 ~m, used oxide thickness is 

400 nm and CrlNilCr thicknesses are 50-60-50 nm . 

3 

..:....' ---r---- (a) 

Figure 11. (a) Three-step fabrication sequence for a three-axis loop 

structure from a single photomask. Loop I forms and is lifted up by 

formation of loop 2, after which loop 3 wraps around the previously 

formed loops. (b) The finished structure showing coils in x-y, x-z and y-z 

planes. 
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2.8 RELEASED STRUCTURES AS THERMAL ACTUATORS 

Thermal actuation in our metaUoxide material system by heating of metal through 

a pulsed current applied at bonding pads connected to the structure. Although it is likely 

that the metal and insulator layers are nearly the same temperature, the top metal surface 

expands relative to the underlying insulator because its coefficient of thermal expansion 

is approximately 200 times larger than that of the insulator. Scanning electron 

microscopy was used to capture the actuation of fabricated bilayer structure, and 

nanomanipulator was employed to supply a voltage to the actuator inside of SEM 

chamber. 

Figure 12. (a) Layout of microcage, (b)-(e) SEM of 250 micron diameter 

micro grippers as temperature increases from 30°C to approximately 

200°C. Differential thermal expansion unfolds the actuators. 
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Estimated voltage to heat the metal by approximately 200°C is less than 40 V, 

which should open the cage fingertips by 90 degrees (Figure 12). Power consumption is 

estimated at 0.2 m W during the open state. At the 100 micron radius and 560 nm bilayer 

thickness, the prototype devices have applications as microgrippers. However, by 

comparison to strain architecture results in the literature, the overall cage diameter can 

potentially be reduced to below 1 l..Im. Detailed exploration of similar structures in 

metal/diamond is presented in [75], [11]. 

2.9 POSSIBLE APPLICATION AND CONCLUSIONS 

The metal-oxide bimorph release process detailed here can produce highly 

uniform and predictable structures, as long as there is good control over film stress and 

thickness, and the effects of the folding sequence are considered during the design phase. 

Careful control of the folding sequence adds the ability to make sophisticated multi-axis 

structures from a single photomask [25]. Width differences of 1 J.lm, readily accessible by 

contact photolithography, have been used to control the release order. This may be 

considered an upper limit for the linewidth difference needed for reproducible folding 

order. Higher resolution patterning will enable investigations into the lower limit of this 

sequential assembly technique. 

The randomly released zigzag structures observed in Figure 8 may suggest a path 

to bistable structures with applications as latching mechanical actuators, since these have 

found two mirror-image energy-minimizing configurations. In this application, the 

dimensions and materials must be optimized to avoid permanent deformation in the initial 

configuration. 
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Tangled V -structures in Figures 9 and 10 may find applications as temporary or 

permanent clips to join micro- or nanostructures together on a substrate. Since these 

structures have contact pads at each end, they may be thermally actuated to open and 

close by Joule heating. 

The multi-axis coils illustrated in Figure 11 have potential applications as 

isotropic electromagnetic resonators and antenna elements, and will retain their shape 

even if detached completely from the wafer as separate particles. Such particles, if 

designed to have a narrow electrical resonance, may function as microtaggants for 

electromagnetic identification, or polarization-insensitive antenna array elements. When 

designing such multi-step folding structures, it becomes clear that several different 

patterns may lead to a similar final shape; for instance, in Figure 11 the narrow 5 pm 

crossbar could have been placed near the other end of the 6 pm line to produce a 

horizontal coil. In this case, the optimal 2D pattern might be the one that maximizes 

packing density on the wafer, since neighboring structures must not touch or cross in the 

original layout. If routing problems become difficult, it is also possible to integrate 

additional metallization and low-temperature oxide/silicon coating steps before the 

structures are released. Doing so can enable structures that cross, and structures with 

different curvature radii on a single wafer, moving beyond the single photomask process 

described earlier. 

Possible applications for electrically-controlled microactuators (Figure 12) 

include microgrippers, which is useful in bioapplications where it can manipulate or 

separate individual cells and particles, or perform localized cell measurement. Another 

application is micro fabricated containers that keep small amounts of environmental or 
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biomedical samples for analysis. These structures remain connected to electrodes for 

thermal actuation, electrochemical sample collection, and gas generation through 

electrolysis. Results are shown for collection of dissolved metals by electroplating using 

small voltages and currents that are compatible with the power resources of wireless 

sensor networks. Such containers will be useful for rapid in-situ analysis of concentrated 

samples, for maintaining a sample archive that can corroborate the results of an in-situ 

biochemical sensor or for time-stamped collection of samples for offsite analysis using 

equipment that is unavailable in the field such as mass spectrometry or electron-beam 

based analysis methods [83]. 
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CHAPTER III 

BISTABLE MEMS STRUCTURE 

3.1 DEFINITION OF BISTABILITY AND BISTABLE MECHANISM 

The concept of stability is used in many different scientific fields such as 

economic models, numerical algorithms, quantum mechanics, nuclear physics, and 

control theory as effectively applied in the fields of mechanical and electrical engineering 

[84]. The Lagrange-Dirichlet theorem, a fundamental tool for the study of the stability of 

nonlinear dynamical systems, says that an object is in a stable equilibrium when its 

potential energy is at its local minimum. 

A bistable mechanism is a mechanism with two stable equilibrium states/positions 

accessible within its range of motion. If the mechanism returns to its equilibrium position 

after it experiences a small forces or disturbance, the mechanism is considered to be in 

stable equilibrium. In other cases, when small external disturbances cause the mechanism 

to diverge from its equilibrium state, then the equilibrium position is unstable. The 

bistability theory can be illustrated with using the well-known "ball-on-the hill" analogy 

[85], shown in Figure 13 (a). A small input applied on to the ball in position 2 or 3, 

shifting it from the original position by a small amount, will cause the ball to oscillate 

around, and eventually return to, its original position. Positions 2 and 3 are considered as 

stable equilibrium positions, locations where the ball has lowest potential energy. 
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Position 1 is an unstable equilibrium position, because if any disturbance occurs the ball 

is going to go to either the 2 or 3 states. 

(a) 

E 

(b) x 

x 

Figure 13. (a) Strain energy and (b) force-displacement diagram for 

bistable system. Any local minima represent stable positions. 

As the ball travels from position 2 toward position 1, the force required to move 

the ball will increase directly as the slope of the hill increases, and force has a maximum 

value where its slope is greatest. Then the required force decreases until the ball is in 

equilibrium at position 1 (Figure 13 (b)). A very small disturbance towards the direction 

of position 3 will then cause the ball to move rapidly or snap into stable position 3. Thus, 

bistable switching from one configuration to the next requires the addition of sufficient 

energy to jump over the small maximum and over into the other minimum (Figure 13 (a)). 

In the absence of external energy, the switching system will be in one of the two energy 
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minima indicated as states 2 and 3. The shape of the strain energy curve around these 

points gives quantitative characteristics to the bistability. 

The key advantage of a bistable mechanism is that it requires power only when 

changing state is needed. Input energy is not essential to sustain the mechanism in either 

of the stable equilibrium positions. Thus bistable MEMS are perfect for non-volatile low

power sensing or actuation applications. For these applications, small mechanical 

actuators are wanted to respond to energy inputs. Switching between two discrete stable 

states could be achieved by application of an external stimulus, such as heat [86], 

vibration [87], pressure [88], electrostatic or magnetic fields [89]. 

The shape of MEMS actuator, built using a bilayer with a stress mismatch, is 

determined by minimal strain energy. The top layer has tensile stress relative to the lower 

layer so that when the bilayer is released from the silicon substrate, it curls upward to 

minimize the energy stored in the strained materials. 

(11) 

Equation (11) describes the total strain energy, where E is the local strain in the 

material, E is the Young's modulus, and dV is a volume increment. When the two layers 

have different coefficients of thermal expansion, the strain E is affected by thermal 

expansion relative to the surrounding material, so it is a function of local temperature. A 

simple bilayer beam minimizes (11) by forming a coil of a uniform radius at a given 

temperature. However, a more complex structure will have several local minima in (11), 

each corresponding to a different folded shape. The final shape is determined by the order 

of folding as well as the geometric relationships between parts of the structure. 
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3.2 FINITE ELEMENT ANALYSIS USING COVENTORW ARE 

Finite element analysis software CoventorWare is preferred as the simulation 

instrument in our study due to its known unique capabilities in MEMS design, 

simulation, and modeling. The main design objectives in any device proposal, is to meet 

the prerequisite functional parameters and the reliability of the device. The functional 

parameters depend on the geometry, process parameters and material properties of the 

structure. The main difficulty that rises during analysis is the dimensions and properties 

used in fabrication, such as the timed release of different features from the substrate by 

XeF2 etching, cannot be easily followed in simulation. That is why the fabrication 

sequence in CoventorWare is modified from the actual process to build the correct 

structure; in CoventorWare a temperature evolution process is applied to an already 

released structure that is flat at a high starting temperature. 

All models were made with the same step process, starting with a blank Si wafer. 

Si02 is then deposited at 450 nm, followed by 200 nm of metal in a typical case. The first 

mask was then used to pattern both the metal and oxide to form the desire structure. 

Finally, a second mask was used on the Si layer to simulate the XeF2 etch to detach 

bilayer film from Si substrate. 

Once a model was defined, devices required that the thermal coefficient of 

expansion (TCE) is manually defined through the CoventorWare material database. The 

TCE of the Pt metal and silicon oxide in the simulation were set to 9 * 10-6 K- 1 

and 5 * 10-7 K-l, respectively, with an equilibrium temperature of 1273 K. Because the 

metal has a higher TCE, it will change size with temperature at a faster rate than the 

oxide layer. 
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The next step is to create a mesh of the needed regions. A mesh defines the finite 

elements of the structure that will be used in the simulations. A Manhattan brick mesh 

was chosen for all devices. This kept all of the element sizes small and uniform over 

different geometry to give more accurate bending simulation. 

