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ABSTRACT 

CMOS-compatible magnetically actuated micromachined cantilevers have been 

designed, fabricated and tested. The cantilever devices were designed in three sizes in 

order to determine the effect of geornetry on static and dynamic response, and also the 

effect of fluid viscosity on the ability of micro-cantilevers to resonant in fluids. This 

work is a precursor to the determination of the suitability of the rnicrostmctures to propel 

or modiSl fluid flow in a charnel, 

Expenmental results compiled for the static and dynamic behaviours of the 

cantilevers have been analyzed and compared with Fmite element and analytical models. 

These results have also been cornpared with expressions developed to relate the response 

of piezoresistive sensors, ernbedded in the cantiIever arrns, to the static deflection and 

vibrationaI amplitude of the cantilever tip. 
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Chapter 1 

INTRODUCTION 

1.1 MicroeIectromechanical Systems 

Micromachine is not an unfamiliar term in today's industrialized society. 

Scientists and researchers throughout the world have conveyed the possibility of 

miniaturized mechanizations, on the order of microns (10-~ m) or nanometers (10-~ m), 

working and redesigning thernselves collectively to perforrn a common task. To many, 

creations of this size, particularly on the nano-scale, seem improbable due to difficulties 

that rnay be encountered in resolving fine structural details or in the bamiers encountered 

against forces and scaling laws at this size; however, science and engineering have 

already begun to transform the improbable into the plausible. 

While only small advances have been made in the area of nano-scale devices, or 

nano-technology, micro-scale mechanical devices have been widely produced. Miniature 

devices, or MicroelectrornechanicaI Systems (MEMS) as they are referred to in North 

America and Microsysterns Technology (MST) in Europe and Japan, are currently being 

researched and deveIoped for use in the aerospace, agricultural, industrial and biomedical 

fields. These devices are proving to be attractive alternatives to their macro-scale 

counterparts as these devices are not cumbersome, may be batch fabricated and are cost 

effective. The automotive industry, for instance, utilizes MEMS accelerometers to 

deploy vehicle airbags; MEMS fuel atomizers are employed in the aerospace and 

transportation industries; and DNA handling is performed by MEMS biological assay 

devices [ 1 1. 



Perhaps one of the most burgeoning and diverse subdisciplines of MEMS is the 

area of microfluidics. Fluidic systems and micropumps are currently being developed for 

applications such as drug delivery, chemical analysis, fuel injection and biological 

sampling. The most common designs for these mechanical micropumps are categorized 

as positive displacement pumps [2 ] .  Positive displacement pumps achieve the 

transmission of fluids through controlled contraction and expansion of a membrane or 

diaphragm used as the principal actuator. The membrane can be actuated based on 

piezoelectric, thermopneumatic, magnetic, or bimetallic effects 131-[5]. Essentially, the 

type of membrane used dictates, and often limits, the stroke of the actuator and therefore 

the effectiveness of the pump. These pumps are ofien composed of several moving 

components and are also susceptible to interference and bIockage fiom dust or air 

bubbles and Wear resulting in leaks and reduced efficiency. Furthemore, some of the 

present pump designs require complex fabrication processes in order to be manufactured. 

Over the past two years, we have researched the possibility of developing a 

micropump based on simple micro-cantilever structures. Cantilever devices, in 

cornparison, can be easily fabricated and c m  potentially produce sufficient motion to 

control or modi% fluid flow [6]-[8]. 

1.2 Thesis Overview 

The following thesis presents the findings and conclusions obtained fiom studying 

the effect of fluids on the dynamic response of micro-cantilevers. This work is 

essentially intended as a precursor to the study of micromachined cantilever devices as 

the principal actuators in a micropurnp. The micro-cantilever devices are based on 



magnetic actuation, produced by a Lorentz force - the product of an interaction of an 

electric current with an external, static magnetic field. Intricate CMOS-fabncated 

cantilever devices of this genre were first introduced to the world research community at 

the University of Alberta [9] and have been shown to be feasible as chemical [IO], 

pressure [l 11, gas [12], humidity [13], temperature [14], and acceleration sensors [15]. 

Chapter 2 of this thesis discusses various micromachining techniques that are 

presently available to fabricate such microelectromechanical devices. Bulk, surface, and 

CMOS micromachining are discussed, as well as a technique that is currently employed 

at the Micromachining and Development Laboratory, at the University of Alberta, for 

post-processing of CMOS devices. 

In Chapter 3, an overview of the working principle and the analytical static and 

dynarnic models of the micro-cantilever devices are presented. This chapter also contains 

background information on the design and fabrication of the structures, as well as a 

discussion on the Finite Element Analysis that was conducted regarding the micro- 

cantilever devices. 

Experimental procedures utilized throughout the course of this thesis and the 

analyses of the resultant experimental data are then presented in Chapters 4 and 5, 

respectively. In the latter chapter, post-processing effects such as the effect of particular 

structural layers on device response, and the static and dynamic response of the device in 

different media are discussed. Chapter 5 also correlates expenmental findings with 

results obtained from the models presented in Chapter 3. Possible appIications of the 

device are also discussed. 

Lastly, Chapter 6 presents conclusions pertaining to the work completed, as well 



as suggestions for future research work inwolving micro-cantilever devices for fluid 

control or propulsion. 



Chapter 2 

OVERVIEW OF MICROMACHINING TECHNIQUES 

2.1 Introduction 

Electrical devices such as sensors and electronic circuits are well established 

technically; however, the study of mechanical devices such as microactuators and 

micromechanisms began over two decades ago. Over the past several years, researchers 

and engineers have incorporated conventional integrated circuit (1C)-based 

micromachining techniques into the fabrication of MEMS devices. Miniaturized rnotors, 

pumps, and nozzles, among other devices, may be produced using surface, bulk or 

complementary rnetal-oxide semiconductor (CMOS) micromachining methods. 

The first of these methods, surface micromachining, involves the deposition of 

structural and sacrificial layers onto a substrate. Etching of these layers can create three- 

dimensional structures, with layer thicknesses of several micrometers. In contrast, bulk 

micromachining involves removal of substrate material via use of an etchant. This 

process allows for the fabrication of several structures such as pits, pyramids, and 

trenches. Lastly, CMOS micromachining combines the process for developrnent of 

CMOS circuitry with bulk micromachining techniques. 

Essentially, the required characteristics of a given MEMS design dictate which of 

these micrornachining methods will be utilized. Whether it be surface, bulk or CMOS 

micromachining, the appropriate process is chosen by observing specified device design 

requirements, such as final structural shape, equipment and material availability, process 

safety and overall production yield and cost. An overview of the aforementioned 



rnicromachining techniques and their relative merits will be discussed in the following 

chapter. 

2.2 Materials in Micromachining 

2.2.1 Silicon 

Silicon (Si) is the most commonly used material in micromachining. This is due 

primarily to the intrinsic mechanical stability of single crystal Si and the possibility of 

coupling sensors and electronics on a single Si substrate [16, p. 1481. In single crystalline 

form, silicon is composed of atoms arranged in a diarnond-like structure. As with al1 

crystalline materials, this arrangement of atoms forms a repetitive, grid-like pattern or 

lattice that extends throughout the material. The lattice is comprised of a collection of 

periodically arranged atorns or Iattice points; these points in turn form the basis for the 

unit cell, which retains the overall shape and lattice point arrangement as the overall 

lattice [17, p. 511. A unit ce11 and its defining lattice points are shown in Figure 2.l(a). 

By stacking consecutive unit cells, the lattice structure is constmcted. 

The deterrnination of certain directions and planes witbin the unit ce11 are of 

particular importance to predicting the performance of silicon, as well as other materials 

incorporated into MEMS, during device fabrication. To identi& a plane or direction, a 

set of integers or Miller indices are used [17, p. 601. To determine the Miller indices of a 

plane it is first necessary to identiQ the intercepts of the plane with the x, y, and z-axes. 

The reciprocals of the intercepts are then taken and reduced to lowest integers. By this 

procedure, the shaded plane in Figure 2.l(b) is determined to be (1 1 1). Here, the curved 



Lattice point 

Unit Ce11 

Figure 2.1: (a) A schematic representation of a lattice. (b) A unit ce11 s h o w  with shaded 

plane (1 1 1) and corresponding direction [ I l  11. 

brackets denote that the integers 1,1,1 are representative of a plane. The family of planes 

equivalent by the symrnetry of the given crystal, such as (100) and (010) which are 

crystallographically equivalent to plane (00 l), are marked as (abc) planes (a, b, and c 

representing integers). For the planes (100), (010) and (OOl), for instance, the family of 

planes is designated by (100). SimilarIy, the procedure for finding the Miller indices for 

direction first involves deterrnining the coordinates of two points on a line that lie aIong 

the specified direction. The coordinates of the "tail" of the vector are then subtracted 

from the "head" of the vector and the results reduced to the lowest integer values. A 

notation of the f o m  [hkl], where h, k, and 1 are given by integers, represents a single 

direction, whereas the notation 4M> represents the family of parallel vectors. [ I l l ]  

gives the body diagonal shown in Figure Z.l(b), for example, that is normal to plane 

(1 il). 

Some of the more common crystal orientations used in the IC industry include the 



1 1 1 ,  (1 IO>, and <100> orientations. The first of these orientations has been 

previously shown in Figure 2.1(b); the remaining orientations are shown in Figure 2.2. 

The <100> orientation is primarily allocated for use in CMOS technologies [Il]. 

Furthemore, the (1 11) planes in Si wafers contain the highest packing density [16, p. 

1481 within the unit ce11 thereby making it Iess susceptible to etching. Essentially, the 

orientation of the chosen Si wafer surface will dictate the shape of any and al1 features 

that are to be etched into the substrate. The dependence of micromachining techniques 

on crystal orientation will be fùrther discussed in a later section of this chapter. 

Figure 2.2: Schematic representations of: (a) -4 10> and (b) <100> plane orientations. 

The crystalline structure of Si aIIows this material to be easily fractured or 

cleaved; however, despite its seemingly fiagile nature, Si is a mechanical material with 

high strength. Single crystal silicon (SCS), for exarnpIe, shows a yield strength 

approximately 3.5 times higher than steel; fùrtherrnore, SCS is brittle and yields by 

fracture, unlike metals, which are ductile and deform plastically before failure [18, p. 501. 

Si sensors have also been shown to be very insensitive to fatigue failure when subjected 



to high cyclic loading, such as 100 million cycles, without detectable failure [16, p. 1591. 

Polycrystalline silicon @olysilicon) films have mechanical properties (fractura1 

strength, Young's modulus, hardness, etc.) that differ fkom single crystal values as a 

consequence of deposition rates, grain-size effects, and annealing times [ 19 1. For MEMS 

device fabrication, polycrystalline silicon is deposited using gas-phase decornposition of 

silane in a low-pressure chernical-vapour-deposition (LPCVD) furnace at temperatures 

ranging between 585-6250C- The resultant film is compatible with any of the 

micromachining techniques, to be discussed in this chapter. 

2.2.2 Other MEMS Materials 

Other materials have been used for specific purposes in micromachining. Nickel 

(Ni), copper (Cu), gold (Au), iron (Fe) and aluminum (Al) are used to electroplate 

structural features and to create current traces or paths. Quartz, zinc oxide (ZnO) and 

titaniurn-nickel alloy (TiNi) are commonly employed as actuators or membranes. 

Similarly, new rnaterials, such as, gallium arsenide (GaAs), are emerging for use in the 

area of optics and communication [l]. 

2.3 Micromachining 

Present micromachining technology allows for the fabrication of mechanical 

structures with features on the micron (1U6 m) scale. As stated previously, the 

technology required to manufacture these structures is typicalIy divided into two main 

categories: surface and bulk micromachining. Surface micromachining involves the 

deposition and subsequent rernoval of specific layers to create micro-devices. 



Conversely, in buk rnicromachining, features are etched in the bulk of a single crysta1 

material such as silicon, quartz or glass. The differences in these two methods are 

discussed in the following sections. 

2.3.1 Surface Micromachining 

Surface micromachining is a technique by which three-dimensional structures are 

fabricated from deposited and patterned thin films. The basic concept of this technique 

was first demonstrated with rnetal films in the late 1960's. Interest in the technique was 

later renewed after two major papers on the subject of polysilicon-machined structures 

were presented in 1987 in Tokyo [18, p. 961. The following section presents an overview 

of the basic surface micromachining process, as well as brief discussions pertaining to 

two specific processes, which are extensions on the surface micromachining theme. 

The surface rnicrornachining process sequence will be illustrated using an 

exampIe of the fabrication of a simple, fieestanding cantilever structure as shown in 

Figure 2.3. The process initially involves the deposition of a layer onto a silicon 

substrate for electrical isolation (thus, the protective layer is known as an isolation layer) 

or as a substrate protective layer [18, p. 961. A thin (approximately 2pm) sacrificial 

phosphosilicate glass (PSG) layer is then deposited by LPCVD (low-pressure chemical- 

vapou-deposition). PSG is often used as the sacrificial or spacer layer due to its ease of 

etching in hydrofluoric acid (HF) [16, p. 23 11. The sacrificial layer is then patterned or 

etched to allow for the creation of the cantilever anchor (Figure 2.3(a)). This is followed 

by the deposition of a structural film, comprised of polysilicon, metal or an alloy, which 

is annealed and pattemed a second time by reactive-ion etching (RIE) (Figure 2.3(b)). 



Lastly, the wafer is immersed in aqueous HF t a  dissolve the sacrificial PSG layer and 

later rinsed and dried [19]. The resulting stnacture, as s h o w  in Figure 2.3(c), is a 

frees tanding cantilever. 

Isolation Iayer Sacrificial layer 

Substrate 

, S truc turaI layer 

structure 

Figure 2.3: Surface micromachining: (a) substrate, sacrificial layer and pattemed 

sacrificial layer; (b) pattemed structura1 layer; (CD final structure after sacrificial etching. 

HEXSIL Process 

The basic surface rnicromachining technique can be fùrther extended to create 

three-dimensional microstructures through the implementation of molds [19]. The 

HEXSIL process, shown in Figure 2.4, involves the use of deep etched patterns in the 

silicon wafer to be used as molds for deposited ff~lms. The mold is then layered with a 

sacrificial and a structural layer as depicted in Figures 2.4(b) and 2.4(c), respectively. 

The exposed surface of the structural layer may tzhen be chemically andor mechanically 



polished at this stage. Etching of the sacrificial film releases the rnicrosbxcture 

12 

from the 

mold. The extracted components may then be utilized as independent devices or as part 

of larger structures and the mold rnay be recycled in order to repeat the process. 

Figure 2.4: Outline of the HEXSIL process: (a) deep silicon mold etch; (b) sacrificial 

layer deposition; (c) structural layer deposition; (d) release and extraction. 

LIGA Process 

The LIGA process is also a layer deposition (surface micrornachining) technique 

used for the fabrication of three-dimensional micro-mechanical structures with high 

aspect ratios (heightiwidth). LIGA, a German acronym for lithography (X-ray 

lithographie), electroforming (galvanoformung), and micro-molding (abformtechnik), 

combines X-ray lithography with resist and electroplated metal layers to form the desired 

structure. This process rnay also be combined with sacrificial layers, in which case the 

process is called sacrificial LIGA or SLIGA. The basic SLIGA technique is shown in 

Figure 2.5. 