Figure 14. Meshed model of bilayer structure. 

The MemMech solver, including mechanical, thermomechanical, and 

piezoelectric components, is used for this simulation. Non-linear, steady-state analysis 

options were applied. For the anchor point, the center oxide face attached to the substrate, 

will not be deforming and set as a reference point to work from. The parameter study 

analysis using CoventorWare is employed to determine the change of the displacement of 

a bistable structure and its shape under different thermal conditions. 
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3.3 SYMMETRICAL BISTABLE STRUCTURE 

The bistable sheet structure is a strained square "windowpane" frame (Figure 15). 

Dimensions of the simulated bistable structure are 600 !lm x600 !lm with metal traces of 

width 15 !lm. The bilayer is thermally grown silicon oxide layer and TilPt metal film. 

600 microns 
( ) 

600 microns 

Y crossbeam 

Figure 15. Layout of symmetrical bistable structure. 

Simulations demonstrate that the "windowpane" has two stable states achieved by 

applying a targeted thermal stress to the structure. Volume boundary conditions for 

temperature were evolved from 250 K to 450 K along the X crossbeam, and 450 K to 

250 K along Y crossbeam, that cause a simulated structure to experience shape 

deformation. Its stored strain energy can be minimized by curling along one of 

axis - X crossbeam (Figure 16(a)). Another local energy minimum state is accessible by 

curling along the other axis - Y crossbeam (Figure 16( c)). It takes some energy to switch 

from either of these local minima, through the short-lived transition state (Figure 16(b )), 
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to the other. As shown in Figure 16(a)-(c), the center of the MEMS device need not move 

during operation, so devices, attached to the substrate at the center, are capable of 

bistable actuation and both bistable states are equivalent. 

Figure 16. CoventorWare simulation of "windowpane" shape symmetrical 

bistable structure by controlling the temperature of the crossbeams. 
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When temperature conditions along two side beams were evolved from 250 K to 

450 K, and 450 K to 250 K along the opposite side bearns, it as well caused a simulated 

structure to experience shape deformation. However, the short - lived transition state 

during switching from one of these local minima states to another was not observe 

(Figure 17). 

Figure 17. CoventorWare simulation of "windowpane" shape symmetrical 

bistable structure by controlling the temperature of the sidebeams 

Finite element analysis also gives information about Mises stress - measure of the 

shear, or distortional, stress in the material [90]. This type of stress is used to predict 

yielding of materials under any loading condition from results of simple uniaxial tensile 

tests. The Mises stress comply with the property that two stress states with equal 

distortion energy have equal von Mises stress (Figure 18). 
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Figure 18. Calculated average Mises stress in the entire volume. 

Evaluation using electron microscopy show bistable behavior as predicted with 

finite element analysis. Two local minima are observed that correspond to two mirror 

image stable states when structure is released. The center unstable state does not occur in 

fabricated devices because of random imperfections that bias it toward one of the two 

stable states. The device has an arbitrary initial state and as expected will fold into one of 

the stable state after releasing. It has been observed that about 70-75% of devices will 

come to in one state, while the others are opposite due to random fluctuations in feature 

widths and local etch rates (Figure 19). Due to manual state switching by probe station, 

the structures remain in the state in which they were retained. 
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Figure 19. SEM image of fabricated structures, according to process 

discussed in Chapter II (Figure 3), released in both possible bistable states. 

3.4 ASYMMETRICAL BISTABLE STRUCTURE 

Similar simulations were perfonned for asymmetrical bistable structures with 

dimensions of 400 !lm x 600 !lm and metal traces of width 15 !lm. (Figure 20). 

Asymmetrical geometry of devices assumes bistability with one prevailing stable state. 

400 microns 
) 

600 microns 

Figure 20. Layout of ssymmetrical bistable structure. 
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CoventorWare simulations show that the rectangular "windowpane" will curl 

along its longest predominant axis based on the principle of minimizing stored strain 

energy (Figure 21(a)). Another local energy minimum state, having higher energy than 

the long-axis state, is accessible by curling along the shorter axis (Figure 21(c)). The 

short-lived transition state is not symmetrical along a central beam (Figure 21(b)). 

Figure 21. CoventorWare simulation of asymmetrical bistable structure. 
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Scanning electron microscopy shows different designs of released asymmetrical 

bistable structures at principal initial orientations (Figure 22). 

Figure 22. SEM image of three different designs of released asymmetrical 

bistable structures at predominant initial orientations. 

3.5 SERPENTINE ASYMMETRICAL STRUCTURE 

Another type of asymmetric bistable structure, based on a serpentine design where 

two cantilevers are coupled at the tips by a thin-film bar, has been discussed. Even 

though the planar layout is symmetric (Figure 23), a symmetric released shape is not the 

state with the lowest total strain energy. Due to the balancing of tensions between the 

strained cantilevers, there are two mirror image stable states after it released. The devices 

have a random initial state of left or right arrangement defined by accidental fluctuations 

during fabrication process [86]. 

A numerical model was developed in CoventorWare to calculate the configuration 

of the coupled actuators as a function of temperature. The metal and oxide material 

properties and dimensions were incorporated into a Manhattan brick mesh having 

50 



rectangular elements. Deflection was observed as temperature was varied for elements in 

the right or left actuator, with a temperature gradient calculated along the coupling bar. 

200 microns 

600 microns 

1000 microns 

Figure 23. Layout of bistable device showing two V-shaped cantilevers 

with their contact pads and joined by a cross-bar at the tips. 

The resulting model captured the bistable nature of serpentine structure illustrated 

in Figure 24. For the bistable devices, there is no configuration that allows all parts of the 

released device to attain the lowest energy radius of curvature given · in Equation (1), 

which applies only to unconstrained cantilevers. In this case, some parts of the structure 

contain strain energy that can flip the device suddenly from one state to the other when 

pushed close to the threshold by thennal or external actuation. 
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Figure 24. CoventorWare simulation of asymmetrical bistable structures 

(a) rear actuator at 280K, front actuator at 300K, (b) side view, (c) both 

actuators at 300K, (d) side view, (e) rear actuator at 340K, front actuator at 

300K, (f) side view. 
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The higher of the two cantilevers can be thermally actuated to tip the balance past 

its threshold and into the opposite configuration. Thermal actuation of the left actuator 

would flatten the left side while allowing the right side to curl. The change from the left 

to the right orientation occurs when the balance of forces shifts the configuration past a 

higher energy intermediate state. It is important to mention that fabricated structures did 

stay put on the left or right after actuation for at least 1000 cycles (Figure 25). 

Figure 25. Electron micrographs of a wide field of CrlNilCr asymmetric 

released devices having different initial orientations. 
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3.6 CONCLUSION 

A numerical model was developed in CoventorWare to analyze the configuration 

of the windowpane as a function of temperature. The steps in the simulation were to 

describe a fabrication sequence that would create the desired material structure, set the 

material properties needed to produce the stress mismatch, and to choose the simulation 

parameters to get an applicable result that matches the experimental result. Simulation 

has shown that both symmetrical and asymmetrical devices display bistability and have 

two stable states, which can be changed by selectively applying heating to critical regions 

of the structure. The transformation from the one orientation to other occurs when the 

balance of forces shifts the configuration past a higher energy intermediate state. 

It been shown experimentally that devices, fabricated from bilayer films with a 

non-uniform stress, have two stable states when released due to the balance of tensions in 

strained bilayer and they an arbitrary initial state defined by random fluctuations. Devices 

are unable to remain in an unstable state, so switching speed is rapid once the energy 

threshold is reached. 

Applications in biological research are under development to make use of this 

structure. Future simulations will allow adjusting the dimensions of the MEMS devices 

so the energy barrier can be crossed at temperatures compatible with physiological 

conditions. 

Serpentine asymmetric structures are most likely to apply to small-current 

programmable electrical interconnects, optical switches, and smart antenna elements. For 

example, the device could be used as an actuator mechanism for a reconfigurable 

terahertz frequency range metamaterial that has been previously shown using passive 
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bimaterial out-of plane pivots made with similar dimensions and materials [22]. These 

applications have the common features of low required actuation force, limited available 

power for reconfigurable devices that must compete with existing passive devices, little 

space available for new circuitry beyond the actuator itself, and the need for large 

deflections. 
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CHAPTER IV 

LIGHT-POWERED HYBRID MICROACTUATORS 

4.1 LIGHT DRIVEN MICROSYSTEMSIMICRODEVICES 

The phenomenon in which light energy is converted into mechanical deformation 

to generate displacements at the micro- and nanometer scale has brought an increased 

interest in optical actuation effects in MEMS devices, micro fluidics and biotechnology, 

polymeric materials and composite application. Energy and signal transmission using 

light also permits researchers to design wirelessly and avoid some of the problems 

associated with electrical noise and/or thermal conduction related to wires. The driving 

method can be controlled remotely by manipulating the wavelength and other radiation 

conditions. Research and development into photomechanical effects will offer a new 

potential foundation for smart structures and advanced technologies. 

A large variety of effects can happen when light interacts with an absorption 

surface. Depending on the nature of these interactions, there are a few types of 

mechanisms for optical actuation: photoelectric, photothermal, photochemical and 

photoacoustic (Figure 26). 

Photoelectric actuation translates a range of wavelengths and radiation intensities 

into electrical power. The photoelectric effect generates the photoelectrons in 

semiconductor (silicon p-i-n, photovoltaic p-n junction) and organic materials to fabricate 
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solar cells [91], [92], [93], photodetectors [94], and is widely used to create photocurrent 

in piezoelectric material [95], [96]. 