For the SLIGA fabrication method, processing begins with deposition of a 

sacrificial layer ont0 a substrate. This sacrificial layer must withstand X-ray energy and 

must be easily removed during etching. The layer is then patterned and covered 

(sputtered) by a plating base (typically titanium (Ti) or nickel (Ni)) that serves as a core 

for electroplating that occurs in latter steps. A photoresist layer (usually 

Sacri ficiai 
/ Layer 

m 
(a) Pattern sacrificial layer 

Ti or Ni Plating 

(b) Sputter Ti or Ni plating 

PMMA 
I I - /  

Radiation 

! 1 I I I / ~ a s k  

Pattern PMMA 

/ 
/ PMMA 

(e) Remove exposed PMMA 
and electroplate 

(c) Cast and anneal PMMA ( f )  Remove PMMA mold 

(g) Etch sacrificial layer thereby 
freeing bridge structure 

Figure 2.5: Basic SLIGA method. 



polymethylmethacrylate, PMMA) is applied over these layers and is cured. A patterned 

mask is then aligned with the surface of the photoresist and is exposed to X-ray photons 

[18, p. 1471; rernoval of the exposed PMMA results in a three-dimensional resist mold. 

In the Iast stages of the process, a core material (nickel or titanium) is 

eiectroplated into the exposed cavity. The PMMA is then removed along with the plating 

base in selective areas. Lastly, the sacrificial Iayer is etched to undercut freestanding 

structures. The micro-mold may then be reused to cast new metallic components. For 

the LIGA process, the steps shown in Figure 2.5 involving the additional sacrificial Iayer 

(steps a and g) would be excluded. 

Using the procedure outlined above, vertical cantilevers, coils, micro-optical 

devices, and actuators may be fabricated [18, p. 1471. LIGA, however, is not extensively 

used in North America due to the high initial investrnent cost (greater than $30 million 

US [ 16, p. 2791 for a synchrotron radiation source and approximately $15000 US for a 

single X-ray mask [l6, p. 28 11) and limited access to the technoiogy [l6, p. 3591. 

2.3.2 Bulk Micromachining 

Bulk micrornachining was first reported in the late 1960's and early 1970's; 

however, the technique was not fully recognized until the late 1970's and early 1980's 

[ 18, p. 5 11. Micro-mechanical structures fabncated using bulk micromachining concepts 

are typically constructed using either silicon crystaI or composite materials deposited or 

grown on a silicon substrate [20]. Portions of the silicon or composite material are then 

selectively removed; this is perforrned to create membranes; to undercut structures that 

are physically required to move; or to make holes, c h m e l s  or vias. For a given 



application, the removal of the silicon is achieved through the use of either liquid (wet or 

aqueous) etchants or vapour or plasma (dry) etchants. The most appropriate type of 

etching for a gïven application is detennined by several factors such as the required 

surface roughness of the f i a l  device, etchant cost and availability and the required 

geometry of device features. 

Geometries ranging fiom fully isotropic (rounded featwes) to anisotropic (flat 

surfaces and well defined, sharp angles) are attainable through employing bulk micro- 

machining methods [20]. TypicaI examples of wet etch geometries are shown Figure 2.6. 

Structural features are essentially defined by the nature of the chemical reactions, the 

diffusion of the reactants, and the shapes of the masks used to define the etched regions. 

Masking tayer 
/ 

(a) Isotropie Etch 

(b) Anisotropic Etch with 
( 100) surface orientation 

(b) Anisotropic Etch with 
( 1 1 O) surface orientation 

Figure 2.6: Exarnples of (a) isotropic and (b) anisotropic geometries possible in bulk 

micrornachining, 



Wet Etching 

Wet etching is employed mainly to clean, shape, or polish structural, 

micromachined featues. This process is also comrnonly used due to its higher degree of 

selectivity and reasonably fast etch rates in comparison with dry etching processes. 

Isotropic etchants, for instance, have been shown to demonstrate etch rates of tens of 

pdrninute; anisotropic etchants have demonstrated rates of I p d m i n  whereas dry 

etching rates for typical dry etchants are approximately O. Z p m /min [16, p. 1631. 

Isotropic Wet etching 

Isotropic etchants etch in a11 crystallographic directions at the same rate. 

EssentialIy, the etchznt moves downward and outward from the mask opening thereby 

undercutting the masked surface and both deepening and widening the etched opening. 

An example of undercutting is illustrated in Figure 2.6(a). 

In the case of aqueous chemistries, etching of silicon is achieved by using highly 

reactive acids or bases. The most cornrnon isotropic wet etch is HNA, a mixture of 

hydrofluoric acid, nitric acid @NO3), and acetic acid (CH3COOH) [20]. This mixture 

causes the oxidation of the silicon while also fonning soluble silicon compounds. 

These reactions are very cornplex, therefore a brief sirnplified explanation of the 

overall reaction process is discussed here. Ln using highly reactive acids, isotropic etching 

usually involves the injection of an oxidant into the silicon [l6, p. 1641. Nitric acid in the 

HNA mixture acts as one such oxidant creating holes in the silicon. The fioles attack the 

covalent bonds of the Si thereby oxidizing the material and resulting in the formation of 

Si" and Sit [20]. These Si fragments are subsequently attached to OH- to form Sioz. 



Following this association, the hydrated Si reacts with a complexing agent (Le. HNO) 

present in the etching solution and the result is the dissolution of the reaction products 

into soluble silicon cornpounds, 

This process is comparatively inexpensive, is moderately safe, and is adequate for 

etching structures such as membranes, grooves, and reflective surfaces. A 

comprehensive review of isotropic etchants and thsir intended applications may be found 

in Kern and Dechert [21]. 

Anisotropic Wet Etching 

Wet anisotropic etching, unlike other aqueous etching methods, involves 

preferential directional etching [la, p. 511. Anisotropic etchants, or crystal-orientation- 

dependent etchants, such as potassium hydroxide (KOH) and sodium hydroxide (NaOH), 

etch much faster in one crystallographic direction than in another. The maxima of etch 

rates, for instance, coincide with the (133) planes. Conversely, the (1 11) planes of silicon 

etch at a slower rate than other crystal planes. These planes, (1 1 l), are generally either at 

54-74' to the surface of the crystal or perpendicular to it as shown in Figure 2.6(b). 

Exploiting the orientation dependence of the etchant yields a variety of fabricated 

shapes. Truncated pyrarnids or trenches may be created by properly aligning a specified 

mask shape with a given surface orientation [18, p. 551. To obtain a tmncated pyramidal 

pit, for example, a square mask must be aligned with a (100) surface plane. If the edges 

of the mask are misaligned, concave corners and edges will be undercut [18, p. 551. 

Table 2.1 indicates the relationship between properly oriented elemental shapes, surface 

orientation and the final structure. 



Table 2. f : 

The relationship between opening, surface orientation, and structure [ 1 8, p. 551. 

- -  

Opening Surface Orientation Structure 

Square (100) Pyramidal or truncated pyramidal pit 

Rectangle (100) Rectangular pit (trench) 

Circle (100) Pyramidal pit 

Arbitrary Shape (100) Rectangular pit 

Square (1 10) Hole with vertical side walls 

Rectangle (110) Hole with vertical side walls 

As with al1 engineering processes, the selection of an appropriate anisotropic 

etchant is dictated by a number of factors. Ease of etchant handling, toxicity, IC- 

compatibility and desired stmctural surface smoothness are some o f  the factors that 

influence etchant selection. Ethylene diamine pyrocatechol-water (EDP), KOH, and 

tetrarnethyl ammonium hydroxide-water (TMAHW) have al1 been incorporated into the 

bulk micromachinhg process; however, these etchants do not satis@ certain aspects of 

the aforementioned selection criteria. EDP, for instance, has been shown to etch 

aluminum and silicon dioxide at rates of approximately 10 &min and 10 n m h  

respectively [ I  11. More iniportantly, EDP has been reported ta cause allergic respiratory 

sensitization and to be a toxic corrosive. Similarly, KOH shows poor selectivity for Si 

and Sior; is incompatible with IC fabrication methods and may cause blindness if contact 



with the eyes occurs. Lastly, TMAHW is poisonous if absorbed through the skin and 

may cause severe skin and eye imtation if not used with extreme caution. 

Vapour Phase Etching 

Dry etching may be  achieved with suitably reactive gases or vapours 1201. In 

vapour phase etching, the reactions of the etchant with the structural layer rely on the 

absorption and subsequent dissociation of fluorine-containing compounds (noble gas 

fluoride and interhalogens). 

Xenon Difluoride Etching Process 

Xenon difluoride (XeFz), is one such fluorine compound, which is used as part of 

an isotropie dry-etch process utilized by, but not exclusive to, researchers at the 

University of Alberta. XeFt is in granular crystalline form at standard room conditions; 

however, the crystals sublimate into a vapour when employed in environments of' 

pressure less than its equilibrîum vapour pressure (approximately 4.5 Torr). 

XeFz provides high selectivity far aluminum, silicon dioxide, and photoresist. 

These properties make this etchant very usefiil for CMOS post processing. At present, 

however, there is a large discrepancy arnongst available Iiterature as to the effects of 

XeF2 on the siIicon nitride Layer that covers the surface of CMOS devices. Winters and 

Cobum [22] state that silicon nitride is not etched by exposure to XeF2. whereas Williams 

and MuIIer [23] quote an etch rate of 0.012 p d m i n  for stoichiometric silicon nitride. 

Furthemore, qualitative observati~n, by researchers at the Micromachining Applications 

and Development Laboratory at the University of Alberta, of nested cantilever shctures 



has shown that these devices have larger amplitudes of vibration after having been etched 

using xenon difluoride as compared to devices released with EDP [24]. This observation 

irnplies that the silicon nitride layer is etched. 

The structures studied for this thesis were post-processed in a XeFz etch. The 

etching system utilized, shown partially in Figure 2.7, consists prirnarily of three 

chambers and cornputer-controlled flow valves between chambers. Mechanical 

components, such as a pump, a Zeolite trap (used to contain any back streaming gases or 

oil droplets from the pump), and a nitrogen gas source also comprise part of the complete 

etching system. 

Etching 

Xenon Di fluoride 
Chamber 

.- 
To Zeolite 

Trap and Pump 

Chamber Purge 

Figure 2.7: XeFz etching system (charnbers and valves) schematic. 

hitially, the device is placed in the etching chamber and the chamber lid is held in 

place under vacuum. Vacuum conditions within the system are created by pumping the 

chambers and system lines to approxirnately 50 mTorr. The system is then purged via 

nitrogen gas to clean the apparatus of any extraneous gases and water vapour. Once the 

system has been purged, the XeFz gas is allowed to expand into the expansion charnber 



for approximately 1 minute. Following this pressurization period, the gas is passed into 

the etching chamber where the etching process occurs for approximately another minute. 

The gas is then expelled from the etching chamber, and the process is repeated for 

another three sequences of these steps, collectively termed as etch pulses- 

After having undergone four complete etch pulses, the etching system is  re- 

purged and the etching reinitiated. During the course of the etching process, the progress 

of the release of the structures fiom the substrate is monitored visually via the use of a 

microscope. Once fuliy freed from the substrate, the etch pulses are terminated, the 

device is removed, and the system is again sealed and purnped down. 

Plasma Etching 

Lastly, in plasma etching or reactive ion etching (RIE), external energy in the 

form of radio fiequency power drives chemica! reactions [20]. The kinetic energy of 

stray electrons is increased to levels at which the electrons can break bonds in the 

reactant gases, forming ions that are later neutralized. A variety of chlorofluorocarbon 

gases are produced as bi-products of the reaction; however, these gases are utilized 

during the process in parallel with the etching to f o m  polyrners on sidewalls so as to 

inhibit IateraI silicon etching. A full range of isotropic through anisotropic etches are 

available using these methods. A unique feature of these etches is the ability to control 

the degree of anisotropy during the etch process via the plasma chemistry; therefore, the 

undercutting of ftagile mechanisms is an appropriate task for dry-etching methods. 



2.3.3 CMOS Micromachining 

CMOS micromachining was Fust publicly disclosed as a viable method to 

manufacture MEMS devices by researchers from the University of Alberta in 1988 [25]- 

[26]. Since then, structures such as mechanical gas pressure sensors [ I l ]  and cantilever 

microresonators [27] have been developed and extensively tested at the Micromachining 

Applications and Development Laboratory at the University of Alberta. A simplified 

version of the CMOS process used to create such structures is presented in the following 

section. This process is discussed through introducing the steps required to fabricate a 

simple cantilever device shown in Figure 2.8. The device is comprised of a futed-end 

beam, complete with a metal current path about the perimeter of the structure and a 

polysilicon piezoresistive element at the base of the beam. The structure lies upon the 

surface of the substrate on which it is created and is released by one of the post- 

processing etches described earlier in this chapter. A detailed discussion of the CMOS 

process as used for IC design c m  be found in [28]. 

CMOS processing is initiated by the fabrication of defect-fiee, crystalline (single 

crystal) wafers or substrates. Wafers are produced fiom rods or ingots of single- 

crystalline silicon that are pulled from molten, impurity-free (less than 1 part-per-bilIion 

impurity levels [29, p. 221) silicon, which are then cut into disks approxirnately 1 mm in 

thickness. The resulting wafers are then polished to remove darnage sustained during 

cutting and fine polished with SiOî (silicon dioxide) particles in an aqueous NaOH 

solution. Once the wafers have been fabricated, a thin layer of Si02 is grown ont0 the 

surface of the substrate. This Iayer serves to protect the surface of the device to be 

processed and to prepare the substrate for the extensive lithography process that follows. 



Wafer Surface 

Figure 2.8: Illustrative example of a simple CMOS fabricated micro-cantilever. 

The first step in the lithography process involves the definition of active regions. 

In MEMS designs, these regions represent the void areas that separate the outline of 

structures from the rest of the surface of the device. In Figure 2.8, for instance, the grey, 

shaded region surrounding the structure illustrates the active region for the simple 

cantilever device. To define these regions, silicon nitride (Si3N4) is deposited ont0 the 

surface of the wafer via chemical-vapour-deposition (CVD), followed by the application 

of a positive photo-resist. A mask containing the desired image of the active regions is 

then aligned with the surface of the wafer and exposed to ultraviolet 0 radiation. In 

using a positive photo-resist, regions that are covered by opaque sections of the mask will 

remain intact, whereas transparently masked regions will soften and subsequently be 

removed by phosphoric acid. The remaining silicon nitride acts as a mask to protect 

active regions fiom a thick oxide layer that is grown in the next step. SiOz that is not 



protected by the silicon nitride is also removed with a hydrofluonc acid etch. The 

resulting layer configuration is shown in Figure 2.9. 

Silicon Dioxide Silicon Nitride 
-/ /' , 

Figure 2.9: CMOS micromachining process. (a) Simple CMOS-fabncated cantilever 

device indicating cross-section A-A. (b) Cross section A-A following silicon nitride 

and silicon dioxide patteming and etches. 