The photoacoustic effect is a conversion between photonic energy to acoustic 

energy due to absorption and localized thermal excitation. Applying rapid pulses of light 

to polymer film causes a rapid thermal expansion which generates ultrasonic 

thermoelastic waves due to pressure variation in the surrounding medium. This effect 

allows implementing electrically passive, miniature flexible optical fiber photoacoustic

photothermal probes for biomedical applications [97], as well as MEMS scale 

photoacoustic sensors for the detection of trace gases [98]. 

The photochemical mechanism is most typically used with polymeric materials 

and composites. Light-driven actuation in liquid-crystal polymers and polymeric 

materials can be gained through the adding the photochromic (azobenzene or spiropyran) 

molecules. Those molecules are able to go through a reversible photochemical reaction in 

response to light irradiation that causes the polymeric matrix to bend along any chosen 

direction, and allows creation of light-driven microstructures: actuators [99], plastic 

motors [100], and photoswitches [101]. 

Another important optical actuation technique is an optical trapping and 

manipulation of particles that provide unique control the dynamics of small particles 

when a tightly focused beam of light capable of holding microscopic particles stable in 

three dimensions [102], [103]. 

The primary universal mechanism for optical actuation is achieved by the 

photothermal effect (or absorptive heating) which employs the conversion of the light 

energy into the thermal energy. Using light as a method of energy transport is very 
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beneficial for micropumps based on bimetal membranes [104], proton pumps based on a 

micro cantilever interfaced with bacteriorhodopsin film [105], or driving micromachines 

by adjusting a laser beam on a movable micro component for biotechnology [106]. 

Light wavelength 

[ Visible, IR, UV J _~ ___ 

Applications 

Actuators 
Mirrors 

Micropumps 
Micromotors 

Sensors 
Switches 

Solar Cells 

Energy Conversion 
Methods 

Capacitive 
Osmotic 
Magnetic 

Polymerization 

Figure 26. Diagram represents mechanisms of light energy conversion, 

actuation methods and applications for light-driven microstructures. 

The photothermal effect is successfully used for fast, inexpensive and non-

photolithographic creation of microfluidic microchannels for mixing fluids and moving 

cells by utilizing the shrinkage properties of pre-strained polystyrene sheets (also known 

as Shrinky Dinks®) [107]. Another property of Shrinky Dinks is useful to form self-

assembled 3D shapes from a flat 2D patterns, by exposing them to infrared light. Under 

infrared light irradiation, printed black lines absorb more energy than the rest of the 

polystyrene sheet. It causes the plastic below the printed lines to contract and act like 

hinges that are activated by light [108]. All those mechanisms can cause the 
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photomechanical actuation, when exposure to light can triggers changes in the internal 

state of the structure (such as shape or volume), and lead to a mechanical response. 

4.2 NANOMATERIALS PREPARATION METHODS 

In the previously mentioned systems, nanomaterials are often involved in the 

transduction of light energy into chemical, electrical, thermal or mechanical energy. Their 

high specific surface area provides plentiful sites for catalysis or injection of charge 

carriers, and effects unique to the nanoscale, such as resonant infrared absorprtion, are 

available to convert light into other forms of energy. There are different types of 

nanomaterials such as nanowires, nanotubes, and nanoparticies, which can be prepared 

through different methods. In general, there are three generic procedures to prepare 

nanostructures: wet chemical and physical and gas phase synthesis [109]. 

Wet chemical processes contain colloidal chemistry, phase transfer synthesis, 

hydrothermal methods, sonochemical methods, sol-gel, and other precipitation processes. 

These procedures offer the fabrication of a large assortment of compounds (organic, 

inorganic, and some metals) and the ability to control particie size with high 

monodispersity. Colloidal chemistry and phase transfer methods are generally employed 

to synthesize metallic Au! Ag nanoparticies with different shapes such as nanoparticies 

[110], [111], nanorods [112], nanowires [113], metallic core-shell nanoparticies [114], 

nanoplates [115], [116], nanoprisms, and semiconductor nanoparticies (CdSe, tungsten 

sulfide, and others) [117]. 

Physical techniques, such as grinding, milling, and mechanical alloying, are 

widely used for the synthesis of inorganic and metallic nanoparticies. Those techniques 
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are simple, require low cost equipment, and provide coarse powders. In the case of 

carbon nanotubes, physical techniques include vacuum deposition processes, chemical 

vapor deposition (CVD), and spray coating based on the catalytic decomposition of 

hydrocarbons. 

Gas phase synthesis methods including pyrolysis [118], [119], laser ablation 

[120], [121] and plasma synthesis [122], [123] have been used for the synthesis of 

nanoparticles. Flame pyrolysis has been used for the fabrication of materials such as 

fumed silica particles [124], carbon black, and carbon nanotubes [125]. The presence of 

transition metal particles is essential for the formation of nanotubes in the pyrolysis 

process. Laser ablation techniques can be used to prepare almost any nanomaterials 

[126]. 

This work will focus on colloidal chemistry and phase transfer methods to 

synthesize gold nanoparticles, as well as chemical vapor deposition technique to 

synthesize carbon nanotubes, with the goal of integrating the nanomaterials with 

microelectromechanical structures. 
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4.3 DEPOSITION OF NANOSTRUCTURES BY CHEMICAL VAPOR 

DEPOSITION 

Chemical vapor deposition (CVD) is widely used technique to produce high 

quality, purity and performance solid materials. The process is frequently used in the 

semiconductor industry to produce thin films. Also, it has been successfully employed for 

growth of various nanostructures - carbon nanotubes [127] and nanofibers [128], 

nanowires [129], [130], graphene [131] and other carbon structures. The carbon CVD 

growth process involves heating a catalyst material to high temperature (500-1000°C) in a 

tube furnace, and flowing hydrocarbon gas through tube reactor over a period of time. 

The general nanotube CVD growth mechanism includes the dissociation of hydrocarbon 

molecules catalyzed by the transition metal (most commonly a transition metal, like 

nickel, cobalt, or iron), and dissolution and saturation of carbon atoms in the metal 

nanoparticle. The precipitation of carbon from the saturated metal particle leads to the 

formation of tubular carbon solids in a Sp2 structure. 

Bistable structures made from the metal/oxide bilayer (TilPtJSi02 or 

TilNiTi/Si02) were used as a substrate for CNT growth by CVD technique. Fabrication 

details are described in Chapter II, Section 2.5. The single wall CNTs were synthesized 

from methane (CH.) and iron-based catalyst solution [132]. Catalyst solution contains 

3.3 mg of Fe (N03)3 (Sigma-Aldrich, St. Louis, MO, USA) dissolved in 20 ml of 

isopropanol. The substrate was immersed in catalyst solution for 10 seconds followed by 

dipping in n-hexane for the same time in order to improve catalyst particle adhesion to 

the MEMS device surface. The synthesis process used for the CNTs has two steps: 

reduction and reaction. The CVD reactor, shown in Figure 27, was heated up to 860°C 
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while a "carrier" gas, HeIH2 was introduced at flow rate of 100 sccm. The catalyst was 

oxidized by heating the dip-coated substrate in HeIH2 mixture at 500°C, and then 

reduced in a flowing ArIH2 mixture (3% H2) during heating of the CVD chamber. The 

reduction step is essential for CNT synthesis; it reduces initially oxidized metal and 

facilitates surface mobility of metal atoms and clusters. 

Once the temperature was stabilized at 860°C, the ArIH2 mixture was stopped and 

Cf4 was introduced at a flow rate of 450 sccm to initiate single walled carbon nanotubes 

(SWNT) growth. The reactor was left running for -5 minutes at atmospheric pressure. 

Finally, methane gas was turned off and switched back to ArIH2 atmosphere at 100 sccm 

and the system was cooled down to room temperature. 

[~[ 

Gas cyllindtrs 

Figure 27. Schematic diagram of CVD reactor. 

Figures 28-29 illustrate SEM images of the web-like network of single wall 

nanotubes covering the catalyst surface, both metal and oxide surfaces, of prior released 

MEMS devices. Similar results were obtained with both types of metal used in 

fabrication of MEMS bistable structures. 
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Figure 28. CVD-grown single-walled carbon nanotubes on CrlNilCr 

bistable structure. 

As seen in Figure 28 SWNTs are extending to, and lying on, the surface that 

supports the catalyst particles, as well as, in a few instances, growing away from the 

surfaces. 

Raman spectra have been collected on synthesized nanostructures, and it conflrms 

that grown carbon nanotubes are single-walled (Figure 30). A typical Raman spectrum of 

the SWNTs obtained using the 1064 nm excitation wavelength exhibits G - band at 

1597 cm-1 (tangential band). The position and the line shape of this band have been used 

extensively to determine the SWNT diameter distribution and semiconducting/metallic 

nature of SWNTs. Diameters of single walled CNTs are in range from 5 to 20 nm. The 

intensities of other Raman peaks like radial breathing mode, disorder induced D - band 

and the G' - band are small compared with background signal. 
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Figure 29. CVD-grown single-walled carbon nanotubes on TilPt bistable 

structure. 
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Figure 30. Raman spectra of synthesized SWNTs. 
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The surface deposition method of nanomaterials on MEMS devices was achieved 

by the chemical vapor deposition technique presented above. The biocompatibility and 

unique optical, electrical, mechanical and thermal properties of carbon nanotubes offer a 

basis for applications in nanometer-scaled electronic devices. Fabricated MEMS devices 

with grown SWNTs can be used as extremely small sensors responsive to their chemical 

and mechanical environments. Also, they can be utilized to obtain tunable uniform elastic 

deformation of SWNTs, which may act as the model for the study about the effect of 

delocalized bending on the properties of SWNTs. Carbon nanotubes are also known for 

their tunable near-infrared emission that modulates in response to the adsorption of 

specific biomolecules [133]. 
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4.4 DEPOSITION OF NANOSTRUCTURES BY DIMATIX INKJET 

PRINTER 

The controlled deposition of functional materials such as proteins, cells, 

antibodies, polymers required for cell based biosensors, tissue engineering, or 

antimicrobial devices has recently gained attention as the demand for multifunctional 

biological devices has increased. Deposition methods, such as chemical vapor deposition 

and solid free-form fabrication, have effectively reproduced the nanometer scale 

deposition of semiconducting materials required for the rapid prototyping in industrial 

device manufacturing. On the other hand, their high temperature reaction environments 

and time consuming procedures are unsuitable for functional material deposition. The 

capability of piezoelectric inkjet printing as a rapid prototyping technique can be used for 

microscale deposition of functional composite materials. 