Next, a thick layer of field oxide (Sioz) is grown. This layer may be grown using 

one of two methods. The first method, known as a wet process, entails introducing water 

vapour over the surface of the device at a moderately high temperature. The water is 

absorbed into the silicon and reacts as 

The second of the two processes involves introducing oxygen over the surface of the 

wafer in order to catalyze the following reaction: 



Both processes occur at high temperatures of approximately 800 - 1200°C, therefore the 

resulting oxide is often termed as a thermal oxide. The silicon nitride layer is then 

removed using hot phosphoric acid and the silicon dioxide previously protected by the 

silicon nitride is removed via a hydrofluoric etch. This layer growth and subsequent 

removal of superfluous layers are illustrated in Figures 2.10(a) and (b) respectively. 

Silicon Nitride Field Oxide Field Oside x ] 
(a) (b) 

Figure 2.10: Cross section A-A following: (a) growth of field oxide and (b) removal of 

silicon nitride and silicon dioxide layers. 

Polysilicon matenal is then deposited onto the entire surface via CVD. The 

polysilicon is then patterned in a similar manner to that used for the active region 

definition. The cross-sectional view of the device at this stage is illustrated in Figure 

2.1 1(a). In the given exarnple, the pattemed polysilicon will serve as a piezoresistive- 

sensing device for the monitoring of cantilever deflection. This concept, of piezoelectric 

sensors, will be discussed in Chapters 3 and 4. The wafer is then covered anew, as shown 

in Figure 2.1 l(b), with a protective silicon dioxide layer that is approximately 0.25 - 0.5 

Fm thick and contact regions are patterned. 

Meta1 1, which in the exanlple serves as a curent path, is then deposited onto the 

device, patterned, and then etched. Historically, aluminum has served as the principle 



Polysilicon 
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Figure 2.1 1 : Cross section A-A following: (a) deposition and patterning of polysilicon 

and (b) deposition of protective silicon dioxide layer. 

deposited metal; however, other metals such as tungsten have also been incorporated into 

the process. The rnetal layer is then protected and isolated from additional metal layers 

by the addition of another CVD SiOz layer. At this stage of the process, vias, akin to 

contacts, are opened, as shown in Figure 2.12(a). Additional metal layers, rnay also be 

added at this point in the process. In the simple cantilever device, used to illustrate the 

CMOS process, an additional metal layer is deposited on to the centra1 portion of 

cantilever, as shown in Figure 2.12(b) so as to serve as a mirror. This mirror is often 

used in optical measurement techniques to detemine device deflection. 

Metal 2 Passivation 

Figure 2.12: Cross section A-A following: (a) current path definition 

and (b) via patterning. 



M e r  the last metal layer is deposited, a thin, protective passivation layer is 

deposited over the entire device. This layer typically consists of Si02; however, an 

additional layer of Si& is often also deposited to protect the device fkom moisture. The 

final layer configuration is depicted in Figure 2.12(b). 

An example of a CMOS-processed structure is shown in Figure 2.13. This figure 

illustrates a magnetically actuated nested cantiIever, or cantilever-in-cantilever (CIC), 

device. This device has been employed as a pressure sensor [l 11, a magnetic field sensor 

[30], and a thin film deposition rnonitor [3 11. 

Figure 2.13: Microphotograph of a nested cantilever device. 

Essentially, new advances in micromachining, such as LIGA and HEXSIL, and 

innovative impIementation of known technologies, such as the CMOS IC-fabrication 

process, are allowing for the continuous refinement of MEMS devices. Present 

technologies, however, must be M e r  advanced in order to create a multitude of novel 



microe1ectromechanical systems that are perhaps not feasible with the processes now 

available to industry and research communities. 



Chapter 3 

MICRO-CANTILEVER DESIGN AND MODELING 

3.1 Introduction 

Actuators are employed in order to perform specific tasks on surrounding 

environrnents in response to a driving input or signal. Microbridges, diaphragms, 

rotational shells, and cantilever beams are cornrnon structures used as actuators in a 

variety of MEMS devices [32, pp. 12-18]. At the micro-Ievel, these devices do not 

aiways function comparably with their macro-scale counterparts. Gravitational effects, 

for instance, are considered to be negligible on micron-sized devices and surface tension 

effects become very significant [Io,  p. 4061. Due to these factors, it is desirable, and 

often necessary, for the behaviour of a MEMS device to be fuily characterized. For the 

devices presented ir, this thesis, it is of particular importance to characterize the 

behaviour of the micro-cantilevers in a variety of media. Mechanical behaviour of the 

cantilevers is greatly affected by the medium in which the devices are immersed, thereby 

affecting the ability of the microelectromechanical systern to transport or modie fluid 

flow. 

in this chapter, a description of the design and method of actuation of the micro- 

cantilever devices is presented. Theoretical discussion concerning the static and dynamic 

characterizations of the devices is also presented, as is an overview of the theory 

involving the response of piezoresistive elements and a derived relationship of response 

to device deflection. Lastly, an introduction to the Finite Element Analysis technique 

empIoyed to simulate device response is given. 



3.2 Device Fabrication and Mode of Actuation 

3.2.1 Device Fabrication and Post Processing 

The micro-cantilever devices investigated for this thesis are comprised of simple 

platforms suspended within a channel via a folded support arm configuration, as shown in 

Figures 3.l(a) and (b). The support arms, which are 20 pm in width for al1 devices, were 

included in the device design so as to allow for greater deflection of the platform free-end 

in and out of the plane of the device surface. Three devices of similar geometry, but 

differing dimensions were designed and fabricated. These devices are suspended in 

series within a channe1 and are arranged fiom the srnallest to the largest structure. Figure 

3.l(a) shows the medium-size cantilever, which is flanked on the top and bottom of the 

photograph by the smaller and larger cantilevers (which are not shown), respectively. 

FoIded Support Arms 
\ 

ChanneI 
(Opening) 

Platform 

Fixed to 
Channel 

Figure 3.1 : (a) Photograph of an unetched medium micro-cantilever device; 

(b) Schematic plan view of a micro-cantilever device. 



The overall geometry of the devices is shown in Figure 3. l (b) and the dimensions of the 

devices, associated with the parameters - a, b, c, d, e - shown in this figure, are 

surnrnarized in Table 3.1. 

Table 3.1: Dimensions of cantilever devices. 

Device Dimensions [pl as Indicated in Figure 3.1 

Cantilever a b c d e 

Small 200.0 90.0 65 .O 430.0 180.0 

Medium 295.0 140.0 158.5 557.5 275.0 

Large 380.0 140.0 158.5 657.5 360.0 

The geornetries and various stmctural (layer) features identified for the 

manufacture of the devices were created using CADENCE, a computer-aided drafiing 

package supplied by the Canadian Microelectronics Corporation (CMC). Following the 

design layout, the devices were fabricated through the CMC using the Mite1 Corporation 

1.5 pm CMOS fabrication process. This process, similar to the CMOS process outlined 

in the previous chapter, can resolve features as small as 1.5 pm (hence the process title). 

Due to this method of fabrication, the micro-cantilevers are layered, composite 

structures involving a stacking of materials. Schematic (not to scale) cross sectional 

views A-A, taken across the width of the platform, and B-B, taken across the base of the 

support arrns (as illustrated in Figure 3.l(b)), are shown in Figure 3.2; the material 

properties of the cantilever structural layers are surnrnarized in Table 3.2. Additional 

layers are present in cross section B-B due to the presence of polysilicon piezoresistive 



Silicon nitride 

Silicon dioxide 

Figure 3.2: Schematic (not to the sarne scale) cross sections (a) of the micro-cantilever 

platform (section A-A) and (b) one of the two support arms in section B-B. 

Table 3.2: List of constitutive layer thickness and material properties. 

Thickness Young's Modulus Poisson's Density 
Layer 

[Pd P a l  Ratio [kg/m3] 

Silicon nitride 0.5 380 0.24" 3 100 

Silicon dioxide 0.5 75 O. 17 2200 

Aluminum (Metal2) 0.8 70 0.33* 2700* 

Silicon dioxide 1.6 75 O. 17 2200 

Polysilicon (Poly 1 ) 0.3 150 0.23 2320 

Silicon dioxide 1 .O 75 O. 17 2200 

NOTE: VaZues for the thickness o f  the Zayers were ascertained j%rn irzformaiion 

pertaining to the Mitel 1.5 ,un CMOS fabrication process. In this process. the alurninum 

and polysilicon layers present in the micro-cantilevers are termed Metal2 and Polyl, 



respectively. Material properties were obtained from reference [33]; properties marked 

with an asterisk denote bzdk material values whereas the remainder of the values pertain 

to thin films. 

elernents at the base of the arms. These sensors, s h o w  in Figure 3.3, were incorporated 

into the devices, so as to allow for the deterrnination of cantilever deflection. The use of 

piezoresistive sensors in MEMS devices will be discussed later in this chapter. 

Figure 3.3: Polysilicon piezoresistive elements ernbedded into the base 

of the support arms of the device. 

Of the structural layers, hvo are of particular interest to the overall function of the 

devices - the silicon nitride and aluminum layers. As previously stated in Chapter 2, it is 

the uppermost layer, the silicon nitride, which may be partially or wholly etched by XeF2. 

This layer has a modulus of elasticity that is approximately five times that of the 

aluminum and silicon dioxide, therefore the subsequent exclusion or inclusion of this 

layer into device models will greatly affect the results. For the dynamic response, for 

instance, inclusion of the silicon nitride (or passivation) layer will result in lesser tip 



deflections and a higher resonant frequency than a mode1 of similar geometry in which 

the passivation layer is excluded. 

The second layer that is of particular interest is the aluminum layer. This layer, as 

shown in Figure 3.2(a), is comprised of an aluminum mirror in the center of the 

structures, and a 10 pm-wide current path around the edges of the devices, which is 

essential in the magnetic actuation of the devices. A nominal gap of 5 pm separates the 

edges of structure £tom the trace; this gap is required in order to conform to specific 

design rules that are followed during manufacture of the CMOS devices. If the gap 

separating the alurninum kom the device edges is less than the specified minimum, the 

aluminum may be etched during fabrication, thereby destroying the current path. 

Following receipt of the devices fiom CMC, the devices were packaged, bonded 

and etched in XeF2. Release of the structures required approximately 28 etch pulses 

resulting in near-complete undercutting the Si substrate that supports the cantilever 

devices. This undercutting served to increase the fragility of the devices and led to 

cracking and breakage of bonding pads if the devices were not handled with extreme 

care. 

Following etching, residual deflections of approximately 300, 450, and 750 pm 

were determined for the small, medium, and Iarge cantilevers respectively. Residual 

deflections, as illustrated in Figure 3.4, are a result of an intrinsic stress gradient, which is 

due to the various thermal cycles undergone by the structural layers during layer 

deposition. As related in Chapter 2, the layers utilized to form the micro-cantilevers are 

deposited at diffenng rates and temperatures. As the films are grown and the fabricated 

structures are subsequently cooled, certain films comprising the structure may shrink 



more than others; differing thermal expansion coefficients for the various materials used 

during the fabrication process result in the shrinkage of layers. The stress that results 

frorn the deposition methods used during CMOS micromachining rnay result in thin films 

that are either in tensile or compressive stress, which in turn will warp the released 

structures and affect the dynarnic response of the cantilevers. 

Figure 3.4: Deflection due to residual stress of a CMOS-fabricated micro-cantilever 

device folowing XeF2 post-processing. 

3.2.2 Mode of Actuation 

Actuation of the devices is achieved via Lorentz forces, as illustrated in Figure 

3.5. In this figure, the symbol Io denotes the actuation current, Zi indicates the length of 

a straight alurninum trace over which the magnetic force acts and represents the 

imposed, extemal magnetic field. A Lorentz force, given by 



arises from the interaction between the current and the magnetic field, thereby causing 

the deflection of the micro-cantilever. In Equation (3.2.1), the subscmpt i denotes the 

current path (either in a support a m  or at the end of the platform) on which the Lorentz 

force, f ; ,  is produced, and n represents the total nurnber of current paths on which 

Lorentz forces are produced. Direct and alternating currents will cause the devices to 

deflect statically and dynamically respectively. 

Aluminum 

Y 

Mirror 

Figure 3.5: Magnetic actuation principle for micro-cantilever structures. 

3.3 Device Modeling and Simulation 

3.3.1 Static Deflection Modeling 

The static behaviour of beams under concentrated point loads is a cIassica1 

problem in structural mechanics. Research conducted at the University of Alberta on 

similar CMOS-fabricated structures has shown that due to the materials used in the 

manufacture of the devices, static deflections are small and therefore the edevice may be 



characterized using srnall deflection beam theory [34]. 

Small deflection theory assumes that the vertical displacement, 8, of the fiee end 

of a cantilever beam is srnall in comparison to the length, L of the bearn, or 6 / L  « 1. 

For the simple, homogeneous cantilever beam shown in Figures 3.6(a), subjected to a 

single point load, the deflection, 6, and rotation, B ,  of the free end are given by 

respectively, where P is the concentrated point load, L is the length of the bearn, E is 

Young's modulus of the material cornprising the beam and I is the moment of inertia of 

the cross-section of the beam. Similarly, for a beam subject to a moment, M , at the free 

end, such as that illustrated in Figure 3.6(b), the deflection and rotation of the fiee end are 

given by 

For a structure that is composed of a number of cantilever beam segments, these 

equations must be utilized in conjunction with the superposition pnnciple in order to 

determine the maximum tip deflection of the structure. The superposition principle 



Figure 3.6: Static end deflection and rotation of a homogeneous cantilever beam under 

the influence of (a) a concentrated point load and (b) a moment. 

discretizes the structure into its constitutive homogeneous members and performs simple 

bearn analysis on these segrnented portions. For the micro-cantilevers studied, for 

exarnple, it is necessary to first divide the beam into three sections, as shown in Figure 

3.7. 

Initially, the beam is considered to be rigid at support A, as illustrated in Figure 

3.7 (i) and the deflection at the fiee end (point B) is calculated. Sections BC and CD are 

then treated as individual cantilevers, as shown in Figure 3.7 (ii) and (iii), and the end 

deflections and rotations are calculated using the aforementioned equations. 

The total end deflection of the beam is then given by 

where the quantities 4, 4, 4, BB and 0, are illustrated in Figure 3.8, and calculated 

using equations (3.3.1) through (3.3 -4). Equation (3 -3.5) does not take into account 

torsion acting on the members perpendicular to Sections AE3 and BC. The rotations due 



to torsion of these rnembers were calculated to be approximately 10" rads for a current of 

30 mA and magnetic filed of 750 Gauss, and are therefore considered to be negligible. 

Figure 3.7: Discretized micro-cantilever utilized with superposition principle. 

Figure 3.8: Schernatic of the total deflection of a micro-cantilever device. 

The moments of inertia for the individual beam segments shown in Figure 3.7 are 

calculated using the equivalent cross-section method. This method involves the 

conversion of the composite, layered rectangular cross sections into homogeneous T- 



shaped cross sections. A detailed discussion of this method is contained in reference 

[IO]. Using this method, the moments of inertia for sections AB and BC (for al1 three 

sizes of micro-cantilever) with and without the upperrnost nitride layer, were calculated 

to be approximately 293.16 and 123.48 j~m" respectively. For section CD, the 

moments of inertia were obtained to be approximately 4528, 6918, and 9056 for the 

small, medium and Iarge cantilevers with the inclusion of the nitride layer respectively, 

and approximately 1850, 2826, and 3700 pn'' respectively, when the nitide layer is 

excluded from the surface of the structures. 

3.3.2 Dynamic Response Modeling 

Many engineering problems require, at minimum, a rudimentary understanding of 

the rnechanical dynamics or vibrations of structures. One such problem is centered on 

the determination of the deformltior;, w ,  of plates subject to tirne-dependent, transverse 

surface loads. The partial differential equation governing the forced vibration of plates is 

expressed by the cIassical equation [35, p. 1581 

D V ' W + ~ ~ W + C I +  = F ( ~ , y , r )  

Assuming the plate is subject to the homogeneous boundary conditions 

IV = O on the bounded region 



and the initiai conditions 

wherep is the mass/surface area of the structure, h is the plate thickness, c is the 

darnping/surface area terni, D is the flexural rigidity of the plate, and F is the applied 

load/surface area, the solution of Equation (3.3.6) can be characterized by the 

eigenfunction expansion [35, p. 1581 

where w"' are the mode shapes that satisQ the boundary condition and q , (~)are  

functions to be determined. Essentially, this problern can only be solved through 

implementation of numerical methods; therefore, as an approximation to this complex 

problem we assume the motion of the harrnonically excited micro-cantilever structures to 

follow that of a fundamental single degree-of-freedom system. 

A mechanical system is considered to have one degree-of-freedom if the motion 

of the system can be fully expressed by a single value, such as vertical displacement 

alone, for any given time instance [36]. For a cantilever, the behaviour or motion of the 

structure may be related by the out-of-plane displacernent of the fiee end; therefore, 

describing a micro-cantilever as a single degree-of-freedom system appears to be a sound 

initial assurnption. 



The motion of a fundamental, single degree-of-fieedom system, as shown in 

Figure 3.9, is related by the differential equation 

with initial conditions 

where m is the mass of the system, c is the coefficient of damping, k is the stiffness of 

the structure, and Po sin is the extemal, alternating force acting on the system. The 

four terms in Equation (3.3.10) correspond to the inertia, damping, spring, and external 

forces respectively acting on the rnass. 

Figure 3.9: Schematic representation of a fundamental single degree-of-fieedom system 

subject to forced vibrations with viscous damping. 

The complete solution of Equation (3.3.10) consists of the sum of the 

homogeneous and particular solutions, both of which have been extensively denved in 

the theory of mechanical vibrations [36]. Following a sufficient time penod and the 



subsequent passing of the transient response, the solution to Equation (3.3.10) is given by 

where 

and 

The above expressions for the amplitude, w,,  and the phase angle, p, are in 

tems of hvo dimensionless parameters: &/O, , the frequency ratio, and 5 ,  the damping 

ratio. The first parameter includes the natural fiequency, a,, which is given as 

This quantity represents the fiequency at which the structure will resonate if damping is 

negligible. In general, k is unkl~own; however, this quantity may be approximated by 

Hooke's Law, which States that the structural stiffhess is the ratio of the applied load, F , 

to the resultant static deflection, 6, or 

Similarly, the damping ratio, c, given by the equation 



is also an unknown, that depends on the environment or fluid in which the devices are 

actuated. For srnall values of darnping, this quantity may be determined through a 

technique referred to as the bandwidth method, which utilizes the following equation: 

h this equation, f ,  and f2 are frequencies that bracket f,, , the frequency at which the 

largest amplitude of vibration occurs, and correspond to amplitude values 0.707 t h e s  

that of the maximum amplitude. f, and f,, are also referred to as the half-powe: points 

of the response curve. The damping ratio is calculabIe onIy after experimental results 

have been obtained. 

3.3.3 Piezoresistive Polysilicon Physical Sensors 

Sensors enable MEMS designers and researchers to acquire information regarding 

device behaviour and interactions with surrounding environrnents. In general, sensors 

may be divided into two categories: chernical sensors - which are utilized to identifi and 

classi@ gases and chemicals; and physical sensors - employed to quanti@ parameters 

such as displacement, velocity and acceleration. The latter class of sensors can be further 

divided into electrical, magnetic and optical sensing subcategories [32, p.2231. 



Of these three sensor s~bcategorïes, a fonn of the electrical sensing method was 

incorporated into the devices investigated for this thesis work. One example of electncal 

sensing involves integration of piezoresistive material into the microstructure. The 

resistivity of the piezoresistive matenal is a b c t i o n  of the interna1 stress acting on the 

sensor (induced by deflection, for example) and can therefore be used to obtain 

information to characterize the motion of structures when actuated. 

This piezoresistive effect was first docurnented for germanium and silicon by 

researchers at the Bell Telephone Laboratories in 1953 [37], and is presently employed as 

the primary sensing means in several MEMS devices [3 81-[3 91. For the micro-cantilever 

devices studied in this thesis, polysilicon material was positioned at the base of the 

support anns.  By passing a small current through the polysilicon and measuring the 

resulting voltage (during actuation of the structures), the change in resistivity of the 

matenal can be deterrnined. This change in resistivity is Sien related to the motion of the 

actuated cantilevers. 

For this thesis, the static tip deflection and amplitude of vibration of the micro- 

cantilevers will be related to the output of the polysilicon piezoresistive elernents. These 

denvations, presented in this section, will serve as precursors to developing expressions 

that will couple the effect of cantilever motion (determined fiom piezoresistive response) 

on the production or modification of fiuid flow. These latter expressions dealing with the 

fluid aspect will be left to future work. 

The change in resistivity of a piezoresistive material due to an externally applied 

stress is given by 



-- 'fi - nqxj 
P o  

where &pi denotes the change in resistivity, p, is the scalar resistivity, II, is the 

piezoresistivity of the material, and X,. is the mechanical stress acting on the sensing 

element [40]. Conversely, Equation (3.3.18) may also be expressed in tems of the strain, 

E,-, based on strains defined by the strain-displacernent relation fiom srnall displacement 

theory, as 

where GF, represents the dimensionless elastoresistance of the piezorcsistive material 

[37]. GFy is then related to the piezoresistivity via an elastic stifhess tensor, cy by 

The intemal syrnmetry of the piezoresistivity tensor and the structural properties of 

polysilicon are such that the piezoresistivity tensor can be fully defined by two 

coefficients, n,, and Il,?, the longitudinal and transverse piezoresistive coefficients 

respectively. Furthemore. due to actuation of the device out of the plane of the micro- 

cantilever surface, transverse stress on the structure will be approximately zero; therefore 

substitution of Equations (3.3.19) and (3 -3.20) into (3 -3.18) and applying the reductions 



of the piezoresistivity tensor, yields 

where AV is the change in v ~ l t a g e  of the piezoresistive elements due to deformation, G F  

is a quantity known as the gage factor and Io is the constant dnvîng current passed 

through the piezoresistors. 

The gage factor, GF, for polysilicon and other piezoresistive materials has been 

shown to be dependent on bo-th the doping concentration and amealing used to fabricate 

the sensor [41]. Typical values for LPCVD-deposited polysilicon range from 5 - 25; 

however, for the Mite1 1.5 p m  CMOS process a gage factor of 25 has been reported [42]. 

The surface strain along a beam is given by 

where t is thickness of the beam and r is the radius of curvature of the beam. The 

Bernoulli-Euler Law States that 



where M is the bending moment, and E and 1 are the Young's modulus and the moment 

of inertia of the bearn, respectively. As shown in Figure 3.10, F, L, and x denote the 

externally applied force, the length of the structure, and the rnidpoint of the length of the 

piezoresistors, respectively. Therefore, direct substitution of Equations (3 -3.23) and 

(3 -3 -24) into Equation (3 .3.22), and manipulation of the resultant equation gives 

iezoresistive element 

Figure 3.10: Schematic relating physical quantities related in Equation (3.3.25). 

For the case of a static loading, substituting Hooke's Iaw (Equation (3.3.15)) into 

Equation (3.3.25) and subsequent rearrangement of the resulting equation yields, 



where S is the deflection of the tips of the piezoresistors. Similarly, for dynamic loading 

of the micro-cantilever devices, substitution of Equation (3 -3.12) into Equation (3 -3 -25) 

results in the following: 

2A VEI 

where y, represents the amplitude of vibration of the micro-cantilever. 

Zt is anticipated that Equations (3.3.26) and (3.3.27) can be utiIized to determine 

the tip deflections, both static and dynamic, respectively, of the micro-cantilever 

structures from the response of the piezoresistive elements. In knowing the relationship 

between piezoresistive response and amplitude of vibration, Equation (3.3.27) may be 

expounded upon to illustrate a relationship between piezoresistive response and fluid 

flow. The results kom Equations (3.3.26) and (3.3.27) will be compared with both FEM 

rnodels and experimental results in Chapter 5. 

3.3.4 Finite Element Simulation 

Many problems in engineering are often extremely complex and can therefore not 

readily be solved using conventional analytical methods. With the advent of high-speed 

computers, however, the emphasis in engineering analysis was, and continues to be, 

shified from analytical analyses to numencal, finite element analyses. Finite element 

analysis (FEA), or the finite element method (FEM), was originally pioneered in the area 



of structural analysis and was later introduced into the aerospace industry in the 1950's 

and 60's [43]. Today, FEA is widely used throughout most areas of engineering and is 

utilized to solve structural, thermal, fluid, and coupled-field analyses. 

FEA involves the discretization of a physical system, such as a solid or fluid, into 

subsections or elements. Through the application of loads and constraints to the system, 

algebraic equations are derived that relate the behaviour of each element to its 

surrounding elements. The resulting set of simdtaneous equations is then solved to 

determine the overall behaviour of the modeled system. In general, FEA involves three 

distinct steps: 

creating the model, 

applying loads and obtaining the solution, and 

reviewing the results. 

In the first step, the mode1 geometry is input, the elernent types and constants 

(such as thickness, material direction angles, and material properties of the composite 

Iayers) are defined, and the resulting mode1 is sectioned or meshed. For the devices 

modeled in this work, the commercial FEA software package ANSYS@ Version 5.3 was 

utilized. From this package, element type SOLID46 was incorporated to model the 

micro-cantilever structures. This element, shown in Figure 3.11, is a three-dimensional, 

layered, 8-noded structural solid designed to model layered shells or solids. A detailed 

discussion of SOLID46 is contained in the ANSYS EIements Reference ManuaI [44]. 

For the bulk of the cantilever structures, including the platform and a portion of the 

support arms, a four-layered element was generated, whereas for areas of the structures 

containing piezoresistive elements, such as at the base of the support anns, a six-layered 



configuration of the same element type was created. The thickness of the uppermost 

(silicon nitride) layer of these elements was varied fiom 0, 50, and 100% of the 

manufacturer's specified thickness of 0.5 Pm. Cross-sections of both element 

configurations are shown in Figure 3.12. 

Element Edge 

Figure 3.1 1 : Schernatic of the Three-Dimensional structural solid SOLiD46. 

Essentially, in using the four-layered element, the assumption is made that the 

constituent Iayers of the platfonn and support arms are uniform throughout the width and 

breadth of the cantilever; however, as was shown in Figure 3.3 the aluminum layer is 

non-uniformly distributed throughout the cantilever structures. Enveloping both the 

aluminurn mirror and trace is silicon dioxide, which has comparable material properties 

to those of aluminum (Table 3.2); therefore use of element layer configurations such as 

those shown in Figure 3.12 is thought to be valid. 

Following the definition of the system geometry and the element parameters, the 

system is discretized or meshed. For the micro-cantilever modek created, the meshes 

were comprised of hexahedral (brick) volume elements and the number of elements along 

structural edges was explicitly (manually) inputted. Along the widths and lengths of the 

support m s  and platform, for instance, the nurnber of element divisions was specified 



by the program user. Initial rneshes were crude, as the number of element divisions along 

an edge was srnall. The meshes were subsequently refined in areas where large arnounts 

of bending or translation were anticipated to occur, such as in the region of the folded 

support arms. Mesh refinement is required in order to determine whether the results for a 

solution have converged. 

Silicon nitride 
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Figure 3.12: Schematic of the cross section of the two layered element configurations 

used in the micro-cantilever simulation: (a) four layered and (b) six Iayered elements. 

Convergence of results is achieved when fudier refinement of the mesh no longer 

produces appreciable changes in output. In general, coarse meshes will produce values 

that greatly differ fkom analytical output. A coarsely meshed fixed-end cantilever bearn, 

for instance, subject to a point load at the fiee end may produce output that varies 

appreciably from the output predicted by theory (Equation 3.3.1). Mesh refinement is 

conducted particularly in regions where large stress or strain gradients are expected. For 



the special case of a homogeneous cantilever, for instance, subjected to a point load at the 

fiee end, A N S Y S  results following frnal mesh refinement agree well with analytical 

results. 

The next step in conducting the finite element analysis involves the definition and 

application of loads onto the rnodel. The analysis type (static, modal, or harmonic, for 

example) to be conducted is chosen based on the loading conditions and the response that 

is to be calculated. The accompanying loads for static, hannonic, or modal analyses may 

be defined as constraints, forces, surface loads, body loads, inertia loads, and coupled- 

field loads. For the micro-cantilever rnodels generated, only constraints and forces were 

applied. The models were constrained at the support andmicro-channel interface, and 

the Lorentz forces were applied along the location of the centerline of the aluniinum 

trace. A complete ANSYS rnodel, meshed, constrained and with applied loads, of the 

srnall micro-cantilever device is shown in Figure 3.13. 

For the purpose of this work, both static and dynamic analyses were conducted. 

A sample cornrnand file created to compile data concerning these analyses is contained in 

the Appendix. The static analysis of the structures was conducted by applying currents 

varying from 1 to 40 rnA and cornputing the corresponding Lorentz forces; harmonic 

analysis was performed by speciQing a value for the Lorentz force and the fiequency 

range over which to determine the response of the device. 

Following the analysis definition stage, complete models are solved for static, 

modal or harmonic output and the output carefully reviewed to determine the validity of 

the results. At this phase of analysis, results are also checked for convergence. 



Figure 3.13: A N S Y S  model of a small cantilever device under the influence of simulated 

Lorentz forces. 



Chapter 4 

EXPERIRlENTAL DESIGN AND RESULTS 

4.1 Introduction 

Experimental results were obtained for the static deflections in air, and the 

dynamic behaviour, in fluid media, of the micro-cantilever devices. Air, distilled water, 

and isopropyl alcohol (PA) were employed as individual test fluids in order to determine 

the effects of fluid viscosity on the ability of the structures to resonate. These fluids were 

utilized due to availability and non-toxicity. This chapter outlines the experimental 

methods utilized to obtain the required data as well as the results obtained from 

implementing these methods. 

4.2 Experimental Setup 

4.2.1 Static and Dynamic Response Experimental Method 

The experimental layouts utilized for the determination of bo  th the static and 

dynamic responses of the micro-cantilevers in various media are shown in Figures 4.1, 

4.2 and 4.3. Initial preparation of the devices prior to experimentation involved the 

packaging and bonding of a single CMOS-fabricated die ont0 a 40 pin Dual Inline 

Package (DIP). Norland Optical No. 8 1 UV-curable adhesive was then deposited (in 

sufficient quantity to fuHy cover the bonding wires) into the space between the micro- 

cantilevers and package walls. This polymer darnlwell was constmcted to isolate and 

protect the electrical connections on both the die and the package from the test fluids, as 



Conditioning 
.cuitry Box 

Current Supply to 
Piezoresistors 

Figure 4.1: Experimental layout of device and permanent magnet. 
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Figure 4.2: Expenmental layout for determination of static response of micro-cantilever 

devices. 
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Figure 4.3 : Experimental layout for determination of dynamic response of micro- 

cantilever devices. 

well as to contain the test fluids within the vicinity of the cantilever array. 