The Dimatix DMP system (FujiFilm Dimatix) [134] is a piezoelectric inkjet 

printer with refillable cartridges used for printing user-defined materials. The cartridges 

are MEMS-based, with 16 nozzles (20 mm in diameter) spaced at 254 mm, each 

dispensing a droplet volume of 1-10 pL. The printer has an ability to accurately dispense 

small volumes of material per drop with high resolution ± 5 Ilm and feature sizes 

currently down to 25 Ilm. Also, a waveform editor, heated theta platen and a drop-watch 

camera system allow to control of the electronic pulses to the piezojetting device for 

optimization of the drop characteristics as it is ejected from the nozzle. 

The printer is suitable to print fluids containing proteins [135], [136], nucleic 

acids, like DNA [137], [138], nanoparticles [139], nanotubes [140], [141], conductive 

polymers [142], etc. 
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A few different biocompatible solutions that based on Pluronic® F-127 (PF-127) 

hydrogel and Polyvinylpyrrolidone (PVP) polymer have been printed. Pluronic® F-127 is 

a hydrophilic nonionic surfactant, known as poloxamer. It has been widely used in 

cosmetics, medicine and bioapplications. The ability ofPF-127 hydrogel to solidify at the 

physiological temperature of 37°C, after jetting as a liquid at a lower temperature, helps 

enables enzymes, cells, physiological buffers and other biomaterials to be formulated in 

aqueous media for printing, and then become semisolid to protect the biomaterials and 

keep them concentrated at locations in the human body. PVP is a water soluble polymer 

with good wetting properties and easily forms films that make it good for coating 

applications. 

Both Pluronic® F-127 and PVP were purchased from Sigma-Aldrich. Aqueous 

solutions were created using deionized distilled water. Solution A is a synthesized gold 

nanoparticles suspended in water; the details of synthesis process will be discussed in 

Appendix. Solution B includes synthesized gold nanoparticles that are suspended in water 

with 3% PVP solution. Solution C consists of 2% PF-127 hydrogel with 0.1 I,d of gold 

nanoparticle suspension (Appendix). 

Figure 31 and 32 show an interesting feature of a drying droplet of a nanoparticle 

colloidal solution is known as the "coffee stain" effect, when significant lateral flow from 

the center to the edge while the film dries. And after the droplet completely dries out, it 

leaves a dense ring-like stain of nanoparticles which decreases in concentration from the 

periphery inwards [143], [144]. Also agglomeration and the formation of larger particle 

clusters were observed for solution A (Figure 31). 
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Figure 31. Optical image of ink jet-deposited nanoparticle (solution A) in 

a dot array pattern on the glass slide. 

Figure 32. Optical image of printed array patterns using (a) solution B, (b) 

solution C on the glass slide. 

The above method of deposition of nanostructures by the Dimatix inkjet printer 

has a lot of advantages: capability of jetting a wide range of fluids (water-based, solvent, 

acid or base) on substrates with thickness of 0.5 - 25 mm, allowing variable jetting 

resolution and substrate alignment. But this method also has a few restrictions: viscosity 

of the fluid should be between 10-12 cPs and surface tension of the fluid should be 
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between 28 and 33 dynes/cm2. Any particles in the fluid should be less than 0.2 ~m in 

size, and the fluid should not be too volatile. Eventually, the particles in the all three 

solutions fonn agglomerates (within a few days) that will subsequently cause blocking of 

the printing head. 

4.5 DEPOSITION OF NANOSTRUCTURES BY MICRO STENCILING 

TECHNIQUE 

Stenciling is a versatile method that covers specific regions of a substrate for 

patterning different kind of materials. It is a widely used process in electronics industry 

for patterning of adhesives, insulators and conductive materials, that are utilized in a 

various applications, such as patterning of printed circuit board features, interconnect 

technologies, and advanced packaging technologies. 

A growth in interest toward the development of nonsemiconductor based 

micro systems and MEMS devices motivates a development of the microstenciling 

technology that implements micron scale stenciled features on conventional 

microelectronics substrates (silicon, glass) as well as unconventional microelectronics 

substrates (various plastics, flexible materials). Microstenciling allows depositing much 

wider ranges of materials: metals, various chemically sensitive polymers, and biological 

materials (cells and proteins). 

Using this technique enables patterning of vapor-deposited films and sputtered 

thin metal films onto materials (e.g. thennoplastics and metal oxides) without the need 

for conventional photolithography and wet etching of metals with minimum surface 

contamination by organic residues from the fabrication process [145], [146]. A laser 
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micromachining method can be used to pattern arrays of microchannels and micro holes 

in Kapton® and PDMS films [147]. This method utilizes a silicon wafer, etched through 

the total thickness, as stencil. The etched pattern in the silicon micro stencil defines the 

areas through which the desired thin film materials are to be deposited onto an underlying 

substrate. Also, a laser-machining approach was applied for the rapid fabrication of 

50 !lm PDMS elastomeric micro stencils to control the placement of protein and cells for 

immediate use in cell culture experiments [148]. PDMS microstencils can be a good 

alternative to micro contact printing, when PDMS elastomeric stamps are used to transfer 

biological material to the substrates. But PDMS tends to shrink upon curing and swell 

when in contact with nonpolar solvents, and experiences pairing and sagging [149] of the 

stamp, evolving from the elastomeric properties of PDMS. 

Parylene C (poly (monochloro-p-xylylene)) is a member of a unique family of 

thermoplastic, crystalline polymers. It is another material that has been used as stencil 

material [150], [151] It has found wide recognition as biocompatible polymer and brings 

about many interesting possibilities in MEMS [152], mostly in microfluidic and 

bioMEMS applications [153], and medical industries [154]. Parylene films are 

transparent, conformal, uniform, low defect density, chemically inert due to low 

temperature vapor deposition polymerization coating process, and allow multi-layer 

processing to produce complex structures and features [153]. Also, Parylene C provides 

good electrical insulation properties and shows high long-term stability in the 

physiological environment [154]. 

Defining small features in deposited Parylene C films is achieved by a 

combination of photolithography and dry etching techniques, such as plasma etching, 
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reactive ion etching (RIE), and deep reactive ion etching (DRIE) based methods. These 

techniques also have an ability to create the high aspect ratio structures that are desired 

for various MEMS applications. 

To fabricate the flexible micro stencil for nanoparticle patterning on the top of 

MEMS devices, Parylene C was used to vapor deposit a 3-8 pm thick conformal film on 

a prefabricated planar MEMS (PDS 2010, Labcoater 2, Specialty Coating Systems). 

Then, photolithography was performed to define the stencil regions. 

Hexamethyldisilazane (HMDS) was spun at 4000 RPM for 10 seconds to achieve good 

adhesion between the Parylene C and the photoresist film. Right after, SPR - 220 positive 

photoresist was spun at 1500 RPM for 30 seconds, and a 6 pm photoresist film was used 

as masking layer. Depending on the desired thickness of masking layer, the spinning 

parameter can be varied; if a thicker film is desired, 1000 RPM can achieve a 15 pm film 

thickness. The wafers were soft baked on a hotplate at 115°C for 5 minutes. Photoresist 

was exposed with Karl Suss MA6 contact aligner for 30 seconds (or 60 seconds for 

thicker resist) and then, at least a 30 minute wait prior to performing the post exposure 

bake and developing. This "hold time" is crucial, as it allows the photo active compound 

to breakdown in the relatively thick resist. Resist was developed in a MF 319 developer 

solution for 2-4 minutes, duration of the development will vary depending on the density 

and the smallest feature size of the pattern. 

After patterning the resist/mask, the uncovered Parylene C areas are etched away 

in March CS-1701 RIE plasma system at power of 250 W and pressure of 250 Torr in 

oxygen environment at 20 sccm for 10-20 min, depending on Parylene film thickness. 

Rinsing with acetone helps to dissolve the residual photoresist. This is followed by an 
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isopropyl alcohol and deionized water rinse, and finally the wafer is dried with nitrogen. 

After dicing the wafers, they are ready to be coated with various solutions and Parylene C 

stencil can be peeled off the surface to form the desired chemical pattern. 

A deposited Parylene C layer has a hydrophobic surface, but 0 2 plasma treatment 

for a minute or less turns the surface hydrophilic, and it stays hydrophilic for a few days. 

The hydrophobic Parylene C surface seals extremely well to other hydrophobic surfaces, 

moreover, the hydrophilic surface does not adhere well to other surfaces, a property that 

is important while using the Parylene C as a shadow mask. 

Figure 33. Scanning electron microscopy of micro stencils. 

Fabrication of the Parylene C micro stencil mask with large feature dimensions 

more than 500 f.lm is achieved, but there is lateral etching observed during RIE 

processing (Figure 33 Cd)). Anisotropic etching profile of sidewalls are nearly vertical 
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due to the fact that SPR-220 photoresist is used as masking layer and undergoes the 

etching too. That causes the increasing of stencil size by 2-3 J..IlIl in each direction, but it 

does not have a negative effect for our application. 