An assembly diagram and a cross-section of the fully prepared test device are 

shown in Figures 4.4(a) and (b), respectively. Of the fluids tested, the distilled water and 

P A  are prone to rapid evaporation, therefore an acrylic tube, approximately 3.5 mm in 

diameter and 2 mm in height, was positioned over the die. The tube was filled with the 

test fluid using a syringe equipped with a 250 pm inner diarneter syringe needle, and the 

mouth of the tube capped with a 0.2 mm thick microscope cover glass. 

Following etching using XeF2, as described in Chapter 2, the above configuration 

was positioned ont0 a circuit board. A horseshoe magnet mounted above the surface of 

the breadboard, as shown in Figure 4.1, provided an external magnetic field of 

approximately 750 Gauss. The magnitude of the magnetic field was measured using a 

RFL Inc. mode1 1890 gaussmeter. The position of the magnet with respect to the 

packaged device was carefully noted over the course of experimentation, so as to achieve 



relatively sirnilar magnetic fields in the vicinity of the micro-cantilevers during the course 

of testing in different fluids. 
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Figure 4.4: (a) Assembly diagram and (b) illustration of the cross section A-A of fully 

pre-experimentation prepared die. 

The experimental setup employed for the static testing of the micro-cantilever 

devices is s h o w  in Figure 4.2. The actuation current required to produce a Lorentz force 

was supplied by a Keithley Instruments 225 current source; data was acquired manually 

for currents ranging from I to 30 mA for the experimental layout both with and without 

the external static magnetic field. 

For dynamic testing, a Hewlett Packard 33 120A waveform generator and Hewlett 

Packard 34401A digital multimeter were used to create sinusoidal input signals and to 

monitor the response of the piezoresistors, respectively. This experimental setup is 

s h o w  in Figure 4.3. To facilitate data collection, a cornputer-based data acquisition 



system, which had been previously devised in the Micromachining Applications and 

Development Laboratory, was utilized [ll]. The data acquisition system consisted 

primarily of a middle-language source code created so as to control and allow user 

interface with the signal generator and digital multimeter. The design principles and 

examples of the source code are provided in reference [Il]. A resistance of 270 S2 was 

placed in series with the devices, so as to compensate for heating of the current path in 

the cantilever structures, which in tum affects the resistance of the trace and produces a 

decrease in the actuation current. By incorporating the 270 R resistor in series, the 

actuation current will remain relatively constant throughout experimentation. 

Through use of the data acquisition system, the system user specified the starting 

and ending fiequencies for actuation of the devices, as well as the desired frequency step 

size within the specified range. At each frequency step, 10 data readings of the digital 

muhimeter output were taken by the data acquisition system and then averaged in order 

to reduce noise in the measurement of piezoresistive response of the cantilevers. 

The signal conditioning circuitry used throughout the course of both the static and 

dynamic response characterization had also been previously employed for other research 

efforts at the University of Alberta [Il] ,  [27]. A constant DC current of 500 pA was 

supplied to the piezoresistive erements in series by the implementation of a Wilson 

current rnirror; this device alIows for the provision of constant current to the 

piezoresistive elements independent of the resistive load on the elements. 

4.2.2 Opticai Detection Measurements 

The deflections, both static and dynamic, of the cantilever ptatforms were also 



determined by implementing an optical method of deflection measurement as shown in 

Figure 4.5(a). The 40 pin DIP containing the devices was placed into a Zero Insertion 

Force (ZIF) socket, which was in turn rnounted into an aluminum magnet holder, as 

shown in Figure 4,5(b). Attaching bvo cerarnic magnets on either side of the non- 

magnetic holder provided the required external magnetic field. The resultant magnetic 

field at the mid point of the two magnets was measured to be approximately 550 Gauss. 

The horseshoe magnet was not utilized, as it would be necessary to mount the magnet 

above the chip and this positioning would interfere with the laser bearn. 

A Thorlabs Mode1 S 102 1 laser diode was used as the light source dunng optical 

measurements. The bearn from the laser diode was first focused ont0 the mirrored 

surface of the cantilever and then reflected ont0 a flat screen. The positions of the 

reflected beam on the screen before and after static actuation were used to determine the 

angle of deflection, 8, of the cantilever device, as indicated in Figure 4.6. Similarly, 

during dynarnic actuation of the devices, the reflected laser beam spreads out into a fan of 

light, the width of which was measured and related to the angle of deflection of the 

oscillating cantilever. In knowing the angle of rotation and by applying trigonometric 

relations, the approximate displacement of the cantilever tip is calcuIated. 

For static deflections, driving currents of 1 to 30 mA were applied to the test 

configuration both with and without the presence of the cerarnic magnets. The dynarnic 

response of the devices was monitored by inputting sinusoidal wavefoms at frequencies 

bracketing the resonant frequency determined from the experimental method as explained 

in the previous section. 

Optical measurements were conducted solely in air, due to difficulties 



encountered with obtaining a well-defined reflected bearn while the micro-cantilevers 

were imrnersed in liquid. Obtaining data using a poorly defmed beam would introduce 

large errors in data analysis. 

ket 

Figure 4.5: (a) Experimental lazout and (b) external magnet orientations used in optical 

methLod of deflection measmement- 
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Figure 4.6: Correlation between reflected beam and micro-cantilever deflection. 

4.3 Experimental Results and Analysis 

Using the experimental techniques outlined in Section 4.2, results were obtained 

for the three sizes of cantilevers while submerged in air, distilled water and IPA. The 

results for the three microsû-uctures are presented in the following sections. 

4.3.1 Static Deflection 

4.3.1.1 Piezoresistive Response Data 

The three cantilevers were first tested to determine static deflection in air. The 

structures were tested at atmospheric conditions of approximately 93 kPa, by varying the 

direct current h m  1 to 30 &,. Three tests were conducted for each cantilever. The 

first investigation involved the inclusion of the extemal static field and applying an 

actuation current along the aluminum trace in one direction. The polarity of the current 

was then reversed and the tests repeated. 



The last test involved removal of the extemal magnetic field and repetition of the two 

previous tests. Figures 4.7 and 4.8 show the resuIts that were obtained from monitoring 

the piezoresistive response dunng the course of actuation for the small and medium 

cantilevers, respectively. The large cantilever showed no piezoresistive response due to 

high residual stress and therefore no data will be presented on this particular micro- 

cantilever; an explanation regarding the lack of piezoresistive response is provided in 

Chapter 5. Al1 plots have been fitted using straight lines between data points; errors less 

than 2 0.2 mV were calculated, for Figures 4.7 and 4.8, by determining the standard 

deviation of the seven data readings recorded at each actuation current. 
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Figure 4.7: Static deflection piezoresistive response for the srnail micro-cantilever in air 

and at constant actuating current. 
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Figure 4.8: Static deflection piezoresistive response for the medium micro-cantilever in 

air and at constant actuating current. 

In Figures 4.7 and 4.8, and the rernainder of figures in this thesis pertaining to 

static analysis, the terms "Lorentz Positive" and Lorentz Negative" denote the Lorentz 

force at the tip of the structure to be directed away fkom the substrate and towards the 

substrate, respectively. The term "Thermal" is used to describe data acquired with the 

passage of current and without the presence of the external magnetic field. This latter 

designation was chosen based on pnor research [IO], which has indicated that electro- 

thermal actuation plays a large role in the static actuation of MEMS devices. Resistive or 

Joule heating of the structures and subsequent differential thermal expansion of the 

structural layers result in deflection of the micro-cantilever. Figure 4.9 illustrates the 

effect of electro-thermal actuation alone on both the small and medium devices. UnIike 

the linear trend hypothesized (in Section 3.3.1) for the mechanical deflection of the 



micro-cantilevers, the thermal deflection exhibits a non-linear polynomial curve. The 

curves, given by best-fit approximations (both with correIation factors of 1) as shown in 

Figure 4.9, indicate that a small difference (approximately 1.28 mV) exists between the 

piezoresistive response of the small and medium cantilevers actuated at 30 mA. For both 

devices, the thermal effect produces a deflection of the device downward or towards the 

substrate, thereby effectively straightening the microstmchires. 

In order to eliminate these thermal effects, the thermal deflections ilhstrated in 

Figure 4.9 have been subtracted fi-om their corresponding curves shown in Figures 4.7 

and 4.8. The resulting plots, indicating the deflection of the devices due to Lorentz forces 

are shotvn in Figures 4.10 and 4.1 1 for the srnaIl and medium devices, respectively. 
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Figure 4.9: Thermal effect for the small and medium cantilevers in air. 
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Figure 4-10: Static piezoresistive response for the srnaII cantilever in air. 
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Figure 4.1 1 : Static piezoresistive response for the medium cantilever in air. 



The results presented in the preceding figures indicate that the static response of the two 

structures is well predicted by a linear relationship between actuation current (and 

therefore Lorentz force) and piezoresistive response. Such a relationship was developed 

in Section 3.3.3 of this thesis, the results of which will be compared with experimental 

data in the following chapter. 

Errors shown in both Figures 4.10 and 4.1 1 are a result of fluctuations in the 

piezoresistive response during testing. The output of the piezoresistors was alIowed to 

equilibrate for approximately two minutes following actuation; however, slight 

fluctuations in piezoresistive responsr were still observed following this two minute time 

penod. Seven data readings were taken at each actuation current; the error bars signiq 

the standard deviation of the results. 

4.3.1.2 Optical Detection Data 

The above series of tests was repeated using the optical detection measuring 

method outlined in Section 4.2.2. Figures 4.12 and 4.13 show the results that were 

obtained, as described in Section 4.2.2, frorn optical data for the small and medium 

cantilevers, respectively. The data points are connected via straight lines. Figures 4.14 

and 4.15 illustrate the deflections due to the effect of solely Lorentz forces for both 

cantilevers. 

The linear trends illustrated in Figures 4.14 and 4.15 show that small deflections 

occur under static actuation, and therefore simple beam theory is appropriate in 

detemining the behaviour of the devices. This theory, however, does not explain the 

occurrence of two linear equations, a result of changing the direction of the actuating 
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Figure 4-12: Static deflection of the small cantilever, measured using optical method. 
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Figure 4.13: Static deflection of the medium cantilever, measured using optilcal method. 
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Figure 4.14: Static defl ection of the smali cantilever due solely to Lorentz forces. 
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Figure 4.15: Static deflection of the medium cantilever due solely to Lorentz forces. 



curent along the alurninum trace. The two expressions are a result of residual stress 

acting on the structures, which hinders the deflection of the devices in one direction and 

facilitates in the other. This hypothesis will be hrther discussed in Chapter 5. 

4.3.2 Dynamic Response 

4.3.2.1 Piezoresistive Response Data 

Dynarnic response data was taken for the small and medium micro-cantilevers as 

described in Section 4.2.1. As with static testing, the large cantilever did not transmit a 

detectable response during actuation. This occurrence will be explained in Chapter 5. 

The three micro-cantilevers were initially tested in the sarne atmospheric conditions as 

those employed throughout the static testing of the micro-cantilevers. The data 

acquisition system was utilized to acquire data, at frequency intervals of 20 Hz, within a 

fi-equency interval bracketing the resonant frequency. The resonant curves, shown in 

Figures 4.16 and 4.17, respectively, for the small and medium catilevers, were produced 

with alternating currents of 1, 5, 10, 20, 30, and 40 mA,, and a static, magnetic field of 

approximately 750 Gauss. The resonant frequencies for the small and medium structures 

were measured to be approximately 2663 and 1 132 Hz, respectively, in air. Piezoresistive 

response data ranging frorn 16.8 to 555.1 rnVrms for the small cantilever and 24.5 to 

703.7 mVms for the medium cantilever was collected over the actuation range of 1 to 40 

mApp. It is not known why the medium cantilever does not exhibit a smooth, classical 

resonance curve. Two srnall peaks, occumng at 1340 Hz for the small cantilever and 570 

Hz for the medium cantilever, are also present in both resonance curves. It is believed 

that these maxima correspond to an extraneous mode of vibration. 
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Figure 4.16: Piezoresistive response of small cantilever dynamically actuated in air. 
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Figure 4.17: Piezoresistive response of medium cantilever dynamically actuated in air. 



Figure 4.18 illustrates that as the Lorentz force is increased, the increasing 

piezoresistive response does not follow a linear relationship, as predicted by Equation 

(3.3.25). It is assumed that the deviation from linearity is due to heating of the 

piezoresistors, which will increase the strain on the elements. The effect of piezoresistor 

heating during actuation was not accounted for in Equation (3 -3 -25). 

0.0 0.2 0.4 0.6 0.8 1 .O 1.2 1.4 1.6 1.8 

F. Lorentz Force [pN] 

Figure 4.18: Maximum piezoresistive response for given vaIue of Lorentz fàrce. 

Dynarnic testing was then repeated in isopropyl alcohol and distilled water for 

actuation currents ranging from 20 to 40 mA,,. Both fluids were at room temperature, 

approximately 2S°C, throughout the course of experimentation. The resultant 

piezoresistive response versus fiequency data is illustrated in Figures 4.19 and 4.20 for 

the small cantilever and Figures 4.2 1 and 4.22 for the medium cantilever. 
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Figure 4.19: Piezoresistive response of small cantilever dynamically actuated in distilled 

water. 
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Figure 4.20: Piezoresistive response of small cantilever dynamically actuated in P A .  
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Figure 4.2 1: Piezoresistive response of medium cantilever dynamically actuated in 

distilled water. 
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Figure 4.22: Piezoresistive response of medium cantilever dynamically actuated in P A .  



The resonant fiequency of the small cantilever was observedi to diminish from 

2663 Hz in air to 1350Hz in distilled water and to 420 Hz in P A .  Simrilarly, îhe resonant 

fiequency of the medium cantilever decreased fiom 1 132 Hz in air to ; approximately 130 

and 136 Hz in distilled water and PA,  respectively. At present, it is mot known why the 

small cantilever exhibits a large distinguishable difference between re:-sonant frequencies 

in the two differing fluids, and the medium cantilever does not. 

The maximum piezoresistive responses (at 40 mA,, actuatioen curent) for the 

small cantilever were recorded as 43.6 mVms and 29.2 mVms in distilled water and 

PA,  respectively, compared with 555.1 mVrms in air. For the medi -um cantilever, the 

maximum piezoresistive responses (also at 40 mA,, actuation currentX) were recorded as 

58.4 mVrrns and 49.3 mVms in distilled water and P A ,  respectivezly, in cornparison 

with 703.7 mVrms in air. The diminished piezoresistive responses for %oth cantilevers in 

IPA and distilled water indicate that the highly damped structures are undergoing smaller 

oscillations. The decreases in resonant fiequency and amplitude of vibration, fiom the 

values obtained in air, are discussed in Chapter 5. 

It was also observed that the resonant frequency of both dewices was aItered 

following testing in fluids. After immersion in, and evaporation of distilled water onto 

the devices, the cantilevers were retested for dynarnic response in a i r .  The resonant 

fiequency of the small device was observed to decrease by apprwximately 83 Hz 

(compared with initial test results in air); the fiequency of the medium device decreased 

by 80 Hz. Similarly, the resonant fiequency of devices following submergence in and 

evaporation of isopropyl alcohol deviated an additional 60 and 30 Hz for the small and 

medium cantilevers, respectively. This behaviour, exhibited during a tgrpical imrnersion- 



drying cycle was investigated once, and should be fûrther investigated to determine if this 

behaviour regularly occus during fluids testing. The shifts in resonant frequency 

observed during the single round of tests are not readily explained; however, hypotheses 

are presented in the following chapter. 