Figure 34 shows different fabricated micro stencil before patterning. The dark 

contour defines the area of microstencil. Fabrication of stencils with fine features of 

10 J..IlIl and less (Figure 34 (d)) requires the most anisotropic etch and adjusting the size 

parameters. 

Figure 34. Optical images of (a) individual rnicrostencil, (b) 25 J..lm wide 

micro stencil stripes, (c) array of rnicrostencils, (d) set of microstencils 

from 5 to 300 J..lm. 

A Parylene C stencil was utilized to create patterns with varying dimensions (to 

give an estimate of pattern feature size flexibility) on a silicon surface. Different aqueous 
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biocompatible solutions were used to create micropattems: polymer solutions based on 

PVP (Solution B) and Pluronic® F-127 (Solution C) and colloidal solution of gold 

nanoparticie covered with CM-chitosan (Solution D). 

Figure 35 demonstrates a large scale 650 ~m stenciled feature as well as stenciled 

materials with minimum feature sizes of 25 ~ and less, generated using this technology. 

PVP and Solution B (Figure 35(a) and (b), respectively). Grown fractal patterns (referred 

to as fractal "trees") with diameters ranging from 5 - 600 ~m for CM-chitosan based 

solution were obtained after patterning and drying on silicon wafers or glass slides 

(Figure 35(c), (d)). 

Figure 35. Small (b) and large (a), (c) and (d) scale features generated 

applying micro stencil technique for different aqueous biocompatible 

solution. 
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Table 3 summarizes all main aspects of polymer that were used as matrix for 

nanoparticles solution for deposition by Dimatix inkjet printer and microstenceling 

technique. 

Polymer Jettable Stencilable Adhesion Dispersion 
Water 

Solubility 

PVP Yes Yes Yes Yes Yes 

CMCS Yes Yes Yes Yes Yes 

Yes, but 
CS Yes Yes Yes Yes poor solubility 

above pH 6.5 

PMMA No Yes Yes No No 

Nylon 6 No Yes Yes No No 

PF-127 Yes Yes Yes Yes Yes 

Table 3. Summary of the polymer solutions and their properties. 
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4.6 GOLD NANOP ARTICLES 

4.6.1 PROPERTIES OF NANOP ARTICLES 

In recent years, metal nanoparticies have received wide attention due to 

interesting size dependent unique electronic, optical and catalytic properties. Figure 36 is 

a diagram representing the main properties of metal nanoparticies [53]. Metal 

nanoparticies have a unique interaction with light. The presence of light with wavelength 

much larger than the nanoparticie size can establish standing resonance conditions. Light 

in resonance with the surface plasmon oscillation causes the free electrons in the metal to 

start to oscillate. This phenomenon is called localized surface plasmon resonance (LSPR) 

oscillation [155]. 

Biosystem 

+ + 
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Metal 
_~ _ 'Vv\ 

- Scattering 

E-field 

Figure 36. Diagram represents the key properties of gold nanoparticies 

[53]. 
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Changes of shape or size of the nanoparticle make the surface geometry change, 

causing a shift in the electric field density on the surface. Modifying the particle shape 

and diameter becomes a mechanism to change the oscillation frequency of the electrons, 

generating different cross-sections for the optical properties including absorption and 

scattering. The surface plasmon oscillation might decay due to light scattering or through 

the conversion of absorbed light to heat. 

Noble metal (gold and silver, in particular) nanoparticles are most attractive for 

optical applications because of their strongly enhanced surface plasmon at optical 

frequencies, which makes them exceptional scatterers and absorbers of visible light. 

Moreover, gold nanoparticles (GNPs) offer good biocompatibility, a simple synthesis 

process, and the ability to conjugate to a wide range of biomolecular ligands and 

antibodies. All this makes them suitable for use in biochemical sensing and detection, 

medical and bio diagnostics [156], and therapeutic applications [157], [50]. Deviation 

from a spherical nanoparticle shape enables enhanced and adjustable absorption in the 

NIR region, as well as an improved Raman scattering. Anisotropy of gold nanoparticles 

(nanotubes, nanocages, nanoshells, nanorods, and triangular nanoprisms) presents 

multiple absorption bands which correlate with their multiple axes, and they can support 

both propagating and localized surface plasmon resonances. The number of surface 

plasmon resonance peaks increases as the symmetry of nanoparticles decreases; spherical 

nanoparticles exhibit only one peak, gold nanorods have been shown to have two 

plasmon resonances, due to the transverse and longitudinal oscillation of the electrons, 

triangle-branched nanocrystals exhibit the plasmon resonance with three bands, 

corresponding to the two in-plane or longitudinal surface plasmon absorptions at longer 
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and shorter wavelengths and one out-of-plane or transverse plasmon absorption band 

[111]. 

4.6.2 SYNTHESIS OF NANOP ARTICLES 

Gold nanoparticles with controllable NIR absorption were synthesized by the 

reaction of chloroauric acid (HAuCI4) and sodium thiosulfate (Na2S203) in Dr. Andre 

Gobin's laboratory (Bioengineering Department, University of Louisville). The key 

factor that dominates the nanostructure formation and the stability of the GNPs is the 

HAuCI4/Na2S203 reaction. NIR absorption of the gold nanostructures from this reaction 

is controlled and shows good reproducibility when the molar ratio of HAuCI~a2S203 is 

in a suitable range. The instability of the GNPs is affected by the reaction conditions, 

resulting in the diversification of the nanostructures [158]. 

GNPs were prepared by mixing 1.71 mM HAuC4 (Au 49.68%; Alfa Aesar) with 

3 mM Na2S203 (99.999%; Sigma - Aldrich) solution. The Na2S203 solution is added into 

the HAuCl4 solution with the desired volume ratio and vortexed for 20 seconds for 

uniform mixing. All the water used in the experiments was purified by a Thermo 

Scientific Easypure II system with a resistivity of 18.2 MO cm. Gold nanoparticies were 

purified and separated by an Allegra® X-12 Series Centrifuge (Beckman Coulter Inc., 

Brea, CA, USA). Pellets were collected after as-synthesized GNP suspensions were 

centrifuged at 1,000xg for 20 minutes and then, were dispersed in deionized water for 

next characterization. The optical absorbance and intensity of synthesized nanoparticies 

were measured by a UV-visible-IR spectrophotometer (Cary - 50 Bio, Varian), and 
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transmission electron microscope (TEM) was used to determine the shape and size of the 

GNPs. 
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Figure 37. UV- vis-NIR spectra of the nine GNPs samples measured after 

Figure 37 displays the optical spectra of the typical GNPs samples at 1 hr reaction 

time. They were synthesized by mixing 2.2, 2.0, 1.8, 1.6, 1.4, 1.2, 1.0, 0.8, and 4.0 ml 

(samples 1 through 9 respectively) of 3.0 mM Na2S20 ) with 5 ml of 1.71 mM HAuCI4• 

Samples 1-8 have two plasmon resonance peaks and they are clearly observed. The SPR 

peak around 530 nm is the characteristic SPR of the spherical gold structures, and the 

second peak SPR component at the higher NIR wavelength is an attribute of the dipole 

SPR band from the non-spherical gold nanostructures. Peak wavelength and intensity of 

the NIR bands increment with increasing of HAUCLJNa2S20 ) molar ratio. But sample 9 

presents only one weak SPR peak at 530 nm that corresponds to low molar ratio of used 
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reactant solutions. The SPR of noble metal nanoparticles is dominated by their particle 

size [159] and shape [160]. 

Figure 38. STEM and HRTEM images of gold nanoparticle of different 

shapes and properties [158]. 

Figure 38 shows the scannmg transmission electron microscopy (STEM) 

Z - contrast images of typical samples from the synthesis reaction. Figure 38 (a) and (b) 

is the TEM images of samples with their second NIR SPR band at 750 and 950 nm, 

respectively. Derived mixtures contain gold particles with different shapes and sizes: the 

non-spherical gold crystals (including triangular and triangular-shaped plate structures, 

truncated octahedron, pentagons, etc. [161]) are intermixed among smaller colloidal 

GNPs of less than 5 nm. 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 95 nm, and thickness is 

about 8.5 ± 1.5 nm. Figure 38 (c) is the image of sample containing only spherical colloid 

GNPs with an average size around 3 nm. Figure 38 (d) - (g) shows the high-resolution 
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TEM images of the typical speCIes of GNPs mixture: cuboctahedrons, pentagons, 

truncated triangle plates, and colloidal gold particles, respectively. 

The important quality of this synthesis method is that the optical properties of the 

GNPs vary with their size and the population of different non-spherical particles. It is 

straightforward to tune their NIR absorption wavelengths by adjusting reaction conditions 

and further size separation. 

4.7 THERMAL EFFICIENCY OF GOLD NANOP ARTICLES 

The unique properties of gold nanoparticles (NPs), discussed earlier in Chapter I 

and Section 4.6 of this chapter, appeal a lot of interest and find variety of applications 

nowadays. One of those NP properties is the ability to generate heat due to absorption of 

light illumination (incident photons) and conversion of photon energy into heat energy, as 

well as heat transfer from the nanoparticles to the surrounding medium. As the result of 

the larger number of free electrons in metals, the photothermal effect is particularly 

strong for metal nanoparticles that allow creating light activated "nanoheaters". The 

effect substantially enhances under collective action of plasmon resonance of electrons in 

the presence of light [162]. Temperature change is the key parameter for numerous 

applications of heated nanoparticles [53], [50], [163], but there is not a straightforward 

method to measure the temperature increase at the surface of the NPs. A few interesting 

approaches have been applied to estimate the surface temperature of gold NPs in addition 

to the most commonly used fluorescence method. Gold nanoparticles were imbedded into 

ice [164] and polymer matrixes [165] and then optically excited. Observation of the 

melting process of the surrounding material allowed researchers to determine the local 
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temperature on the surface of the gold NP. The same group has performed a set of 

experiments on photoheating in a water droplet containing gold nanoparticles using 

photocalorimetric methods to determine efficiency of light-to-heat conversion [166]. 

4.7.1 THERMAL EFFICIENCY MEASUREMENT SETUP 

The group offered a different method to measure the thermal properties of gold 

nanoparticles with controllable NIR absorption, which was described in details in the 

previous Section 4.6.2. The thin-film platinum resistor works as a resistive temperature 

sensor to measure the thermal properties of nanoparticles under near IR stimulation. 

Platinum, as the metal surface, was chosen because of its biocompatibility and 

functionality in high-displacement MEMS actuators, and its large resistive temperature 

coefficient. 

20J.llD 

Figure 39. Schematic of the thin-fIlm resistor used to characterize the 

absorbance of deposited gold nanoparticles. 
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The planar resistors were fabricated with a single mask cleanroom fabrication 

sequence. Photoresist was deposited and patterned to define the metal features on the 

surface of a 500 J.lITl thick borosilicate float glass wafer. Borosilicate float glass is 

preferred to silicon due to the greater optical transmission and thermal insulation 

capability of glass. A 200 nm layer of platinum was deposited by sputtering after a brief 

deposition of titanium to aid adhesion. The proposed metal serpentine geometry was 

defined via liftoff of the photoresist in acetone bath. After cleaning and drying, the planar 

resistor is complete; wire connections are made on the left and right bonding pads, across 

the serpentine platinum trace. Line width and spacing of metal traces are 20 J.lITl; length of 

the resistor is about 60 centimeter (Figure 39). 

Gold nanoparticles with precisely controlled near infrared absorption were 

synthesized by one-step reaction of chloroauric acid and sodium thiosulfate in large scale 

(more details about synthesis in Appendix). The nanoparticles produced from this 

reaction include small spherical colloidal gold particles with resonance at 530 nm and 

anisotropic gold nanostructures with NIR resonance (around 800-830 nm) [158]. 

Figure 40 represents an optical spectrum of the synthesized GNPs with absorption 

peak used for these experiments. The absorption peaks of each type of gold nanoparticle 

are clearly seen, and the TEM image of those particles shows two main types of shape in 

the synthesized mixture, spherical and plate-like. 

The NIR resonant GNPs are evenly dispersed onto the planar resistor (center 

square on Figure 39) by spin-on deposition at 4000 RPM. However, if the particles were 

suspended in a water medium, the adhesion with the device surface was not sufficient, 
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and particles also showed a tendency to coagulate. Therefore a polymer matrix was used 

to disperse the gold nanoparticles and to solve the adhesion issue at the same time. 
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Figure 40. (a) Optical absorption spectrum of synthesized gold 

nanoparticles, (b) TEM image of synthesized nanoparticles. 

PVP, a water-soluble polymer, is been reported as an effective medium for 

particle dispersion [167]. It adsorbs on the metal surface and protects the ultrafme 

particles from coagulation by electric or steric repulsion between the absorption layers. 

PVP polymer was included in the liquid GNPs medium at 8% concentration to achieve 

well-defined dispersion on device surfaces (Solution E, Appendix). 

Chitosan is a natural polymer with attractive properties including excellent film-

forming and adhesion ability, biocompatibility, nontoxicity, physiological inertness and 

pH-dependent solubility. For these reasons it is a promising matrix for gold nanoparticle 

dispersion and adhesion. Chitosan with gold nanoparticles creates a homogeneous and 

stable composite sensing film that was demonstrated in an electrochemical glucose sensor 
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[168] and other biosensors [169]. The gold nanoparticle colloid solution above was 

mixed with 0.1-1.0% concentrated chitosan mixture (Solution F, Appendix). 

Other polymers like Poly(methyl methacrylate) (PMMA) and Nylon-6 were tested 

for creating nanoparticle-polymer composite, but were not successful (details in 

Appendix). 

Figure 41. (a) Optical image of fabricated resistive temperature sensor, (b) 

and (d) SEM images of gold NPs in PVP polymer matrix, ( c) and (e) gold 

NPs in chitosan matrix after spin-coating on the platinum test surface. 

Views of the resistor and particle distribution on the platinum surface can be seen 

in Figure 41. The nanoparticle-PVP composite film offers more unifonn particle 

distribution than chitosan (Figure 41 (b), (d)). Spacing between the particles is within sub 

wavelength, meaning most infrared interacting with the surface will interact with a 
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particle. Different optical densities (OD) were tested, but 100 OD solutions show better 

coverage and consistent results. The average polymer-nanoparticle film thickness is 

around 200 nm. 

Experimental setup for collecting the thermal data and characterizing the gold 

nanoparticles consist of a laser source, amplifying circuit, and Lab VIEW interface 

(Figure 42). The LabVIEW console operates the laser (5 W diode laser, 808 om) and 

collects the output signal from the amplifier circuit with a USB-6009 data acquisition 

unit. The laser beam focusing head is suspended in 15 cm above the sample. 

LabVIEW 
Diode Laser 

Laser TIming A 
----~c~o-n~t-ro~I-=--~)~~ 

( Voltage 
Signal 

AD 620 Amplifier r -9V 

Figure 42. Thermal efficiency measurement setup: a LabVIEW console 

operates the 808 om laser, and resistance-induced temperature changes are 

calculated from voltages measured by an amplifier circuit. 
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The voltage across the fabricated thin-film resistor is pulling out from a voltage 

divider setup and is conditioned by an AD 620 amplifier with adjustable gain. The 

amplified output is read by a National Instruments USB-6009 data acquisition unit and 

collected by Lab VIEW software. The expected analog value being read by the software is 

estimated by Equation 12. 

(12) 

The expected voltage output (Vo) is a function of the amplifier gain (G), the 

source voltage Ys = 9 V, the fixed resistor R1 = 1000 n and the sample resistance (R). 

The temperature is detected by measuring the electrical resistance of the metal trace, 

which satisfies the Equation 13. 

AR = Ro(aAT) (13) 

The resistance change (AR) is defined by the initial value (Ro) and change in 

temperature (AT). The thermal coefficient of resistance (a) is a material constant that 

symbolizes the resistance change factor per degree of temperature change. The thermal 

coefficient of resistance of Pt (bulk value) is 0.0039 C-1 , but it is less for the thin-film Pt 

and equals to a ::::: 0.0013 C-1 • The coefficient was determined by the relation shown in 

Equation 13 and the calculated value come to an agreement with earlier studies 

examining sputtered thin-film platinum [170], [171]. 

The Lab VIEW software manages the laser operation: number of trials and run 

time. Standard run time for this experiment is four minutes total - the laser is activated 

for two minutes, then two minutes of cooldown. Figure 43 illustrates the distribution of 
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maximum temperatures reached by bare and particle coated samples during the run time. 

The temperature data shows that a platinum surface coated with functionalized gold NPs 

will absorb more incoming IR light than a bare surface. The observed temperature 

difference between the of PVP polymer film and bare surface is in average ~ 15°C, but 

only ~3.5°C in case of chitosan-nanoparticle matrix. The wide-ranging data is a result of 

unsteadiness in the dispersion process of the nanoparticles. The analysis of variance 

(ANOV A) model was applied to the data to show that particle presence on the substrate 

surface is a substantial factor in the max sample temperature with 95% confidence 

(R2=O.87). 
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Figure 43. Distribution of maximum temperatures for bare and 

nanoparticle coated samples. 
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Figure 44 shows statistical distribution: average value and spread data for bare 

and both type of coated resistive devices. PVP polymer and chitosan films without gold 

NPs was shown to have the same thermal behavior as a bare surface. 
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Figure 44. The box plot of the data demonstrates the difference in optical 

absorption when nanopartic1es are applied to the surface. 

4.7.2 THERMAL EFFICIENCY ANALYSIS 

An estimation of the thermal efficiency (TJ), a dimensionless performance 

measure of a device that converts light to thermal energy, can be derived from basic 

thermodynamics theory and known material and geometric properties of the samples 

(Equation 14): 
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dQ/dt 
T/= 

IA 
(14) 

where dQ / dt is the rate of change of thermal energy due to heating by the laser, I is the 

laser intensity and A is the illuminated area. 

Thermal energy (Q) in a bulk material at temperature To is given by Equation 14, 

where Cv is the volumetric heat capacity of the glass substrate. 

Q = III (T(x,y,z) - To)cv(x,y,z)dV (15) 

By differentiating Equation 15, rate of change of thermal energy can be found 

dQ rrr dT(x, y, z) 
dt = ))) dt cv(x,y,z)dV (16) 

At steady state, total dQ / dt is equal to 0, because the same amount energy as put in as 

being removed through conduction, convection and radiative losses. The temperature 

reaches a plateau (Figure 43). 

The thermal efficiency can be figured out experimentally by measuring the 

surface temperature T sur!(t) after switching off the laser, and fitting it to a decaying 

exponential. 

t 

Tsur!(t) = (Tmax - Tmin)e-'T + Tmin (17) 

where T max is the plateau temperature that reaches when laser on, T min is the final 

temperature after turning the laser off, and T is time constant of temperature decay. Now 

dT sur! / dt can be found from this: 
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(18) 

But TSUTf is only the surface temperature, but temperature as a function of x, y, and z. A 

basic I-dimensional model of the system, assuming it has TSUTf temperature on the top, 

constant T min temperature on the back, and the glass does not absorb any infrared light, 

only metal and nanoparticles on the surface. It means temperature only be a linear 

function of the depth z, and not depend on x and y planar coordinates. 

(
d -Z) 

T(x,y,z) = -z- (TSUTf - Tmin) + Tmin (19) 

where d is the wafer thickness and z starts at 0 at the surface, and goes to d at the back of 

the glass device. 