4.3.2.2 Optical Detection Data 

In order to corroborate the amplitude of vibration data obtained by employing 

Equation (3.3.26), dynamic response data was taken for the small and medium size 

micro-cantilevers utilizing the optical detection method outlined in Section 4.2.2. The 

results presented in this section were collected prior to testing of the devices in distilled 

water or PA.  Figures 4.23 and 4.24 illustrate the resonance curves obtained for the small 

and medium micro-cantilevers, respectively. These results were produced with an 

external magnetic field of approximately 675 Gauss and actuation currents of 44.4 mA, 

for both the small and medium structures. The Lorentz forces produced by the 

interaction of the current and magnetic field of these magnitudes are equal to those 

produced during testing of the piezoresistive response. The resonant fiequencies for the 

smaIl and medium structures were measured to be 2663 and 1132 Hz, respectively. At 

resonance, the maximum tip deflection was approximately 185.1 k 3.5 pm for the small 

cantilever and 542.5 k 10.3 pin for the medium. The results from these, and previous 

experimentation are discussed in the following chapter. 



Figure 4.23: Tip deflection of small micro-cantilever, measured using optical rnethod. 

Figure 4.24: Tip deflection of medium micro-cantilever, measured using optical rnethod. 



Chapter 5 

DISCUSSION 

5.1 Introduction 

Over the past few years, research endeavours have shown the feasibility of 

utilizing micro-flap-based actuators to control and produce localized airflow [6]-[8]. 

Projects involving micro-size structures have focused pnmarily on the production or 

modification of local flow in air, but have not atternpted to quanti@ micro-actuator 

response in fluid media. 

In order to determine whether CMOS-fabricated micro-cantilever devices can 

induce local fluid flow, it is necessary, as a preliminary step, to investigate the behaviour 

of the devices in differing fluid media. This characterization will allow for the 

determination of the environrnents for which the devices are best suited. If the dynamic 

response of the devices is severely affected or harnpered by a highly viscous fluid, for 

instance, the devices may be optimally functional only in fluids that produce minimal 

damping on the structures. Similarly, the size of the structures must be recognized as an 

important factor in the performance of the micro-actuators. SmaIler devices cannot be 

subjected to large Lorentz forces and therefore rnay not produce suffcient motion to 

counteract viscous drag effects. Larger devices produce larger Lorentz forces; however, 

these devices may also be limited due to drag acting on large surface areas. 

In this chapter, the experimental data presented in Chapter 4 will be discussed and 

compared with results obtained from both the theoretical and finite element models 

introduced in Chapter 3. Difficulties encountered with the present designs and possible 



improvements are also discussed. Furthemore, the possibility of utilizing the micro- 

cantilever-based device as a suitable fiuid control mechanism will be put fonvard, as weH 

as other possible device applications. 

5.2 Static Deflection 

5.2.1 Deflection in Air 

In this section, the experimental performance of the cantilever devices during 

static actuation is cornpared with the results from both finite element simulation and 

simple beam theory. Figure 5.1 illustrates the resultant data obtained from optical testing, 

ANSYS simulation and analytical computation for the small micro-cantilever. Similarly, 

the equivalent curves for the medium micro-cantilever are shown in Figure 5.2. 

Finite elernent and simple beam theory-based calculations were conducted for the 

micro-cantilevers with varying thickness of nitride. The 0% and 100% nitride results are 

s h o w  for the FEM model and only the 0% nitride results are presented for the simple 

beam theory model. As shown in Figures 5.1 and 5.2, the nitride-fkee rnodels, from the 

two computational methods, best approximate the experimental results. The FEM and 

simple beam theory models show excellent agreement of results for both cantilevers, with 

errors of approximately 5%; larger deviations are evident in comparing the two models 

with experimental data. There exist, for the small cantilever, approximate 39.1 and 

15.1 % differences between the ANSYS 0% nitride simulation and the best-fit curves for 

negative and positive Lorentz forces, respectively. Similarly, differences of 

approximately 3.7 and 34.7% are observed for the medium cantilever. 



t / 0 Lorentz Negative. LN 1 ypica .  i m r  Bar 
II Lorentz Positive, LP 1 O 

-0% nitride I 
/ i - 100% nitride / 

0 - SBT 1 
I ,O 

0 - - - - Linear Fit L N  
1 - - - - -  - Linear Fit LP 

O O. 1 0.2 0.3 0.4 0.5 0.6 

F, Lorentz Force [pN] 

Figure 5.1 : FEM, analytical, and optical static deflection data for the small cantilever. 

LN and LP denote optical results, the O and 100 % nitride lines are results from ANSYS 

modeling and SBT denotes results obtained from applying simple bearn theory. 

Discrepancy between results fiom both the small and medium cantilever optical 

results and those from simple beam theory and FEA are assumed to be a result of residual 

stress. This would also account for the difference in magnitude of deflection observed in 

the negative and positive directions. As previously discussed in Chapter 3, certain layers 

comprising the composite cantilever are either in tension or in compression as a 

consequence of thermal cycles and diffenng deposition rates during manufacture. These 

compressive and tensile stresses will limit the deflection of the structures either into or 

out of the plane of motion. If, for example, the bottorn layers of the device are in tension, 

the small Lorentz Forces (typically on the order of 0.03 to 0.8 pN) generated may not be 
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Figure 5.2: FEM, analytical, and optical static deflection data for the medium cantilever. 

LN and LP denote optical results, the O and 100 % nitride lines are results from ANSYS 

modeling and SBT denotes results obtained fkom applying simple beam theory. 

sufficient to appreciably deflect the cantilevers downwards. 

Residual stress is also the cause of the non-functionality of the large cantilever 

device. It is believed that the residual stresses are too great for the generated Lorentz 

forces to overcome. Small deflections of the tip may occur; however, the curvature of the 

structure is so great, that minimal deflection of the fiee end of the cantilever will not 

readily translate to the support a m  region in which the piezoresistive elernents are 

located. In order to understand the srnall deflections that are undergone by a curved 

(circularly arced) bearn, we consider Castigliano's theorem 145, p. 1811 for the end 

deflection, 6, of a curved, unstressed beam, which gives 



where U is total strain energy of the system and P is the applied point load. The total 

strain energy is typically given by the summation of the strain energies due to bending, 

axial loading and shear loading. If the ratio of the length to the depth of the bearn is 

greater than ten, as with al1 three micro-cantilevers, the srtrain due to axial and shear 

loading may be neglected; therefore, the deflection of the camtilever tip may be written as 

where a2 is taken along the length of the structure. In poïiar coordinates, the moment 

along the curved beam is given by 

where r is the radius of curvature and 4 is the angle as rnezasured between the point of 

application of the load and a point, x, along the beam, as s h o m  in Figure 5.3. 

In combining Equations (5.2.2) and (5.2.3), and solvring for the deflection of the 

tip of the cantilever, it is determined that an actuation current of 30 rnA and a magnetic 

field of 750 Gauss will produce a deflection of approximately 27.4 pm (for a radius of 

curvature of 663 Pm, as determined for the large cantilewer by visual inspection of 

microphotographs). This relatively small translation at the tiip of the device will cause a 



minimal deflection at the location of the piezoresistors (the center of which is located 

937.5 pm from the cantilever tip). This srnall deflection will create a negligible strain on 

the piezoresistors, which will result in an undetectable piezoresistive response. 

CantiIever 
Beam 

Figure 5.3: Curveci Beam subject to fkee end loading. 

5.2.2 Comparissn of FEM Simulation and Expression (3.3.26) 

The computational data was fùrther compared with results obtained from 

determining the static deflections of the structures based on piezoresistive response. 

Equation (3.3.26), relating the piezoresistive response to the static deflections of the 

micro-cantilevers, was developed in Section 3.3.3. Figures 5.4 and 5.5 show the curves 

as calculated utilizing this expression. In developing Equation (3.3.26), it was assumed 

that the tip deflection of the structures could be effectively predicted with small deviation 

fiom experimentally obtained results. In knowing the static deflection of the structures, 

the stiffiless, k, of the cantilevers can be  calculated and applied to similar expressions 

developed to determine amplitude of vibration during dynamic actuation. 
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Figure 5.4: Static tip deflection results for the small cantilever obtained fiom FEM 

modeling and application of Equation (3.3.26). 

In incorporating the stiffhess constant (calculated by taking the average of the 

inverse slope of the optical measurement plots shown in Figures 5.1 and 5.2), the 

piezoresistive output and known material and geornetric parameters into Equation 

(3.3.26), it was determined that the curves for tip deflection versus Lorentz force 

correspond well with the nitride-free finite elernent and simple-beam theory curves. The 

finite elernent resuIts, illustrated in Figures 5.4 and 5.5, for both devices faIl within the 

deflection range obtained through irnplementing Equation (3.3.26). This agreement 

supports the hypothesis that the nitride is being etched during post-processing. 

Furthemore, the good agreement of the results computed using Equation (3.3.26) with 

optical results implies that the methodology behind developing Equation (3.3.26) is valid 
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in approximating the tip deflection of the micro-cantilevers, while under the influence of 

a static force. 
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Figure 5.5: Static tip deflection results for the medium cantilever obtained f?om FEM 

modehg and application of Equation (3.3.26). 

5.3 Dynamic Response 

5.3.1 Structural Response in Air 

In this section, the results obtained in Chapter 4 for the dynamic behaviour of the 

devices are compared against similarly based models as those incorporated in the static 

analysis. Finite element simulations and single degree-of-freedom vibration theory 

analyses were conducted and results derived fiom coupling Equation (3.3.27) with 

experimentally obtained piezoresistive response were generated. These analyses were 

perfonned in order to predict and characterize the motion of the micro-actuators in air. 



These predictions will essentially be used as the first step in characterizing the interaction 

between micro-cantilever structures and fluids, and the efficiency of CMOS cantilever- 

based devices as suitable actuators or fluid modification systems. 

The finite element models, generated for both the small and medium cantilevers, 

were initially tested to determine the different modes of vibration that occw over a 

specified fiequency range in wtiich such devices are typically actuated. It was found that 

within the frequency range of 2400 to 12000 Hz for the small cantilever and 900 to 9500 

Elz for the medium cantilever, the micro-structures undergo four distinct modes of 

vibration, as illustrated in Figure 5.6: (a) out-of-plane bending, (b) torsion about the x- 

axis, (c) torsion about the z-ais, and (d) undulating motion. It was assurned that the 

motion created by out-of-plane bending would be most prominent in the production of 

fluid flow or active control of fluid behaviour, and therefore the primary focus of the 

subsequent FEM analyses was placed exclusively on this mode. 

The results fiom the single degree-of-freedom model (developed in Section 3.3.2) 

were generated by inputting resonant frequencies equal to those obtained experimentally 

(2663 Hz and 11332 Hz for the small and medium cantilever, respectively). The 

thickness of the nitride layer was then varied in the model untiI the computed tip 

deflections were observed to be comparable with experimental results cornpiled using the 

optical detection method. Furthemore, the resonant fi-equencies and damping ratios were 

input based on results obtained experimentally. The damping ratios, determined in air to 

be approximately 1.42% for the small cantilever and 2.04% for the medium cantilever, 

were also input into the finite element models. Figure 5.7 illustrates the existing 

correlation, for the small cantilever, between ANSYS simulations (with 0, 50, and 100% 



of the manufacturer's specified nitride thichess of O S  p) and single degree-of-fkeedom 

theory results, as well as the results obtained fkom optical measurements. Similady, the 

results compiled fiom sirnilar models and testing procedures are shown in Figure 5.8 for 

the medium device. In both Figures 5.7 and 5.8: the data points for have been joined via 

straight lines. 

1 Undeformed 

Figure 5.6: ANSYS results illustrating the first four modes of vibration for the micro- 

cantilevers. Small Cantilever: (a) 2.5 kHz; @) 1 1.9 kHz; (c) 19.5 kHz; (d) 23.8 kHz. 

Medium Cantilever: (a) 0.9 Hz; (b) 4.3 kHz; (c) 7.1 kHz; (d) 9.4 kHz. 
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Figure 5.7: FEM, analytical, and optical measurement dynamic response data for the 

small cantilever. The 0, 50 and 100 % nitride lines are results fiom ANSYS modeling 

and SDFM denotes results obtained from applying the single degree-of-freedom model. 

As illustrated in Figures 5.7 and 5.8, as the uppennost nitride layer is diminished, 

from 0.5 to O pm (100-0% of the original nitride layer), the resonant frequencies of both 

devices increase and the amplitudes of vibration decrease. The nitride layer contributes 

greatly to the stiffness of the devices (as it exhibits a Young's modulus approximately 

five times greater than that of the rernaining constitutive layers), thereby reducing the 

range of tip vibration and increasing the gequency at which resonance occurs, as 

predicted by single degree-of-fieedom theory. Data pertaining to the finite element 

simulations, for the small and medium cantilever devices, as well as the single degree-of- 

fieedom theory and opticai results, are contained in Table 5.1. 
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Figure 5.8: FEM, analytical, and optical measurement dynamic response data for the 

medium cantilever. The 0, 50 and LOO % nitride lines are results fiom ANSYS modeling 

and SDFM denotes results obtained from applying the single degree-of-freedom model. 

Table 5.1: Finite element, analytical, and optical results for Figures 5.7 and 5.8. 

Small Cantilever Medium Cantilever 

Result Method Frequency Amplitude Frequency Amplitude 
C Hz1 [clml Irr zl 

ANSYS 

0% N Mode1 2455 232.7 917 824.4 

50% N Mode1 3180 128.3 1190 452.6 

100% N Mode1 3560 95.0 1330 337.3 

SDFM 2663. 189.1 1132. 583.7 

OpticaI 2663* 185.1 1132* 542.5 



*NOTE: In Table 5.1, data pertaining to the simple beam theory was derived by inputting 

the resonant fi-eguency obtained throtïgh eqpeninerttation, therefore the resonant 

frequencies of the SDFM analyses and optical data are eqrtivalent. 

From the data presented in Table 5.1, it is shown that, for the small cantilever, the 

resonant frequency and amplitude of vibration obtained by optical means correspond with 

least error to the ANSYS 0% nitride simulation. As with Figures 5.1 and 5.2, the 

proxirnity of the two curves would indicate that most, if not all, of the passivation layer is 

etched during device post-processing in XeF2. The medium cantilever, however, shows 

better agreement with the 50% nitride FEM model. The analytical models with 

approximately I l% ,  for the small cantilever, and 20%, for the medium cantilever, of the 

original nitride layer thickness, were determined to correspond best with optical results. 

For the small cantilever, the difference in amplitude between the simulated (0% 

nitride) and optical results is approximately 20.5%, in cornparison with a difference of 

approxirnately 2.2% between analytical (1 1% nitride) and op tical results; the difference 

in resonant frequency is 7.7% between the simulated and optical data sets. Similarly, for 

the medium structure, the difference in amplitude between the ANSYS 0% mode1 and 

experimental data, and theoretical (20% nitride) and experimental results are 52.0% and 

7.6%, respectively, with a resonant frequency deviation of 19.0% when comparing finite 

element and experimental data. These results would indicate that a small fraction of the 

original nitride Iayer is present on the surface of the micro-cantilevers following 28 etch 

pulses in XeF2. 