Plugging Equation (19) in Equation (16) and working out the details allows to 

calculate dQ/dt. Following substitution in Equation (14) gives an equation for thermal 

efficiency: 

Tmax - Tmin TJ=---
rI 

z=d 

f (1 - ~) cv(z)dz (20) 

z=o 

Since it was assumed the substrate is a single material, cu , volumetric heat capacity of the 

glass, is a constant. 

The thermal efficiency is calculated in Equation 21 as follows: 

(21) 
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A system with a fast time constant r is losing heat to its environment more 

quickly than a system with slow time constant, and it has a greater thermal efficiency. 

The time constant of temperature decay r and T max were measured during the 

trials; thermal efficiency is calculated for the bare and coated substrates and summarized 

in Table 4. The particle coated surface shows about 143% for chitosan based matrix and 

174% for PVP based film greater thermal efficiency compared to the bare platinum. 

Applying the polymer-nanoparticle composite film increases the thermal efficiency of the 

device from 6.85% to 9.78% in average in case of chitosan polymer, and from 6.85% to 

11.92% in average for PVP polymer matrix. 

Efficiency Factors 

Factor 
Bare Chitosan+NPs PVP+NPs 

Time Constant (r) 24.474 22.401 18.477 

Max Temp eC) 79.44 82.70 94.57 

Efficiency (ll) 0.0685 0.0978 0.1192 

Table 4. Calculated thermal factors for the bare and coated devices. 

4.7.3 DISCUSSION AND POSSIBLE APPLICATION 

A simple method based on the thin-film platinum resistive temperature sensor has 

been developed to measure the thermal properties of nanoparticles under near IR 

stimulation. The experimental results show that presence of gold nanoparticles with 
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controllable NIR absorption can generate thermal gradients created from a single light 

source (808 nm diode laser) and lead to an increase in temperature. 

Embedded in a polymer matrix, gold nanoparticles could be used to fabricate 

MEMS based IR sensors and IR switches, or is part of MEMS-based uncooled IR 

bolometer arrays. As another example application, Professor Michael D. Dickey and his 

group from North Carolina State University demonstrate a novel and simple approach for 

self-folding of thin sheets of polymer using unfocused light [108]. High IR absorbance 

material (black ink) patterned on patterned on the substrate with low IR absorbance 

properties (polymer sheet) provides localized absorption of IR light which heats the 

underlying polymer and causes its bending by the hinges. A similar idea can be applied in 

light-actuated MEMS devices where a gold nanoparticle-polymer composite film is used 

as a high IR absorbance material deposited on low IR absorbance metal or polymer 

bilayer structures, and optically induced temperature gradient from printable nanoparticle 

coatings would provide versatile method of wireless and non-invasive thermal actuation. 

Using gold nanoparticles to control local IR absorbance suggests another possible 

application in bolometer filter arrays that are used in infrared imaging devices. 

Bolometers are thermal infrared sensors that absorb the incident radiation and cause a 

thermally isolated membrane to increase its temperature; and temperature is measured by 

a change of the electrical resistance of the bolometer thermistor [172]. The ability of gold 

nanoparticles to be tuned to different wavelengths during the synthesis might be used to 

create interlaced grids analogous to color filters sensitive to red, green, and blue light, but 

instead sensitive to different regions of the infrared spectrum for a "color" infrared 

camera. The photosensitive grid can be fabricated as an array of MEMS structures 
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(cantilevers or diaphragms) with nanoparticles of distinct wavelength sensitivity 

determined near of the process, instead of setting a fixed wavelength at the beginning by 

a monolithic dielectric stack absorber as is typically done. 

4.8 HYBRID NANOPARTICLE-MEMS ACTUATOR 

Coating photoresponsive nanomaterials such as gold nanoparticles onto MEMS 

structures offers the ability to create laser-driven bistable MEMS actuators for 

bioapplications such as studying the effect of mechanical forces on cells, and remotely 

triggered cardiac muscle stimulators. Infrared-resonant gold nanoparticles that were 

discussed in a previous Section 4.6.2 can be used as a light-absorbent material to trigger 

fast movements in thermal MEMS actuators depicted in Chapters II and III. 

Figure 45 shows potential applications of these light-triggered actuators for 

cardiac muscle studies by biomedical researchers, and the creation of novel stimulus

responsive structures for drug delivery or micro pumping. Other applications are possible 

in IR sensors, light-actuated switches, and other mechanical structures. 

Cyclic mechanical forces or strains are commonly used to culture cells in a 

simulated in-vivo environment by growing them as 2D mono layers on silicone substrates 

that can be expanded in a controlled manner using a vacuum or solid actuator. A range of 

responses of vascular smooth muscle cells (VSMC) to those manipulations have been 

observed, including altered cell proliferation, alignment, and protein expression. It is 

known that these mechanical forces play an important role in governing cell function and 

phenotype mechanical stimulation can drive the constructs to a more mature cardiac 

muscle structure [173], [174]. 
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Figure 45. Diagram of light-powered actuators for potential applications 

for bioresearch. 

Stimulus-responsive structures for drug encapsulation and delivery, made on a 

principle similar to the bilayer devices described in this work, are driven by differential 

stress due to thermal expansion, surface tension, or polymer swelling, and have a force 

and feature scale that is relevant to the tissues and cells to which they are applied [175]. 
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4.8.1 FABRICATION AND PRINCIPLE OF OPERATION 

The fabrication process sequence for hybrid actuators is presented in Figure 46. A 

metal/oxide bimorph skeleton is created using a conventional photolithography. A silicon 

wafer is thermally oxidized at 1000°C to create a 400 nm oxide layer. The first 

photomask is used to pattern metal to form the desired bistable structure as follows: 

HMDS adhesion promoter followed by Shipley 1827 (MicroChem) positive photoresist is 

applied by spinning at 4000 RPM for 10 seconds, soft baking on a hot plate at 115°C for 

90 seconds to partially evaporate photoresist solvents, UV light exposure in a Karl Suss 

contact aligner (SUSS MicroTec) through a photomask, developing of the wafer in 

Microposit MF319 developer (MicroChem) for one minute to clean any exposed areas 

followed by rinsing and drying. 

A platinum/titanium metal bilayer was deposited onto the wafer by sputtering 

using a PVD 75 sputtering system (Kurt J. Lesker) followed by lift-off (Figure 46 (a)

(e)). A second mask was used to pattern the Si02 layer around the metal bistable 

skeleton. The nanoparticles are not easily patterned using conventional photolithography 

techniques or etching through patterned mask of another material. Hence, the 

microstenciling technique we describe in Section 4.4 is applied to deposit nanoparticles 

in alignment with structures on the substrate in order to selectively actuate parts of the 

MEMS structure. Nanoparticles are distributed on the MEMS substrates with the 

microstencil by spinning or just simple dropping of nanoparticle suspension in polymer, 

which promotes adhesion (Figure 46 (g) - (i)). The last step in fabrication is the XeF2 dry 

etch for releasing the bilayer metal film from the Si substrate (Figure 460)). Finishing 

this step creates freestanding MEMS bistable actuators for three-dimensional distribution 
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throughout a tissue sample. Figure 47 shows a SEM image of a fabricated MEMS 

bistable hybrid coated with nanopartic1es and images of zoomed in areas. 

Polymer o Nanoparticles 

Figure 46. Fabrication process flow for hybrid actuator: (a) Silicon wafer 

with 400--500 nm thermal oxide, (b) - (e) A 200--300 nm thick metal 

pattern is applied using photoresist liftoff, (f) The metal acts as an etch 

mask to pattern the oxide in a CF JH2 plasma etch, (g) Vapor deposition of 

Parylene C conformal film, (h) Patterning of polymer film using soft 

lithography and plasma etching, (i) Deposition on nanopartic1e, G) The 

metal-oxide bimorph is released by etching the silicon in XeF2 gas. 
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Fabricated hybrid structures operate at temperatures ~ 80-100°C (which is above 

the physiological temperature for living cells) and laser illumination up to two minutes at 

IR wavelengths (~808 nm) that can permeate through tissue without damaging. Spacing 

between the particles is within sub wavelength, meaning most infrared interacting with 

the surface will interact with a particle. Preliminary results for nanoparticle-coated 

MEMS devices are showing increased temperature when IR laser light is illuminated, and 

this causes their actuation. Although the actuation speed is not too fast - it takes about 

five seconds to bring the released MEMS actuators to the flat position when the laser is 

on--and the same time is required to come back to initial state as the laser goes off, a 

bistable mechanism can trigger fast actuation when the device crosses a threshold angle. 

MEMS hybrid actuators, released from the substrate but still attached to it, suffer 

conductive heat loss to the silicon substrate which is suspected to be the cause of slow 

actuation; fabrication on a low thermal conductivity substrate like glass or a thin 

membrane can help investigate the heat-loss effect. Fabricated devices show good 

durability after laser actuation for a few hours. 
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Figure 47. SEM images of fabricated light-powered hybrid with patterned 

gold nanoparticles. 

According to numerical simulations (Chapter III) the bistable actuators have two 

states of equilibrium, and near the "tipping point" a fairly small temperature change 

might push the devices past the threshold for a fast mechanical impulse. But in the 

performed experiments only one stable state was observed. This is expected because, 

unlike in the serpentine actuator arrays discussed in Chapter III, there is only one 

direction the laser can actuate the structure: down to the substrate. Differential light 

absorption on different parts of the structure is required for bidirectional actuation using 

light. Figure 48 shows the optical images of hybrid device when the laser is on (a) and off 

(b). 
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Laser ON Laser OFF 

Figure 48. An optical image of light-powered actuator when (a) laser is 

ON, (b) laser is OFF (c) side view of hybrid actuator. 
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CHAPTER V 

CONCLUSION 

This dissertation provides a study of the fabrication, simulation and testing of 

thermally-driven MEMS-nanoparticle hybrid actuators. The impact of the materials and 

structures used to create the hybrid micro-nano devices was presented. The key 

contributions of this study include: 

a) A demonstrated ability to integrate and align photothermal nanomaterials with a 

MEMS device in a way that does not affect the MEMS fabrication process or the 

thermal functionality of the nanomaterials. 

b) A review of origami fabrication techniques that is suitable for design and 

manufacture of MEMS actuators. 

c) An investigation of the bistability of fabricated MEMS devices that produce 

sudden motion driven by the gradual process of thermal expansion. 

d) A study of the thermal efficiency and an evaluation of the performance of gold 

nanoparticle-polymer composite coatings on MEMS substrates. 

At this stage of the nanoparticle-MEMS hybrid project there are several 

promising research directions. Bistability needs to be investigated in the context of 

differential light absorption on different parts of the structure. Ultimately, two different 

wavelength absorbing coatings could replicate the distinct control of two different 

actuators that was achieved by direct current in the serpentine devices. However, before 
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this challenging objective is met, arrays of one-way bistable structures could be designed 

purely to evaluate the actuation speed with a single, patterned light-absorbent coating. 

Even with bistability, the current actuation speed is not fast enough for rapid 

cycling of device states because of heat loss through conduction to the silicon substrate, 

but this can be addressed by moving to low thermal conductivity substrates, or alternately 

by increasing the photothermal absorption of the device through improved coatings. 

Coatings also need increased water resistance for bio applications, but the existing 

polymers that have been used as matrixes to disperse gold nanoparticles are water

soluble. Parylene has shown some initial success here. 

Experiments that vary the light intensity, device geometry, and construction 

materials are needed to ensure the devices are suitable for use in biological systems or 

other fields. Hybrid actuators might be applied as photo- or electrically-actuated valves to 

drive flow by pressurization and depressurization of fluidic channels within soft actuators 

which currently use miniature electropermanent magnet valves [176]. Such light-driven 

valves could effectively drive soft fluidic actuators utilizing rapid pulses of light energy 

to switch actuation states. 

Future fundamental and application-driven work in the biomedical field is 

expected to use light-powered microactuators for in situ studies of cells' response to 

mechanical stimuli. Such devices could apply forces at the cellular scale, offering 

potential therapies for heart disease and osteoporosis, and would increase the 

fundamental understanding of tissue response to everyday mechanical stresses at the 

molecular level. 
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APPENDIX 

Gold nanoparticles and polymer solutions were prepared by Dr. Guandong Zhang 

in Dr. Andre Gobin's laboratory (Bioengineering Department, University of Louisville) 

as a part of work supported by Kentucky Science and Engineering Foundation grant 

KSEF-2546-RDE-014, "Light-Powered Hybrid Microactuators for Biotechnology." 

PREPARATION OF GOLD NANOPARTICLES IN LARGE SCALE 

Solution A: Gold NPs with absorption around 800 - 830 nm were obtained by 

mixing of 60 ml 3 mM sodium thiosulfate (Na2S203·5H20, Aldrich, 99.999%) solution 

with 150 ml 1.71 mM chloroauric acid (HAuCI4·3H20, Alfa Aesar, Au 49.68%) solution 

at room temperature, and vortexed for 20 seconds for uniform mixing. After ageing for 

six hours, the particles were concentrated by a centrifugation at 1000xg for 20 minutes 

the pellets were carefully collected. This concentration process was repeated three times 

which generates a pellet with extremely high concentration (in the range 300 - 400 OD) 

that can be diluted to the desired OD. Water used in the solutions was purified by a 

Thermo Scientific Easypure II system and has resistivity of 18.2 MQ cm. 

POLYMER SELECTION AND MODIFICATION 

Polymer-nanoparticle composites may possess the unique property superior to 

that of either the polymer or nanoparticles. Metal nanoparticles with polymer coatings or 
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dispersed in polymeric matrices display the increased stability, improved processability, 

recyclability and solubility in a variety of solvents. Several polymer materials were 

selected and tested for applying in hybrid-nanoparticle MEMS devices, including 

biocompatible polymers chitosan (CS) and O-carboxymethyl chitosan (CMCS), 

Polyvinylpyrrolidone (PVP), and other polymers like Poly(methyl methacrylate) 

(PMMA) and Nylon-6. 

CONDITIONS FOR NANOPARTICLESIPOL YMER FILM 

PREPARATION 

Gold/polymer solutions with desired GNP concentration were prepared by 

dispersing the GNP pellet into pre-made polymer solution. Concentration of the gold NP 

(in optical unit, OD) is determined by the following equation: 

(a) 

where C1 is the concentration of the GNP pellet, Vi is the volume of the pellet, C2 is the 

concentration of the gold NP in the final polymer solution; V2 is the volume of the final 

polymer solution. 

The concentration of the polymer component in the final solution (in weight 

percentage) was determined by the following equation: 

Cpolymer = W /V2 (b) 

where Cpolymer is the concentration of the polymer component in weight, V2 is the 

volume of the final polymer solution. 
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Solution B and Solution E: In case of commercial available polymers such as 

PVP, Nylon-6 and PMMA, the polymer solution was directly diluted to the desired 

concentration by using the compatible solvent. 3% and 8% Polyvinylpyrrolidone polymer 

solutions were prepared by dissolving PVP40 powder (average mol. wt. 40,000) in DI 

water. Gold nanoparticle suspension was added to PVP polymer matrix, using Equation 

(a)-(b), and then sonicated for 20 minutes to achieve a homogeneous dispersal. 

PREPARATION OF CARBOXYMETHYLATED CHITOSAN 

O-carboxymethyl chitosan (CMCS) was synthesized using low molecule weight 

chitosan (Sigma-Aldrich, MW 50-190K). First, 15 grams of sodium hydroxide (NaOH) 

was dissolved in a 20:80 mixture of DI water and 100 mL of isopropanol in a 500 mL 

flask. Then 10 grams of chitosan was added to swell and alkalize at 50°C for one hour. 

Finally, 15 grams of monochIoroacetic acid (CICH2C02H, 99%, Acros Organics) was 

dissolved in 20 mL of isopropanol, and added into the reaction mixture by dropping in 

30 min and reacted under vigorous agitation for four hours at 55-60°C. To stop the 

reaction 200 mL of 80% ethyl alcohol was added, followed by filtration and repeated 

rinsing by 80% ethyl alcohol, to desalt and dewater, until the pH value of the washing 

solution was less than 8.0. As a final point, the product was vacuum dried for one day at 

40°C. 

Solution D and Solution F: Base solution of chitosan was prepared by dispersing 

1 gram of chitosan in 100 mL of 0.7% acetic acid solution. CMCS solution was prepared 

by directly dissolving 1 gram of CMCS in 100 mL of DI water. CS and CMCS solutions 

were purified by centrifuge at 1000 RPM for 10 minutes, to remove the little amount of 

126 



insoluble residuals, and then put for two days of dialyze (Spectrum Dialysis Membranes, 

MWCO 3 KDa). Then gold nanoparticles were introduced in prepared chitosan based 

polymer matrix at desired concentration and sonicated for 20 minutes for uniform 

dispersion. Table 5 shows detail conditions of the polymer solution prepared and tested 

for the study, 
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Polymer AuNP 
Polymer 

No. Concentration Concentration Note 
and solvent 

(wt.%) (OD) 

1 PVP40k, IPA 2 50 Bare Au 

2 PVP 40k, IPA 2 50 Bare Au 

3 PVP 40k, water 3 100 Bare Au 

4 PVP 40k, water 3 75 Bare Au 

5 PVP 40k, water 3 50 Bare Au 

6 PVP 40k, water 3 25 Bare Au 

7 PVP 40k, water 3 25 Bare Au 

8 PVP 40k,IPA 3 25 Bare Au 

9 PVP 10k, water 8 50 Bare Au 

10 PVP 40k, water 8 100 Bare Au 

11 PVP 40k, water 8 100 Bare Au 

12 PVP 40k, water 8 100 Bare Au 

13 PVP 40k, water 8 50 Bare Au 

14 PVP 40k, water 8 50 Bare Au 

15 PVP 40k, water 8 50 Bare Au 

16 PVP 40k, water 8 100 Bare Au 

17 PVP 40k, IPA 8 100 Bare Au 

18 PVP 40k, water 8 150 Bare Au 

19 PVP 40k, water 12 100 Bare Au 

20 
CS, water, 

1.2 100 Bare Au 
(dialyzed 10 day) 

21 
CS, water, 

1.5 100 Bare Au 
(dialyzed 1 day) 

22 CS, water 0.8-0.9 100 Bare Au 
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23 CS, water 0.8-0.9 100 Bare Au 

24 CS, water 0.8 100 Bare Au 

25 CS, water 0.8 75 Bare Au 

26 CS, water 0.8 50 Bare Au 

28 CS, water 0.8 25 Bare Au 

29 CS, water 0.8-0.9 100 Dialyzed Au 

30 CS, water 0.8-0.9 100 Dialyzed Au 

31 CMCS, water 1 50 Bare Au 

32 CMSC, water 1 25 Bare Au 

33 
Nylon-6, fonnic 

8 100 Bare Au 
acid 

34 
Nylon-6, fonnic 

8 100 AulCS 
acid 

PMMA, PR950, Au modified by 
35 4 25 

anisole Hexadecanethiol 

PMMA, PR950, 
36 1 25 Bare Au 

acetone 

PMMA, PR950, 
37 3 18 Bare Au 

acetone 

PMMA, PR950, 
38 1 33 Bare Au 

acetone 

Table 5. Conditions of the polymer solution prepared and tested for the 

study. 
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