Discrepancies between the finite element and experimental cuwes, for both 



structures, could also result fkom uncertainties in the thickness and material properties of 

the constitutive layers. The finite element models were created using dimensional data 

provided by the Mite1 Corporation; however, Mitel concedes that the specified thickness 

of the layers may deviate by 10 to 20%. Furthemore, the material properties of the 

layers may be different fiom those used for the purpose of simulation. Thin film values 

were utilized where available; however, bulk values were substituted when the thin film 

values were not known. Differences in materia1 properties used for simulation and actual 

values will cause the resonant fiequencies of the devices to differ from experimental 

results. Values for density, for exarnple, if specified to be greater than in the real case 

will cause resonance to occur at Iower frequencies; higher values of Young's modulus 

will increase the stifhess of the devices, thereby also increasing resonant fiequency. The 

material properties and layer thickness were not modified during investigation. 

Furthemore, the stiffness of the devices is altered by the presence of residue on 

the support arrns of the structures and the exclusion of residual stress effects from the 

FEM models. The folded support arrns were incorporated into the design of the 

structures so as to allow for greater fiexibility of the devices. During manufacture of the 

devices, a residue was deposited or formed between adjacent a m  sections and at sharp 

corners of the devices, as shown in Figure 5.9. At present, the material composition of 

the residue and the means of formation are not known. The presence of the residue 

effectively reduces the flexibility of the arms, thereby increasing the overall stiffhess of 

the structure. As the stiffness of the structure is increased, the natural fiequency 

(equivalent to the resonant frequency for small darnping) of the structure will also 

experience an increase. This relationship behveen device stifhess and resonant 



frequency was previously illustrated in Chapter 3, by Equation (3.3.14). 

The mass of the residue will also affect the response of the structure; however, the 

mass ratio of the residue to that of the structure was visually estimated to be small, 

therefore it is believed that the extraneous material will more adversely affect the 

stifhess of the structure, rather than the total mass. 

Residue 

Figure 5.9: Micro-cantilever with residue attached to the folded support arms. 

Similarly, it has been shown that the resonant fiequency is affected by the 

presence of residual stress. It has been observed that when compared with experimental 

results, finite element models that do not compensate for residual stress show resonant 

frequencies that differ fiom 7 to 10% [27], [46]. Following the CMOS fabrication 

process, the layers comprising the micro-cantilevers are either in a state of compression 

or tension. These intemal stresses add to the stifhess of the devices, which will, as with 

the residue, increase the resonant fiequency of the fieestanding structure. 



5.3.2 Comparison of FEM Simulation and Expression (3.3.27) 

Expression (3.3.27) relating the piezoresistive response to the amplitude of 

vibration of the microstructures was developed in Section 3.3.3. This expression is a 

precursor to developing relationships between amplitude of vibration and pressure 

distribution in a fluid, and subsequently between pressure distribution and fluid behaviour 

and motion. In utilizing the final set of derived equations and by monitoring the 

piezoresistive response, the fluid flow may be calculated and regulated by modi@ng the 

resonant response of the micro-cantilevers. From applying expression (3.3.27) at varying 

fkequencies, curves were cornpiled and compared with the FEM (0% nitride) simulation 

results presented in the preceding section. The cornparison of the two models is shown in 

Figures 5.10 and 5.1 1 for the small and medium cantilevers, respectively. 

The percentage differences in amplitude, shown between the FEM and Equation 

(3.3.27) results, for the small cantilever are approximately 17%, 2896, and 14% at 

actuation currents of 1, 20 and 40 rnA,,, whereas the medium cantilever yields 

differences in amplitude of approximately 31%, 16%, and 7% for the same values of 

alternating curent. Disparities arise partially fiorn simplification of the strain term 

incorporated into Equation (3.3.27). The expressions (developed to relate piezoresistive 

response to the amplitudes of vibration of the structures) were derived by taking only 

bending strain into account. The total strain at the surface of each layer, however, is given 

by the superposition of strains due to thermal expansion and bending. The strain at the 

top and bottom surface of the piezoresistive element is therefore given by 



where the subscripts i denote the top (i=l) and bottom (i=2) surfaces of the piezoresistive 

sensor. The thermal strains on tbe surfaces of the element is given by the equation 

wherea is the thermal coefficient of expansion of the material, T is the temperature the 

layer equilibrates to during actuation, and T, is the temperature of the device when not 

actuated. 

1 + Eq (3.3.27): 1 mApp f 

/ -Eq. (3.3.27): 40 mApp j 
++ A N S Y S :  L rnApp 
* ANSYS: 20 mApp 

B = 750 Gauss 

2100 2250 2400 2550 2700 2850 3000 

f, Frequency mz] 

Fi,oure 5.10: Dynamic response results for the srna11 cantilever obtained from FEM 

rnodeling and application of Equation (3.3.27). 
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Figure 5.1 1: Dynamic response results for the medium cantilever obtained fiom FEM 

modeling and application of Equation (3.3.27). 

Substituting Equations (5-3. l), (5.3.2), (3.3.23), (3.3.24), and (3.3.12) into (3.3.22) and 

rearranging the resultant equation gives 

where 

and 



In implementing these changes, it is expected that the extrapoIated amplitude of 

vibration for both devices will be less than that calculated by taking into account only the 

bending strain acting the structures. in order to determine the degree to which Equation 

(5.3.3) better approximates the amplitude of vibration of the micro-cantilever devices, it 

is necessary to know the temperature to which the piezoresistive element will rïse during 

actuation. To determine the average temperature of the piezoresistors, the resistance of 

the alurninum trace, directly beneath the piezoresistors, is measured. Through 

conduction, the piezoresistors will be heated by the trace and equilibrate to approximately 

the sarne temperature. In knowing the resistance, the temperature of the trace c m  be 

calculated using the temperature coefficient of resistance or TCR. At the time of writing, 

the average temperature of the trace was unknown, and therefore it is not known the 

extent to which Equation (5.3.3) will increase the accuracy of the extrapolated amplitude 

of vibration response. 

Differences in amplitude of vibration resulting from use of Equation (3.3.27) are 

relatively large, with a maximum of 3 1%; however, it is believed that this expression is 

adequate in providing a rudimentary perspective into the amplitude of vibration of lightly 

damped systems. Care must be taken in implementing this expression, as it is sensitive to 

changes in the input parameters. A change in stifhess, for instance, for the small 

cantilever, from 0.1693 to 0.1603 pN/pm or approximately 6%, will produce amplitudes 

of 264.7 and 281.8 Pm, respectively, or 6.5%, for an actuation current of 40 mA and a 

rnagnetic field of 750 Gauss. 

Of the variables in Equation (3.3.27), k is detennined through best-fit 

approximations of experirnental results; the remaining variables are known due to device 



geometry, material properties or experimentation with low uncertainties (piezoresistive 

response). It is therefore imperative that values for device stifmess accurately reflect the 

geometry and behaviour of the structures. This can be accomplished by conducting 

further experiments regarding static device deflections and refining simulations to include 

the effects of residual stress. 

5.3.3 Cornparison of Micro-cantilever Response in Fluids 

Structures are prone to changes of dynamic response in differing fluids, due to the 

viscosity of the fluid media. This fluid property is often described as the ability of a fluid 

to resist a change of form due to interna1 fiction. A highly viscous fluid, for example 

will not be as easily influenced by a shearing force as a low viscosity fluid. In order to 

characterize the behaviour of MEMS cantilevers in fluids of differing viscosities, the 

microstnictures were tested in atrnospheric conditions, as well as in IPA and distilled 

water. These fluids were employed at room temperature (approximately 25OC); 

properties of the three fiuids utilized during testing are summarized in Table 5.2. The 

results of the fluids testing are shown in Tables 5.3 and 5.4, which compile the frequency, 

maximum piezoresponse, and a parameter known as the quality factor attained for an 

actuation current of 40 mA,,. 

As with the damping ratio, the quality factor, Q, is a rzitio relating the resonant 

fiequency to the two half power points, given by 





Table 5.4: Dynamic response obtained fi-om medium cantilever interaction with fluids. 

Fluid Resonant Frequency Piezoresistor Response Quality Factor 

CH4 [mvrms] Q 

Air 1132 

Distilled water 140 

P A  136 

As the bandwidth increases due to the effects of increased damping, the value for Q will 

diminish. From the data presented in Tables 5.2 and 5.3, it is observed that as the viscous 

damping on the given structure is increased the quality factor decreases. This decrease in 

quality factor illustrates that as the viscosity of the test fluid increases, both the 

piezoresistive responses and resonant frequencies of the cantilevers decrease. By 

observing the behaviour of the resonant frequency, piezoresistive response, or quality 

factor, it is feasible to determine the viscosity of the fluid media being tested. More 

importantly, both the small and medium structures exhibit detectable dynamic motion 

over the range of viscosities tested. This would indicate that fluids with viscosities 

smaller than approximately 0.02 13 &(cm.s) can be identified and potentially controlled 

andor propelled via the dynarnic motion of the cantilevers. 

Similarly, it may be possible to determine the properties of a fluid by the resonant 

shift displayed by the micro-cantilever following fluid immersion and evaporation. As 

shown in section 4.3.2, the resonant fiequency of the both cantilevers shifted following 

testing in a fluid. The small cantiIever resonant frequency was observed to decrease 

approximately 83 Hz, while the medium cantilever resonant fiequency was recorded as 

shifting approximately 80 Hz. It is uncertain why this decrease in resonant fiequency 



occurs; however, two possible hypotheses exist to explain this phenomenon. The fmt 

proposition is that the residue found on the support arms of the device has broken way, 

thereby reducing the stiffness of the devices. This reduction in stiffness will allow the 

structures to resonate at a lower fiequency than the initial post-processed devices. 

Through visual inspection alone, it camot be cofinned if the residue has been 

diminished following fluids testing. Furthemore, repeated testing of several devices 

would not aid in determining if the residue is broken during testing, as the residue 

deposits are not unifonn from die to die. 

The second possible explanation for the decrease in resonant response is adliesion 

of rnicroscopic droplets of water ont0 the surfaces of the device. Again, visual inspection 

of the devices does not show dropiets on the upper surface of the structures, however, it is 

not known if liquid remains on or below the bottorn face. One way of determining if 

dropiets remain on the lower surface is to design and fabncate a device without a central 

aluminum mirror; silicon dioxide is transparent, therefore it would be possible to 

determine if fluid particles are present. Visual inspection of the devices would ideally be 

performed following evaporation of the working fluid, as over a prolonged penod of time 

the fiuid rnay fùlly evaporate. 

Water or IPA droplets attached to the platform will cause a detectable shift in the 

fkequency at which resonance occurs. If adhesion does occur, it would be necessary to 

determine the number and size of the droplets that adhere to the surfaces of the structures. 

Ln developing a relationship for the nurnber and mass of the adhered droplets to resonant 

fiequency of the given device, it may be feasible to identie the fluid tested, 



These hypotheses are speculative in nature, as this behaviour was tested for solely 

once. Further testing is required to determine if this shifting of resonant frequency, 

following an immersioddrying cycle, is observable in other devices on other die. 

5.3.4 Finite Element Simulation in Fluids 

Finite element simulation was not conducted on the micro-cantilevers in fluids, 

primarily due to two factors: damping effects and mesh size. The models created for this 

thesis cannot be utilized to characterize the behaviour of the structures in fluids due to 

inadequate modeling of the fluid-structure interaction. m i l e  submerged in fluid, the 

cantilevers are subject to both viscous damping and mass loading by a fluid boundary 

layer around the periphery of the devices [48]. This added mass moves in tandem with 

the structure and serves to reduce the resonant frequency of the system; therefore simply 

inputting the damping ratio into the ANSYS models will not produce reliable FEM 

output. 

In order to solve this complication, a finite element acoustic analysis rnay be 

performed that takes into account the interaction between a solid and a surrounding fluid 

medium. Coupled acoustic analysis, which is available in ANSYS, may be employed to 

deterrnine quantities such as pressure distribution, pressure gradient and particle velocity 

in a fluid under the influence of a structure in motion. 

ANSYS element type FLUID30 is specifically designed for the 3-D mode1 

generation of coupled acoustic problems. This elexnént type effectively simulates both 

the fluid medium and the boundary layer that surrounds the cantilever device. The 

relatively large size of the pit or channel surrounding the cantilever structures in this 



work, however, dictates that the fluid component of the mode1 have a fine rnesh to attain 

convergence of results. The rnodels created for the small and medium cantilevers contain 

9894 and 12554 nodes, respectively. in adding the fluid medium, the number of nodes 

and elements will increase greatly, thereby increasing computational time and reaching 

the nodal nurnber limit (32000) in the University High Option version of A N S Y S  

employed during the course of this work. In decreasing the number of elements in the 

models, it may be possible to perform acoustic coupled analysis; however, reduction of 

elements will not lead to full result convergence and in tuni wilf yield results with a 

certain degree of error. A coupled acoustic analysis was not performed for this thesis. 

5.4 Device Design and Optimization 

The micro-cantilever devices were designed such that the platforms would be 

allowed an optimized range of motion during both static and dynamic actuation. This 

reIatively large range of motion was attained through the implementation of folded 

support arms at the base of the platform; however, this support arm structure also 

contributed to the structural fragiiity of the microstructures. 

The member spanning the width of the charnel and the support arms attached to 

the platform were designed to be 20 Fm in width, thereby rninimizing the moment of 

inertia of the constitutive arrns and reducing the overall stifiess of the micro-cantilevers. 

In rninimizing the dimension of the support arm cross-section, however, the thin nature of 

the arms proved challenging in the successful post-processing of the devices. During 

post-processing, the material beneath the structures is slowly etched, creating a gradually 

diminishing silicon pyramidal column centered beneath the platform. At the final point 



of detachment of the platform fiom the pillar, the residual stress inherent throughout the 

structure causes the platform to spnng out of the plane of the CMOS die. At random 

instances, the released devices showed severed connections between the two 

piezoresistors in series. At this particular location, the residual stress is maximum. If the 

support is considered to be a simply supported beam [45, p. 4731 the critical stress, or the 

stress at which this member will fail is given by 

where I is the moment of inertia, L is the length, and Amember is the cross-sectional area of 

the support beam. For the srnaIl and medium cantilevers, the cntical stress was 

calculated to be approximately 3.53 and 1.62 MPa. The medium device was more prone 

to breakage than the srnaller structure; this trend is due to the greater length (a difference 

of 190 pm) of the medium cantilever support. The difference in length results in the 

critical stress for the medium cantiIever being approximately one half that of the small 

cantilever. Increasing the thickness of the arrns will create a more robust device, while 

sacrificing some of the flexibility of the structure. A similar analysis was conducted in 

[49] for fixed micromachined bearns. 

Furthemore, increasing the width of the support arms will potentially protect the 

aluminum layer during device fabrication. The yield of functional devices designed for 

this thesis was poor, approximately 3040%. Poor yield arose from over-etched 

alurninum regions thereby creating damaged or incomplete aluminum current paths. It is 



believed that the proximity of the aluminum trace to the regions open to the substrate was 

too close. 

Lastly, residual stress was observed to have a greater effect on devices with 

relatively Iarge surface area. Although stmcturally sound (Le. aluminum trace and 

support m s  are intact) residual stress served to contribute to the rigidity of the 

structures; in particular, it is believed that the large micro-cantilever was rendered 

inoperable by the inherent stress. The small and medium devices also exhibited residual 

stresses, but not to the extent of the large structure. The non-functionality of the large 

device indicates that there is a design threshold for the length and/or width of the 

structures that can be designed and successfûlly tested using CMOS fabrication. Finite 

element modeling of the device designs pi-ïor to submission for fabrication would predict 

device behaviour and/or diminished device performance. 

5.5 Pumping Performance Testing 

Attempts were made during the course of experimentation to deterrnine the fluid 

pumping ability of thz dynamically actuated devices. A schematic of a prepared die 

devised to be utilized in the determination of purnping performance is shown in Figure 

5.12. Channel walls were first crezted ont0 the surface of the CMOS fabricated devices 

via a laser writing technique. This technique initially involves the spiming of a thin 

(approximately 150 - 200 pm thick) layer of Norland Optical Adhesive No. 8 1 UV- 

curable adhesive onto the surface of a sectioned 6-inch diameter wafer. Micro-channels 

are then formed, along both sides of the micro-cantilever array, by cornputer-controlled 

movement of the wafer under the focused beam from a helium cadmium (HeCd) laser. 



The sections of adhesive exposed to the laser radiation are cured or harden, whereas 

regions not exposed remain pliable and are subsequently removed in an acetone bath. 

Following the removal of excess adhesive, the wafer section is placed into a UV box for 

approximately one hour in order to allow the patterned polymer to fidly cure. 

Millitube Inserted 
attached to inlet 

Channel Walls 

(empties into outlet 
reservoir) 

Figure 5.12: Schematic of a die prepared for pumping performance testing (perfomed 

while devices are dynarnically actuated). 

Following the laser writing process, the wafer section was diced and the 

individual devices or die were adhered to a customized, printed circuit board. Lexan@ 

extensions, flanking the inlet and outlet of the cantilever array and millitubes inserted into 

the side extensions, were then added in order to facilitate the measurement of attainable 

flow rates. The devices were then bonded and post-processed and the micro-channels 

capped with a thin glass lid; this configuration was in tum positioned ont0 a circuit 



breadboard. Fol~owing this prepmtion, the millitubes were to be comected to an inlet 

reservoir, as indicated in Figure 5.12, containing a specified £luid and an outlet resewoir 

into which the fluid would ideally flow. As the devices were actuated, the level of ftuid 

collected in the outlet reservoir and the time required for collection would be monitared. 

From these quantities, the flow rate at different actuation currents was to be determined. 

This setup was proven unsuccessfül due to the large undercutting of the devices 

that occurred during post-processing in XeF2. The undercut resulted in the cracking and 

chipping of the die surface, wtiich yielded non-hnctional devices that could not be tested 

in fluids. It is believed that anisotropic etching will produce less fiagile devices, that in 

conjunction with the laser writing process, can be tested for fluid propulsion efficiency. 

5.6 Micro-cantilever Applications 

MEMS based micro-flaps or actuators can potentially be employed in a variety of 

environments andor applications. In particular, cantilever-based actuators have possible 

applications in the aerospace, industrial and medical fields. 

The original intent of this thesis was to demonstrate that rnagnetically actuated 

micro-cantilevers could control, modiQ or produce fluid flow. While it has been shown 

that these structures, when actuated dynarnically, have mobility in fluids, it remains to be 

demonstrated that flow is rnodified or produced. Studies on large cantilevers [7] have 

shown flow generation abilities; therefore, it may be feasible to incorporate rnicro- 

cantilever-based actuators into industrial and medical fields. It is possible that as the 

cantiievers oscillate a pressure gradient will be induced along the length of a charnel in 

which the cantilevers, studied for this work, are suspended. This pressure gradient would 



in tum produce fluid flow in sufficient quantity to deliver minute quantities of fuel to 

micro-engines or specified dosages of dmgs to patients. 

In addition, in industrial applications, similar micro-cantilever devices may be 

utilized to determine the viscosity of fluids and gases. As demonstrated in this chapter, 

as the viscosity of a fluid increases, the resonant response of the micro-cantilevers 

decreases. Portable viscosity meters could essentially be utilized to identiQ an unknown 

spilled chernical or an accidentaliy released gas. More fluids must be tested, however, to 

determine a relationship that couples resonant response, or piezoresistive response, with 

medium viscosity. 

Lastly, micro-flaps have been studied in the area of aerodynarnics in order to 

reduce the drag on aircraft wings. CMOS-fabricated devices could ultimately be 

manufactured rapidly and in large quantities that may produce sufficient motion to alter 

the motion of air flowing over a wing. Replacement of the large permanent magnet with 

a iess cumbersorne magnetic field source would create compact, lightweight devices that 

c m  be mounted ont0 the surface of a wing. The a idow over the surface can then be 

rnodified by the motion o f  the devices to control turbulence and thereby reduce drag. 



Chapter 6 

CONCLUSIONS AND FUTURE WORK 

6.1 Magnetically Actuated Micro-cantilevers 

Three simple CMOS-based micro-cantilevers of varying size were designed, 

fabricated and tested during the course of this work, Testing of the devices included 

determination of both the static behaviour in air and the dynamic response in air, distilled 

water, and isopropyl alcohol, for the three devices. The cornpiled data from this 

experimental work was then compared with analytical models (for the static and dynarnic 

tip deflection) and finite element models. 

The static tip deflections of the devices were determined to be small, and are 

therefore considered not to produce suitable motion for fluid control or propulsion. 

Conversely, dynamically actuated in air the cantilever devices produce appreciable 

amplitudes of vibration; however, Iess substantial vibrational deflections are observed in 

fluids. It remains to be determined if fluid flow can be modified or produced utilizing 

these dynarnically actuated CMOS-fabricated structures. 

Good agreement exists between experimental, finite element and analytically 

derived static and dynamic results. From the static characterization, it was observed that 

the static deflection of the micro-cantilevers varies linearly with constant actuation 

current Moreover, it was determined that the expenmentally attained results coincided 

with model predictions obtained when the passivation or nitride layer was excluded fiom 

the model. Similar results, indicating the diminished thichess of the nitride Iayer, were 

observed through cornparison of experimental and modeling results for the dynamic 



response of the micro-cantilevers. It is therefore hypothesized that the silicon nitride 

layer is being etched during device post processing in XeF2. 

Lastly, results procured from piezoresistive detection of device behaviour were 

utilized to extrapolate the static tip deflection and amplitude of vibration for the devices. 

The extrapolated results also show good agreement with simulated results and therefore it 

is assumed that the extrapolation expressions are valid in making an approximation as to 

the motion of the micro-devices. 

6.2 Future Work 

The work presented in this thesis is of a preliminary nature, and rnay be continued 

or improved upon in a number of areas. Further research into the use of micro- 

cantilevers for flow production or control may concentrate on: 

Device optimization. Problems, such as over-etched aluminum regions, arising 

due to intentional violation of CMOS design rules, may potentially be 

compensated for by creating a set of design criteria that ensure compatibility of 

MEMS design with CMOS manufactunng protocols. Essentially, such design 

criteria c m  be formulated after testing and evaluating several generations of 

CMOS-fabricated designs. SimiIarly, this iterative approach will aid in the design 

of properly proportioned/dimensioned structures that maximize structural surface 

area, while minimizing the effects of residual stress. 

Device simulation. Device optirnization may also be approached initiaiiy through 

the use of finite elernent modeling (FEM) rather than purely through 

experimentation. Finite elernent packages, either commercial or customized, rnay 



be utilized to determine size thresholds and to modie shapes of structures in 

order to attain desired performance. Furthermore, FEM can effectively mode1 the 

residual stresses acting on the structure [27], as weIl as the affect of these stresses 

on the behaviour of the structures. 

On-wafer magnetic field generation. Reduction of the extemal magnetic field 

source would aid in the transport and eventual implementation of micro-actuator 

devices into an intended application. On-die magnets have been demonstrated 

and employed to actuate similw devices utilizing a magnetic powder deposited 

ont0 the surface of the die [50]. 

Anisotropic etching of structures, The structures studied for this thesis were post- 

processed using XeF2. This processing method is simple, and cost effective; 

however, the isotropic nature of the etchant results in the undercutting of large 

portions of the devices. The resulting MEMS is fragile and prone to cracking or 

breaking; therefore, it would be beneficial to use an anisotropic etchant that shows 

high selectivity for the micro-cantilever structural layers. EDP, for instance may 

be used as the post-processing etchant; however, appropriate safety protocols 

must be observed due to the hazardous nature of this etchant. 

Expansion of fluids testing and determination of purnping performance. Fluids, 

encompassing a wide range of viscosities should ideally be tested to determine the 

full effect of viscous media on the behaviour of the resonating micro-cantilevers. 

Furthermore, in knowing that the micro-cantilever devices can be actuated 

dynamically in fluids, the next step in studying these devices would be to 



determine the flow rate, if any, that is attainable by actuating the devices 

sirnultaneously while submerged in fluid. 
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APPENDIX 

The following is a sample ANSYS command file, utilized to compile the FEM 

results presented in Chapter 5. The command file shown generates the static tip 

deflection value for the small micro-cantilever under the influence of a specified 

magnetic field and actuation current. 

! Generate mode1 
! 
/FILNAM,Small-Static 
/TITLEyS tatic Analysis 
fPREP7 

! Specie  element type and element options 

ET71,solid46,0,0,1,0,2,0 
KEYOPT, l,8,O 
KEYOPT, 1,9, 
KEYOPT, 1,10,0 

! THE FOLLOWING SECTION DEFINES THE REAL CONSTANT SET 1 
! FOR AREAS WITHOUT POLYSILICON 

! The following is to be used when the nitride layer is included in the model 

! R, 1,4,0! 1 ,4,, ! The O indicates not to mirror layers about the mid-plane 
! ~ o R ~ y 2 y , 7 y ,  ! The 2 indicates to take the top of the element as the 

! reference plane 
!RMORE, 1 ,go, 1 .O*O.5,2,9O,O.S ! Includes layer thicknesses, 
!RMORE,3,90,0.8,2,90,2.65 ! materiat properties and orientations 

! The following is to be used when the nitride layer is excluded in the model 





! SpeciQ parameters for creation of volumes 
! Place origin in center of device 
! Al1 dimensions given in microris 

L=43 O ! L=length of main platfonn 
space=5 ! space=distance from origin to corner of a m 1  
wl=33 ! width of arm 1 
w2=20 ! width of remaining arms 
arm1=175 ! arm'x' specifies the length of given arms 
ami2=90 
arrn3=135 
ann4=65 
t=3.95+0.0*0.5 ! *ckness of stnicture+N layer thickness 
a2=w I +ami2 
a3-=w 1 +w2+arm2 
a6=w 1 +w2+ann2+arm4 
a7=w l+w2+annZ+arm4+L 

! Create device geometry 
block,O,w 1/2,0,-space,O,t 
block,w 1 1 2 , ~  l,O,-space,O,t 
block,O,w 112,-space,-(space+w2/2),0,t 
block,w 1 1 2 , ~  1 ,-space,-(space+w2/2),O,t 
block,O,w 112,-(space+w2/2),-(space+w2),0,t 
block,w 1 1 2 , ~  1 7-(space+w2/2),-(space+w2),0, t 



block7a6,(a7-w2/2),-(spacetw2+arm3),-(spacetw2+m3+w2/2),0,t 
block,a6,(a7-w2/2) ,-(space+w2+arm3+w2/2)~*w2+3),O7t  
block,(a7-w2/2),a7,-(space+w2+~3),-(spac~w2+m3+w2/2),O7t 
bloc k , ( a 7 - ~ 2 / 2 ) , a 7 , - ( s p a c e + w 2 + a r m 3 + ~ 2 / 2 ) ~ 3 ) , 0 ,  t 

~ ~ ~ , ~ , ~ ~ ~ , , , ~ ,  ! Mirror above objects 

VGLUE,ALL ! Glue a11 volumes 

! Create mesh by speci@ing number of elements along given lines 
al=5 ! Elements along 112 width of arms + edges of platform 
a2=5 ! Elements along 1/2 width of rigid support arms 
bl=30 ! EIements along 1/2 a m 1  
b2=30 ! Elements alcng 1/2 a m 1  
c=15 ! EZements along arrn.2 
d=lS ! Elements along 1/2 a m 3  
e=10 ! Elements along ami4 
F-40 ! Elements along platform length 
i F 8  ! Elements along 1/2 width of platform 

lesize,742,,, 1, ,,,, ! SpeciQ only one element along thickness 



lesize,970,,,f7 ,,,, 
lesize, 10 l2,,,C ,,,, 

MSHKEY, 1 ! SpeciS mapped rneshing 
VMESH,ALL ! Mesh al1 volumes 

! Modi@ elements of Real Constant set 1 by converting them 
! into Real Constant set 2; modified elements contain piezoresistive 
! material 



EMODIFY, 1 7,lREAL,2 
*REPEAT,3,1 



EMODIFY, 1 647,REAL72 
*REPEAT,4,1 

EMODIFY, 1652,REAL,2 
*REPEAT,4, 1 

EMODIFY, 1 662,REAL72 
*REPEAT,3,1 

EMODIFY, 1657,RE&,2 
*REPEAT,3,1 

FINISH 

! Apply loads and obtain the solution 
/SOLUTION 

ANTYPE,STATIC ! Indicate static analysis 

DA,243 ,a11,0,, ! Constrain al1 DOF on given areas 
DA7608,a11,0,, ! ie. areas in contact w/ channel wal1 
DA,5 l,all,O,, 
DA7572,a11,0,, 

! Define forces that will act on structure 
Lplal-3 Se-4 ! Length of Al trace in platform [ml 
L2=l .65e-4 ! Length of trace in a m 3  [ml 
L 1=1.90e-4 ! Length of trace in amil [ml 

I=(l/ 1000) ! Magnitude of current [A] 
B=0.075 ! magnitude of magnetic field [N/A.m] 



! Defme forces at keypoints 
! Ail forces have units of kg.microns/sA2] 

! Apply load at end of platform 
Fplat=(I*Lplat*B/3)*(1000000) 
FK,470,FZ,Fplat7 
FK,247,FZ,Fplat, 
FK,2 14,FZ,Fplat, 

! Apply load on arrn3 
F3=(-I*L2*B/3)*( ~000000) 
FK7422,FZ,F3, 
FK,3 90,FZ,F3, 
FK,3 58,FZ,F3, 
FK, 102,FZ,F3, 
FK, 134,FZ,F3, 
FK, 166,FZ7F3, 

! Apply load on arrnl 
F 1=(I*L 1 *B/3)*(lOOOOOO) 
FK7326,FZ,F 1, 
FK,3 10,FZ,F 1, 
FK,278,FZ,F 1, 
FK722,FZ,F 1, 
FK,54,FZ,F 1, 
FK,70,FZ7F 1, 

Harmonic and modal analyses for the micro-cantilever structures are performed 

by replacing the solution phase of the above code with ANSYS comrnands prevalent to 

the desired analysis. More information can be found in the ANSYS user manuals. 




